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BACK-PRESSURE DATA ON NA ruRAL-GAS WELLS AND THEIR 
APPLICATION TO PRODUCTION PRACTICES 1 

By E. L. RAWLINS::! AND M. A. SCHELLHARDT 3 

INTRODUCTION 

The capacity of a natural-gas well to produce gas usually has been 
described in terms of the" open-flow" delivery and the shut-in pres
sure at the wellhead. Such measurements have been used not only 
to describe gas-well capacities for company records, but numerous 
references to them are found in contracts and in the regulations of 
State commissions. 

One of the common methods of determining the" open-flow" 
capacity of a gas well is to measure the impact pressure with a Pitot 
tube while the well is flowing" wide open." Such practice, however, 
wastes gas, and the data obtained do not furnish adequate informa
tion relative to the ability of gas wells to deliver gas into pipe-line 
systems. 

How best to conserve natural-gas resources for efficient utiliza
tion is one of the main considerations in studying methods of gaging 
and controlling natural-gas wells. If wells are allowed to blow un
restricted at the wellhead to test their open-flow capacities there 
necessarily is a loss of a large volume of gas to the atmosphere, 
especially from wells whose rate of stabilization of pressure-flow 
conditions is slow, requiring a long" blowing" period to obtain 
equilibrium. For example, if an average interval of 30 minutes had 
been required to obtain stabilized flow during the tests conducted 
on 221 gas wells in the Texas Panhandle fields, which had a com
bined open-floW capacity of approximately 5,500,000,000 cubic feet 
of gas per 24 hours, about 115,000,000 cubic feet of gas would have 
been blown to the air and wasted. If the "blowing" period of the 
open-flow test made on each of the 40 wells classified as gas wells 
in the Oklahoma City field, having a total open-flow capacity of 
1,200,000,000 cubic feet of gas per 24 hours, had been only 15 min
utes, approximately 12,500,000 cubic feet of gas would have been 
blown to the air during the open-flow tests. These figures of gas 
wasted are more significant when it is considered that former prac
tice called for periodic open-flow tests throughout the year. 

It is evident from the two examples cited that the quantity of gas 
blown to the air in gaging the open-flow capacity of most gas wells 4 

is an appreciable factor, even if the duration of the flow is limited 
to 15 minutes; however, in some cases this quantity probably is 

1 Work on manuscript completed August 1935. 
2 Senior petroleum engineer, Petroleum Experiment Station, U. S. Bureau of :\Iines, 

Bartlesville, Okla. 
a Associate natural-gas engineer, Petroleum Experiment Station, U. S. Bureau of :\fines, 

Bartlesville, Okla. 
4 Elxcluding gas wells connected to gathering systems operating under pressures less than 

that of the atmosphere. 

1 



2 BACK-PRESSURE DATA ON GAS WELLS 

small compared to underground losses or depreciated recoveries that result from such practices. Subjecting gas wells to extreme conditions of flow, such as occur when open-flow tests are made, causes sand and lime formations in the well to cave, aggravates water" coning," and increases the possibility of trapping gas in the underground reservoir with water. Also, under such conditions of flow abrasive material often is carried with the gas from the well at high velocities, damaging well equipment and creating an operating hazard. 
The Bureau of Mines has published two reports 5 that describe a method of determining gas-well capacities from data observed when gas deliveries are measured at high back pressures. Interpretations of the pressure data obtained when a well is allowed to flow against high back pressures reveal not only the open-flow capacity of the well but also its ability to deliver gas against, different pressures. In contrast, tests of gas wells" wide open" to" the atmosphere give the measured rate of open flow only. Because of variation in sand permeabilities, time for flow equilibrium to occur, water conditions, and differences in well equipment the data obtained during such tests cannot be used as a reliable basis for estimating the ability of the well to produce gas under different operating conditions. There is no definite relationship applicable to all gas wells between the working pressure, expres~ed in percentage of the shut-in pressure at the wellhead, and the delivery, expressed in percentage of the open flow. For example, two wells, A and B, 'each with a shut-in pressure at the wellhead of 1,000 pounds per square inch and an open flow of 25,000,000 cubic feet per 24 hours, and similarly completed and equipped, gave deliveries of 5,000,000 and 8,500,000 cubic feet per 24 hours, respectively, when the working pressures at the wellheads were 950 pounds per square inch.6 The rate of gas delivery from well A was 20 percent of the open-flow deliVery at a working pressure equivalent to 95 percent of the shut-in pressure, whereas under similar conditions the delivery from well B was 34 percent of the open-flow delivery. 

Studies by the authors have indicated the possibility of producing gas at relatively high back pressures with little difficulty from many gas wells subject to liquid accumulation. However, when the back pressures are lowered the changed liquid conditions in the reservoir and well bore apparently caused a different relationship between the pressures and rates of flow. This is illustrated in figure 1, where the rate of delivery from a well at 90 percent of the wellhead shut-in pressure (269 pounds per square inch gage) was approximately 250,000 cubic feet per 24 hours or 44 percent Qf the actual open flow. If there had been no decrease due to liquid in the gas availability when the well was" wide open," the open flow from the well would have been approximately 700,000 cubic feet per 24 hours. In other words, the delivery at 90 percent of the shut-in pressure would have been 36 percent of the open flow. 
& Pierce, H. R. and Rawlins, E. L., The Study of a Fundamental Basis for Controlling and Gaging Natural-Gas Wells, Part I-Computing the Pressure at the Sand in a Gas Well: Rept. of Investigations 2929, Bureau of Mines, 1929, 14 pp.; Part 2-A Fundamental Relation for Gaging Gas-Well Capacities: Rept. of Investigations 2930, 1929, 21 pp. • Variation in delivery rates from gas wells with ditl'erent producing characteristics Is discussed later in this report. 
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The size of flow string in a gas well also influences the relation
ship between the delivery in percentage of open flow and the work
ing pressure in percentage of shut-in pressure. For example, 
assume that the following data describe a gas well: 
Depth ................................................. feet 
Diameter of flow string ................................ inches 
Specific gravity of gas (air=1.00) .......................... . 
Shut-iI). pressure at wellhead ...... pounds per square inch gage 
Open flow per 24 hours ............................. cubic feet 

5,000 
6i 
0.6 

436 
22,000,000 

If the relationship between pressure and rate of delivery 7 for the 
well is such that the delivery is 3,650,000 cubic feet of gas per 

J I I 

~-i::-+-H-H-HH-+-H-+++++++++-H-+++++++-' ±±tJ 
! \ fFR 

, I 

I 1 

I i I 

1\ 

I I 

I I 

i i 

( i 

00 100 200 300 400 500 600 700 BOO 900 1,000 
Rate of flow M CU f't per 24 hrs 

Relationship between delivery rate and wellhesd pressure 
fron"! experimental data 

Relationship to be expected between delivery rate and 
wellhead pressure if liquid were not present 

FIGURID 1.-E1fect of one kind of liquid condition in a gas well 
on deUvery capacities 

24 hours at a wellhead working pressure of 400 pounds per square 
inch gage, the open flow through 2-inch tubing 8 would be 2,750,000 
cubic feet per 24 hours. If the relationship were such that the 
delivery would be 7,900,000 cubic feet per 24 hours at a working 
pressure of 400 pounds per square inch gage the open flow through 
2-inch tubing would be only 2,830,000 cubic feet Qf gas per 24 hours. 
Table 1 illustrates the variation in rates of flow due to variation 
in the well's characteristics and size of producing string. 

Before any attempt is made to correlate delivery in percentage 
of open flow and working pressure in percentage of shut-in pres
sure, open flow volumes determined by actual measurement should 
be based upon the same degree of flow stabilization as the rates of 

T Discussed later in this report. 
I Discussed later in this report. 
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delivery that occur under operating conditions. There is wide 
variation for different wells in the time required for pressure and 
flow to become stabilized following a change in delivery rate. Re
sults of actual tests conducted throughout the gas fields of the 
United states indicate variations rangin¥" from a few minutes to 
several weeks. 

TABLE I.-Influence of size of producing string on deliveries from two 
gas wells with different producing characteristics. (Each weU 5,000 feet 
deep and with shut-in pressure of 436 pounds per square inch gage at 

weUhead. Gravity of gas = 0.6) 

Delivery at well-

Well Size of flow Open flow. M ell. ft. head working pres- Open flow delivered 
string, inehes per 24 hours sure of 400 Ih. per at 400 Ih. per sq. in. 

sq. in. gage, M ell. ft. gage, percent 
per 24 hours 

1 6% 22,000 3,650 17 
1 2 2,750 950 35 
2 6% 22,000 7,900 36 
2 2 2,830 1,040 37 

The disadvantages of actual measurement of open flow when a 
well is producing gas at its maximum capacity can be summarized 
as follows: 

1. There is excessive waste of natural gas. 
2. Accurate measurement of gas deliveries often cannot be obtained under 

open-flow conditions. 
3. Data obtained only under open-flow conditions do not indicate the de

livery capacity of the well under normal operating conditions and are 
not a reliable basis for controlling production. 

4. Extreme conditions of flow often cause underground wastes, resulting 
in decreased gas recoveries, increased operating difficulties, and danger 
to wells, operators, and well equipment. 

5. Open-flow tests do not furnish adequate data for studying gas-pro
duction problems, such as those resulting from the presence of liquids, 
sand caving, shooting, clogging of sand face, and unsuccessful com
pletion jobs. 

For several years there has been general recognition of the need 
for a simple, fundamental method of gaging gas-well capacities 
that would obviate many disadvantages incident to open-flow tests. 
Since the first report on the subject by Bureau of Mines engineers 9 

waS published, several plans 10 applicable to particular gas-produc
ing areas have been advocated. 

Realizing the need and value of a study of gaging gas-well capaci
ties, the natural-gas industry, through the Natural-Gas Department 
of the American Gas Association, appointed a committee on Gaging 
Gas-Well Deliveries to cooperate with Bureau of Mines engineers 
in obtaining data and information relative to this problem. 

g Bennett, E. 0., and Pierce, H. R., New Methods for Control and Operation of Gas Wells: 
Proc. Nat. Gas Assoc. America, 1925, pp. 69-86. 

10 Diehl, John C., Natural-Gas Handbook: Metric Metal Works, Erie, Pa., 1927, p. 265. 
Parsons, C. P., Eliminate Blowing of Gas Wells: Oil and Gas Jour., Dec: 6, 1928, p. 54. 
Fuelhart, D. E., The Open-Flow Capacity of High-Pressure Gas Wells as Determined by 

the Pressure-Capacity Curve Method: 011 and Gas Jour., :\1ay 9, 1929, p. 129. 
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SCOPE OF REPORT 

This report presents a more extended discussion of the subject 
matter in earlier Bureau of Mines publications 11 relating to the 
same study. It supplements the information they contain with rec
ommended procedure for obtaining data and analyzing results that 
are more practical and easier to use. In addition, it includes an 
analysis of the application of back-pressure data to gas-production 
problems. 

11 Work cited, footnote 5. 
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FUNDAMENTAL RELATION FOR GAGING GAS-WELL DELIVERIES 
Pressures found in gas reservoirs and flow strings of gas wells 

under different conditions of operation are designated by symbols 
in figure 2. Common practice in the gas fields is to measure gas 
pressures at the wellhead; formation pressures and pressures at 
the sand face then are computed from wellhead data. 

When the gas wells in a field are shut in and conditions within 
the reservoir and flow strings are stabilized no gas flows through 
the formation or through the" producing string." Under stabilized 
conditions the pressure in the formation is the pressure at the well
head plus the pressure due to the weight of the column of gas in 
the producing string. The pressure at the wellhead under shut-in 
conditions is denoted by Pc in figure 2. P t , the shut-in formation 
pressure, is calculated by adding the pressure due to the weight of 
the gas column to the observed value of Pc, since under shut-in con
ditions P f and Ps (pressure at the face of the producing sand) are 
the same. 

A different set of pressure conditions exists throughout the gas
well system when gas is allowed to flow from the reservoir through 
the well bore to the wellhead. There is a pressure drop in the forma
tion as the gas flows to the well bore and a pressure drop in the 

, producing string as the gas flows from the sand face in the well 
bore to the wellhead. The volume of gas produced from the reservoir 
during the period of a back-pressure test compared with the total 
volume of gas in the reservoir is negligible, and the formation pres
sure remains practically constant. Therefore, as shown in figure 2, 
the pressure drop through the formation is denoted by the difference 
between P t and P s• The pressure at the wellhead under flowing 
conditions is denoted by P w. For any given condition of a well and 
its fittings, pressures and flow throughout the system must be stabil
ized before the delivery rate becomes constant. This stabilization 
depends upon the factors influencing the flow through the produc
ing string and through the sand. For example, a higher back pres
sure, P w, would have to be maintained at the wellhead to restrict 
the flow to a given rate, or to hold a given back pressure, P 8, at the 
sand face, if a well were completed with 8i-inch casing than if it 
were completed with 6f-inch casing, provided other conditions were 
the same. 

Studies have shown that for normal gas wells there is a consistent 
relationship between rates of delivery of gas and corresponding 
pressures when the pressures in the sand are used as the basis of in
terpretation. Results of tests throughout the United States show 
that when the rates of delivery are plotted on logarithmic paper 
against (Pr'2-Ps2)-the respective differences of the squares of the 
formation pressure P t and the pressure at the sand face Ps-the 
relationship is represented by a straight line, which may be ex
pressed mathematically by the formula 

Q=C (Pt2
_ P S

3
) n 

where Q=rate of flow, M cubic feet per 24 hours, 
C=coefficient, 

Pt='! ,shut-in" formation pressure, pounds per square inch absolute, 
Ps=back pressure at the sand face in the well bore, pounds per square 

inch absolute, 
n=exponent, corresponding to the slope of the straight-line relationship 

between Q and (Pl-Pl) plotted on logarithmic paper. 
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A, Critical- flow prover 
B, Pro",er vent 
C, Spring g8ges to measure wellhead pressures 

Peor Pwa1so prover pressures 
D, Recording gage Tor observing behavior of 

well-head pressure 
E, Connection below wellhead fitting to obtain 

wellhead pressure 
F , Pressure gage manifold 
x,y,1:,x',y'and z', valves on pressure 911ge 

manifold 
pc. Pressure at wellhead under shut-in conditions-
Pw, • ••• • flowing • 
Ps , Back pressure at 'Sand Tllce in well bore 

under flowing conditions 
p;J Shut-in formation pressure 

B 

A 

FIGURE 2.-Pressures in a gas-well system under different conditions of operation, 
and back-pressure test apparatus 

9 
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Most of the interpretation necessary for applying data obtained 
from back-pressure tests to gas-production problems can be made 
from simple calculations. based directly on the plotted relationship 
between the rate of delivery and the difference of the squares of 
the formation and .,sand pressures, and it is not necessary to use the 
formula. 

METHODS OF CONDUCTING BACK·PRESSURE TESTS ON 
NATURAL-GAS WELLS 

For all practical purposes data required for the interpretation of 
back-pressure tests on average gas wells can be observed at the 
wellheads, although the final interpretation of gas deliveries and 
the capability of wells to supply gas at different back pressures is 
based upon conditions In the gas reservoirs. The back-pressure test 
is comparatively easy to make, and with careful planning there is 
no need for any considerable interruption in routine field opera
tions while back-pressure data are being obtained. The well to be 
tested is first shut in at the wellhead, and after the pressures in 
the well and reservoir sand become stabilized an observation is made 
of the" shut-in'~ wellhead pressure. The well then is allowed to 
produce gas at a high back pressure, and after flow conditions be
come stabilized observations are made of the pressure at the well
head and the factors needed to compute the rate of delivery at this 
working pressure. The back pressure at the wellhead then is low
ered, and another set of observations is made of the wellhead pres
sure and the factors needed to compute the rate of delivery. The 
process is repeated at several different back pressures until a rep
resentative number of working pressures at the wellhead and data 
needed for computing the corresponding rates of deliveries are 
obtained. Figure 2 shows the test apparatus connected to a typical 
set of wellhead connections. 

The shut-in wellhead pressure obtained during a back-pressure 
test, plus the pressure due to the weight of the column of gas, is 
the stabilized pressure in the reservoir within the control of the 
well under the operating conditions of the field and depends upon 
the flowing condition before the back-pressure test and the flowing 
condition in other wells in the common reservoir. The shut-in 
pressure of an individual well (corrected to reservoir conditions 
by adding the pressure due to the weight of the column of gas) is 
equivalent to the shut-in pressure of the reservoir only when no 
withdrawal of gas is being made from the reservoir through other 
wells. If wells producing from a common reservoir are operated 
intermittently or at varying rates of delivery the limits of the con
trol areas and the shut-in pressures may be subject to different 
evaluations. Since one of the principal reasons for conducting back
pressure tests is to determine the amount of gas available from a 
reservoir for market requirements it is best to determine shut-in 
pressures and obtain back-pressure data on the respective wells of 
a group supplied from the common reservoir under conditions of 
normal withdrawal. For estimating gas reserves, however, shut-in 
pressure data should be based upon the stabilized pressure in the 
reservoir under closed-in conditions. 
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In addition to the pressure and measurement data it is necessary 
to know the specific gravity of the gas, the depth and thickness of 
the producing stratum, the diameter of flow string through which 
the gas is produced, and other general information about the well 
which will be helpful in irlterpreting the data from the back-pressure 

TABLE 2.-Back-pressure test of gas well 

Date .........•.........•............ , 193 .• 

Owner • * .................................................................................. . 

"'ell .................................... S ........... T ........... R .......•..• 

........................................................... Co ................. . 

Sand ............ Casing at ......... , ............. Tubing at ..................... . 

Specific grad ty of gaR" ............. :'\leter lIO •••••••••••••. COllnections .........•...• 

Disk size ............... I-hour coefficient ............... rresRure base ..............• 

1 

4 

5 

6 

7 

8 

Wellhead working 
preSRurt> on flow 

Rtring-

TEST DATA 

Wellhead pres
sure on Atlltic 

string 

Remarks 

Show location of well and acreage under lease. 

Difl'erential pres
sure on meter, in. 

of water 

Static preSSllr,! 
on meter, lh. 

per sq. in. gage 

xxxxx 

test. A form used by one company in the Mid-Continent area to 
record the data obtained from a back-pressure test of a gas well is 
shown in table 2. 

Careful observation of the gas vented to the atmosphere or, if 
gas is delivered to a pipe-line system, inspection of the drip on the 
well connection for evidence of entrained substances, observation 
of the behavior of wellhead pressures following flow adjustment, 

2 
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comparison of shut-in pressures observed before and after a back
pressure test, and comparison of results obtained by changing the 
sequence of pressure-flow values during a back-pressure test give 
essential information for proper interpretation of back-pressure 
data. 

SPECIFIC GRAVITY OF GAS 

The specific gravity of a gas can be determined with a gravity 
balance, and it is now common practice in most gas-producing areas 
to determine periodically the specific gravity of natural gases from 
Individual wells. If data on the specific gravity are available, usu
ally an additional test of the density of the gas at the time of the 
back-pressure test is unnecessary. 

The specific gravity of the gas from a well often varies under dif
ferent conditions of pressure, temperature, and flow when the reser:
voir within the control area of the well contains an appreciable 
proportion of the less-volatile hydrocarbon fractions. However, 
small variation in specific gravity of the gas has only a negligible 
effect on interpretation of the results of a back-pressure test. 

DEPTH OF WELL 

It will be shown later in this report that calculations of back
pressure data are based upon values of the factor GL, where G is 
the specific gravity of the gas and L the average length of the gas 
column in the well bore. L for wells producing from a uniformly 
productive or a relatively thin pay stratum usually is considered 
to be the distance between the control valve at the wellhead and a 
point midway between the top and bottom of the producing sand. 
For wells producing from two or more closely-spaced sands in the 
same producing horizon, or wells producing gas from a thick stra
tum that is not uniformly productive, the value of L can be ascer
tained approximately by averaging the distances between the con
trol valve at the wellhead and points midway between the top and 
bottom of each producing sand, as indicated by drilling records. 
If theJ>roductive strata are in different producing horizons and are 
an appreciable distance apart vertically calculation of an average 
value of L is subject to error,and its proper value depends mainly 
upon actual data·and conditions applicable to the well or wells being 
studied. 

PRESSURES 

The degree of accuracy of the wellhead pre~sure determinations 
is a most important factor in a back-pressure test. Errors in well
head pressures are reflected directly in the calculated values of pres
sures in the reservoir, which are used as the basis for determining 
the capacity of a well to deliver gas at different back pressures. 
For instance, a small error in one of the pressures in the factor 
p f 2_Ps2 is reflected as a large percentage error in the difference of 
the squares of the two pressures. The effect of errors in pressure 
measurement on the interpretation of data from back-pressure tests 
of gas wells is discussed in detail in appendix 7. 
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PRESSURE GAGES 

Pressures may be measured with a dead-weight gage 12 or a 
spring gage. The accuracy obtained with dead-weight gages makes 
their use advantageous, especially when small differences between 
the shut-in formation pressure and the working pressures at dif
ferent rates of flow are involved. A small portable-type dead-weight 
gage has been developed which is particularly adaptable to routine 
field testing. 

Satisfactory measurements of wellhead pressures can be obtained 
with spring gages if necessary precautions in their use are ob
served. There should be no appreciable lost motion in the mechan
ism of a spring gage used for this work; and a satisfactory spring 
gage, when checked against a dead-weight gage tester, should show 
a negligible variation in observed pressures during consecutive tests. 

The experience of the authors in testing gas wells in different 
gas-producing areas of the United States has indicated that satis
factory results can be obtained with spring gages when they are 
checked daily against a dead-weight gage tester; if the gages are 
used only occasionally they should be tested before and after using. 
It is more practicable usually to take account of incorrect readings 
of spring gages, as obtained by comparison with dead-weight gage 
testers, by tabulating the error than by resetting the indicating hand 
on the gage dial, because the amount of error is not always the same 
over different ranges of pressures. 

Spring gages should be calibrated under temperature conditions 
similar to those likely to occur during the back-pressure tests. Fur
thermore, the gages should be protected from the rays of the sun 
while they are being calibrated and when used on a well for back
pressure determinations. The magnitude of the error in spring-gage 
readings for one set of observations is shown by the following data. 

Four spring gages (working range, 0 to 500 pounds per square 
inch), each made by a different manufacturer, were checked 
against a dead-weight gage tester at pressures of 200 and 400 
pounds per square inch gage in a room where the average tempera
ture was 92° F. The gages then were placed outside the room and 
allowed to remain unprotected from the rays of the sun for ap
proximately 1 hour. The gages then were returned to the room and 
rechecked against the dead-weight gage tester at approximately the 
same temperature (92 0 F.). 

Differences between true or dead-weight pressures and the pres
sures indicated by the spring gages (table 3) are comparatively 
small; but, as mentioned previously, pressure determinations made 
during back-pressure tests of gas wells should be measured as 
closely as practicable. Pressures can be measured with properly 
designed spring gages having a range of 0 to 1,000 pounds per square 
inch with errors not larger than 2 pounds per square inch, and such 
gages having a range of 0 to 500 pounds per square inch will give 
an error of not more than 1 pound per square inch if precautions 
are taken in using them and they are calibrated at frequent inter
vals against dead-weight gage testers. 

12 Ruwlins, K L. uud 'Ym;k, L. D., Leakage from High-Pressure Natural-Gas 'i'ramnllissioll 
Lines: Bull. 26;), Bureau of Mines. 1928. p. 8. 
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The gages selected for back-pressure tests should have a maxi
mum capacity somewhat greater than the pressures to be gaged; 
and, in general, the maximum capacity of a gage should not exceed 
twice the value of the shut-in pressure of the well. Preferably the 
!llaximum capacity of the gage should be less than twice the shut
In pressure. 

Calibrations of spring gages against dead-weight gage testers 
before and after back-pressure tests often show changes in the 
condition of the gages. Such changes usually can be detected by 
comparing observations from two or more gages connected to the 
same pressure tap. Figure 2 illustrates two spring gages C, con
nected to the same pressure tap for measuring the static pressure 
on the critical-flow prover. As connected, these two spring gages 
and the recording gage D also may be used to measure the well
head pressure. 

When gas is being produced from a well the vibrations set up 
in the gas line downstream from the well are magnified by the hands 

TABLE 3.-Effect of temperature variation on accuracy of spring gages 

Comparison of dead-weight gage tester and spring-gage readings 

Gage Before exposure of spring gages to sun After exposure of spring gages to sun 

Dead-weight gage- Spring-gage Dead-weight gage- Spring-gage 
tester reading reading tester reading reading 

1 200 204 2DO 205 
4DO 402 4DO 404 

2 200 2DO 2DO 201 
4DO 403 4DO 405 

3 200 194 2DO 195 
4DO 396 4DO 399 

4 2DO 201 200 202 
4DO 398 4DO 4DO 

of rigidly connected spring gages, and it is difficult to make accurate 
pressure readings. The effect of the vibrations ordinarily is elimi
nated by the use of copper tubing for gage connections, as shown 
in figure 2. In testing some wells it is necessary to attach the gages 
to supports that are not in contact with any well fittings to reduce 
the vibration of the gage hands. 

MEASUREMENT OF DELIVERY RATES 

The gas produced during back-pressure tests on natural-gas wells 
usually can be measured with orifice meters or critical-flow prov
ers.13 N on-critical-flow provers can be used in special cases of low 
pressures and small rates of delivery. 

Often orifice meters or other equipment for measuring the flow 
of gas from individual wells are provided in the gathering system. 
making it practicable to deliver the gas into a pipeline and measure 
it there during the period of the back-pressure test. This procedure 
makes it possible to reduce the waste of gas while testing the de
livery capacities of wells, as compared with methods that necessitate 
venting the gas to the air. 

13 The design and use of critical-flow provers are discussed in detail in appendix 2. 
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At some wells it is not practicable to deliver the gas into the pipe
line system while a back-pressure test is being made. The relation 
of the well pressure to the normal line pressure, or the relation of 
the capacity of the well to the capacity of the gathering system, 
may be $lch that the operating pressure on the well cannot be low
ered enough to obtain the desired range of back-pressure data. It 
then is necessary to vent part of the gas to the atmosphere. The gas 
vented can be measured with a critical-flow prover, or by any equally 
reliable means. 

MEASUREMENT OF DELIVERY RATES WITH ORIFICE METER 

The gas produced from wells when operating usually is measured 
with an orifice meter. If it is possible to obtain the desired tange of 
flows the orifice meter can be used in a back-pressure test. The two 
most common examples of conditions where the rates of delivery are 
measured with an orifice meter are under conditions of constant 
pressure on the meter and controlled pressure on the meter. 

If the pipe-line pressure is high compared to the safe working 
pressure of the meter the range of delivery rates that can be mea
sured through anyone size of orifice is limited by the range of dif
ferenti'al pressures. Usually best results have been obtained when 
gas wells are gaged by limiting actual observations to values be
tween 5 and 45 inches of water where the maximum range of the 
differential pressures on the meter is 0 to 50 inches of water, and 
10 to 90 inches of water where the maximum range is 0 to 100 
inches. Different sizes of orifices can be used to obtain the desired 
range of delivery rates. 

If the pipe-line pressure is lower than the safe working pressure 
of the meter and the back pressures at the wellhead that will allow 
gas to be produced at the desired rates of flow, and if the capacities 
of gathering ahd pipe-line systems are large enough to allow the 
desired variation in flow rates, back-pressure tests with a more 
suitable range of pressures can be obtained, using only one size of 
orifice, than is possible with a high constant line pressure. The 
factors that need to be considered in measuring rates of delivery 
for a back-pressure test under conditions of constant or controlled 
pressure on an orifice meter are discussed in detail in appendix 1. 

MEASUREMENT OF DELIVERY RATES WITH CRITICAL-FLOW PROVER 

Often it is impracticable to measure the gas flow from the well 
into the gathering system because the desired range of pressure and 
flow conditions for a back-pressure test cannot be obtained. Dur
ing the progress of the field investigative work upon which this 
report is based it has been the practice to measure the gas that could 
not be delivered into the gathering ~ystem with a critical-flow 
prover, and it is believed that this method of measurement can 
be used for routine testing purposes. The principal disadvantage 
of using the critical-flow prover is that the gas passing through 
the prover is vented to the atmosphere, and as a result some gas 
is wasted. However, the flows during a back-pressure test occur 
at relatively high back pressures, and the rates of delivery are low 
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compared with those when the well is wide open to the atmosphere. 
Also, the high back pressures eliminate many of the underground 
gas losses a!J.d reduce water hazards considerably compared with 
conditions of open flow. 

The design and use of critical-flow provers are discussed in de
tail in appendix 2. Generally only two sizes of provers, one with 
an internal diameter of 2 inches and the other with an internal 
diameter of 4 inches,14 were used by the authors to obtain back
pressure data on gas wells in the principal gas-producing areas 
of the United States. Although the range of capacity of critical
flow provers is limited by existing pressure conditions and by the 
range in sizes of orifices provided for the provers the capacity of 
the 4-inch prover was amply large for the measurement of all rates 
of flow desired for the back-pressure tests, and in most tests the 
pressure and flow conditions were such that the 2-inch prover could 
be used. Where possible it is particularly advantageous to use the 
2-inch prover because it weighs less and can be connected to the 
wellhead more easily than a 4-inch prover. 

USE OF ORIFICE METERS AND CRITICAL-FLOW PROVERS IN SAME 
BACK-PRESSURE TESTS ON GAS WELLS 

During the progress of the field work connected with the study 
of gaging gas-well deliveries back-pressure tests were made on 
many wells where only limited ranges of pressure and flow could 
be obtained while the gas was being measured into the gathering 
system. Since it was desirable to reduce to a minimum the quantity 
of gas blown to the atmosphere during all tests and at the same 
time to obtain back-pressure data throughout comprehensive ranges 
of pressure and flow, observations were made of the rates of gas 
delivery at high back pressures while the gas was being delivered 
into the gathering system (as far as conditions would permit) and 
at lower back pressures by venting the gas to the atmosphere. In 
some instances the discharge valve downstream from the meter was 
closed and the gas was vented to the atmosphere through an open
ing in the discharge line between the meter and the closed gate 
valve. The measurements of rates of delivery were made with either 
an orifice meter or a critical-flow prover, depending upon the rela
tionship between wellhead and pipe-line pressures and the capacity 
of the orifice meter. In other tests, the flows were vented to the at
mosphere through openings in the discharge line from the well 
between the wellhead and the orifice meter and the deliveries mea
sured with a critical-flow prover. It also is practicable to supple
ment data obtained on the gathering system with a limited number 
of observations of pressures and delivery rates made at the well
head, the critical-flow prover being connected directly to the well
head fittings, instead of venting gas to the atmosphere through an 
opening in the orifice-meter setting. 

Results of back-pressure tests on two natural-gas wells are shown 
in figure 3, in which the rate of flow Q is plotted on logarithmic 
paper against the pressure factor p f 2-Ps 2. In case I an orifice meter 
was used to measure the gas delivery rates at three different back 

U See figs. 35 and 36, appendix 2, of this report. 
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pressures. The range of flow rates was 175,000 to 550,000 cubic 
feet of gas per 24 hours. The critical-flow prover then was used to 
measure the delivery rates of 1,140,000 and 1,830,000 cubic feet of 
gas per 24 hours at lower back pressures. In case II the critical
flow prover was used to measure four different rates of flow, and 
an orifice meter was used for two rates within the same range. The 
consistency of the results is indicated by the plotted data. 

MEASUREMENT OF DELIVERY RATES WITH CHOKE NIPPLES 

Choke nipples can be used to measure rates of delivery of gas 
during back-pressure tests where the flows of gas have to be 
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FIGURE o,-Measurement of gas deliveries with critical-flow prover and 
orifice meter for same back-pressure tests on natural-gas wells 

vented to the atmosphere and it is impracticable to use the orifices 
in a critical-flow prover on account of excessive gas pressure or 
because of the damaging effect of abrasive materials carried in the 
gas stream.16 The range, of delivery rates that can be measured 
with choke nipples is determined by the pressure available and the 
sizes of openings in the choke nipples. Manipulation of the sizes 
of flow area in the choke nipples while a back-pressure test is con
ducted is similar to using different sizes of orifices in the critical
flow prover. 

A detailed discussion of the use of choke nipples for measuring 
rates of flow of gas is given in appendix 3. 

111 This is especially true when soft stainless-steel orifice plates, as used by the authors, 
are part of the critical-flow-prover equipment. Some investigators have used orifice plates 
of hard steel to withstand the damaging eft'ect of abrasive materials carried in the gas 
stream, as reported by R. J. S. Pigott, Gulf Research Laboratories, Pittsburgh, Pa., in a 
letter to the authors. 
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MEASUREMENT OF GAS DELIVERY RATES WITH PITOT TUBE 

The Pitot tube can be used to measure rates of delivery of gas 
from a well during a back-pressure test, but not as advantageously 
as a critical-flow prover or choke nipples. In using Pitot tubes the 
flows of gas' from the well must be regulated by a valve on the 
wellhead, and usually the opening from which the gas is discharged 
from the wellhead is but a short distance from the regulating valve; 
therefore, there is a change in the direction of flow of the gas which 
sometimes causes errors in measurement due to flow disturbances 
over the area of the discharge opening. 

The Pitot tube was used by the authors to measure rates of flow 
of gas under open-flow conditions from many of the wells on which 
back-pressure tests were conducted, and comparisons of the open
flow delivery rates obtained with the Pitot tube and from interpreta
tion of the back-pressure data (similar to comparisons in fig. 8) 
have been made. 

A detailed discussion of the use of a Pitot tube for measuring 
rates of flow from gas wells is given in appendix 4. 

MEASUREMENT OF RATES OF GAS DELIVERY UNDER CONDITIONS OF 
NONCRITICAL FLOW WITH ORIFICE-TYPE EQUIPMENT 

OTHER THAN ORIFICE METERS 

Rates of delivery from gas wells can be measured under condi
tions of noncritical flow 16 with a funnel meter, 17 an orifice well 
tester,t8 or any other orifice-type equipment. The orifice well tester 
Is similar in construction to the so-called critical-flow prover, but 
the orifices in the tester are subjected to such pressure and flow 
conditions that the flow is noncritical instead of critical. The flow 
of gas is vented to the atmosphere from both the funnel meter and 
the orifice well tester, and the rates of delivery that can be measured 
under noncritical-flow conditions are limited by the low pressures 
under which these instruments can be used and the sizes of 
openings through which the gas is delivered. Accurate measure
ment of delivery rates under conditions of noncritical flow is diffi
cult to obtain. When an orifice well tester is used the orifice should 
not be near any change in the diredion of the flow of gas or ob
struction to gas flow, and the measuring equipment should be an 
appreciable distance from the wellhead to minimize the effect of 
disturbances caused by its fittings. Often the causes of disturbances 
in noncritical flow are difficult to locate, and eddies in the gas 
stream caused by flow through the wellhead fittings are difficult to 
eliminate, so every precaution should be taken to prevent disturb
ances to the flow of the gas approaching the orifice. 

18 Ra wHns, E. L. (Bureau of Mines), Flow of Air and Gas through Small Orifices: Oil 
and Gas Jour., May 1(}, 1928, p. 111. See appendix 2 of this report. 

11 Lichty, L. C., Measurement, CompressIOn, and Transmission of Natural Gas: John 
WIley & Sons, New York, p. 239. 

1& Diehl, John C., Natural-Gas Handbook: Metric Metal Works, Erie, Pa., pp. 284-289. 



METHODS OF COMPUTING RESULTS 

METHODS OF COMPUTING RESULTS OF :BACK-PRESSURE 
TESTS ON NATURAL-GAS WELLS 

19 

Computations of the results of a back-pressure test on a natural
gas well involve the following steps: 

1. Computing pressures at the sand from pressure and volume observations 
made at the wellhead. 

2. Determining values of the pressure factor P/"_PSl (absolute shut-in 
formation pressure squared minus back pressure at the sand squared) and rates 
of delivery from the well corresponding to these pressure factors. 

3. Plotting on logarithmic coordinate paper values of Q (rate of delivery) 
against corresponding values of the pressure factor Pt2._PS 2. 

4. Determining values of the exponent n and the coefficient C of the flow 
equation, 

Q=C (Pt 2_PS
2

) n. 

Determinations of nand C are not necessary for most routine interpretations 
made from back-pressure data, but occasionally their values can be used for 
special interpretations. 

5. Determining the absolute open flow 19 or the rate of delivery from the 
well under any desired pressure condition from the plotted relationship. 

6. Comparing absolute open flow with maximum deliveries that could be 
produced through different sizes of producing strings. 

COMPUTING PRESSURES AT THE SAND IN A GAS WELL BASED UPON 
PRESSURE AND VOLUME OBSERVATIONS AT WELLHEAD 

Since an interpretation of gas availabilities is based upon pres
sures existing in the sand it is necessary to calculate the pressures 
in the sand from observations of pressures at the wellhead unless 
the pressures are obtained at the bottom of the well with a bottom
hole pressure instrument. Factors influencing the calculation of 
bottom-hole pressures from observations of pressure at the well
head for normal gas wells (particularly where liquid does not ac
cumulate in the well) are such that reliable information can be 
obtained without using bottom-hole pressure instruments. As ex
plained previously and illustrated in figure 2 values must be cal
culated fo·r the shut-in formation pressure P t and the back pressure 
at the sand face P s. 

The absolute formation pressure P t in a well is determined under 
static conditions and is equal to the observed absolute pressure Pc 
at the wellhead plus the pressure due to the weight of the column 
of gas in the well. 

The absolute back pressure at the sand face P s is determined 
under flowing conditions and is equal to the observed absolute work
ing pressure P w at the wellhead plus the pressure drop due to fric
tion in the producing string plus the pressure due to the weight of 
the moving gas column. The differential pressure required to ac
celerate the gas from its velocity at the bottom of the well to its 
velocity at the wellhead also is a factor but generally is a minor or 
negligible one in normal flow of gas through the producing strings 
of gas wells. 

In a producing gas well that contains a continuous, unobstructed 
and confined column of static gas extending from the producing 

IV The term absolute open flow, as useu in this report, is the number of cubic feet of gas 
per 24 hours that would be produced by a well if the only pressure against the face of the 
producing sand in the well bore were atmospheric pressure. 
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sand to the wellhead, the absolute back pressure at the sand face P s 

is equal to the absolute pressure of the static column at the wellhead 
plus the pressure due to the weight of that column. For example, 
if a well is producing through tubing only and there are no perfora
tions in the tubing above the producing stratum, and if there is no 
leakage from the annular space around the tubing and no packer 
or other obstruction in it ~ prevent free equalization of pressure 
between the producing sand and the wellhead, the absolute back 
pressure at the sand p, may be computed by determining the abso
lute wellhead pressure of the static column of gas in the annular 
space and adding the pressure due to the weight of that column. 

Pierce and Rawlins 20 discuss in detail the basis of calculations 
to determine the pressure due to the weight of a column of gas in 
a well and the pressure drop due to friction in the producing string 
and give charts which can be used to facilitate the calculations of 
these factors. Calculations subsequently have been simplified, and 
six tables have been prepared by the authors (see appendix 5) which 
are readily adaptable for routine computation of the results of back
pressure tests of gas wells. 

EFFECT OF DEVIATION OF GASES FROM BOYLE'S LAW'ON COMPUTATIONS 
OF WEIGHT OF A COLUMN OF GAS 

The effect of the deviation of gases from Boyle's law 21 on the 
pressure due to the weight of static and moving columns of gas is 
discussed in detail in appendix 6. 

PRESSURE AND FLOW DATA USED TO DETERMINE RELATIONSHIPS 
BETWEEN Q AND (Pr2 

- Pi!') 

Only three factors, the shut-in formation pressure P" the back 
pressures at the sand face P 8 , and the rates of flow Q, corresponding 
to the different back pressures at the sand face, are used in plotting 
the data from ~which the relationship between Q and Pl-P,,2 is 
determined and from which interpretations of a well's ability to 
produce gas are made. Calculations are made of the factor P,2_P82 

(shut-in formation pressure squared minus back pressure at the 
sand face squared) and the rate of flow Q. The values of the squares 
of pressures corresponding to pressures ranging from 10 to 2,500 
pounds per square inch are given in table 38 of appendix 5, and this 
table can be used to determine the square of the shut-in formation 
pressure and the squares of different back pressures at the· sand 
face. The square of the shut-in formation pressure minus each of 
the squares of the back pressures at the sand face then can be 
obtained by subtraction. 

GRAPHIC PRESENTATION OF DATA OBTAINED FROM BACK-PRESSURE TESTS 

The pressure factors P,2_P82 obtained from the calculation of 
back-pressure test data are plotted on logarithmic coordinate paper 
against the corresponding rates of How. The results of back-pres
sure tests on a number of gas wells are illustrated graphically in 

10 Work cited in footnote 5. 
21 John~on. T. W., and Berwald, W. B., Deviation of Natural Gas from Boyle's Law: Tech. 

Paper 539. Bureau of Mines, 1932, 29 pp. 
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figure 4, where the relationship between the rate of flow is Q and the 
pressure factor p f 2_Ps2, as determined by the plotted points, is 
represented graphically by a straight line. This line can be ex
tended 22 beyond the range of the plotted points, and thereby it is 
possible to read directly the rate of flow corresponding to any pres-

\if sure factor. 
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COMPUTING EQUATION FOR FLOW OF GAS THROUGH PRODUCING 
FORMATION INTO WELL BORE 

The values of coefficient C and exponent n in the equation 
Q = C (Pt l

- PSi) n 

for flow of gas through the producing formation into the well 
bore, for a particular back-pressure test, are determined from the 
straight-line relationship illustrated in figure 5. The exponent n 
of the flow equation is the tangent of the angle A (determined by 
direct measurement or by mathematical calculation) between the 
straight line and the pressure ordinate. The value of n (fig. 5) is 

equal to ~, which by measurement is approximately 0.707. y 
The mathematical calculation of the value of n is based upon the 

definition of a straight line,23 where 
Xl-X2=n (Yl-Y2). 

22 See discussion of Study of Specific Natural-Gas Well. 
23 See any textbook on analytical geometry. 
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Values in figure 5 have been selected, so that 
xl=log 3,000,000=6.47712, 
x2=log 116,000=5.06446, 
Yl=log 1,000,000=6.00000, and 
Y2=log 10,000=4.00000. 

Therefore, 
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The coefficient C is calculated by substituting values for symbols 
in the equation of flow, 

Q=C(P f3_ps')n, 
from which log Q=log C+n log (Pf3-Pl), 
and log C =log Q-n log (Prlo_P/'). 

Values have been selected in figure 5, so that log Q=log 3,000,000 
=6.47712, and the corresponding log (Pr2-Ps2) =log 1,000,000 
=6.00000. 
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from which 
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log C =6.47712- (0.70633) (6.0), 
=2.23914, 

C=173.44. 

23 

Substituting the values of nand C in the equation of flow, the 
following relationship is obtained: 

Q=173.44 (Pl-P S 2) 0.7 __ • 

DETERMINATION OF ABSOLUTE OPEN FLOW 

The term " open flow" has been used freely in contracts and in 
regulatory documents, but little qualification of its meaning as 
applied to the description of the ability of a natural-gas well to 
produce gas has been published. An open-flow test is described by 
Porter 24 as "a test made to determine the volume of gas that will 
flow from a well in a given time when the large valves are wide 
open." When the rate of flow of gas from a well is gaged with 
the "large valves wide open" the well should be blown to the 
atmosphere until the flow has become stabilized. Stabilization of 
pressures within the well and the reservoir sand usually is consid
ered to occur when a Pitot-tube reading at the wellhead does not 
change during a 15-minute period.25 In general routine field testing, 
however, observations often are made after the first 15-minute 
period during which gas is blown to the atmosphere, whether or 
not conditions in the well and reservoir are stabilized. Such tests 
therefore are liable to give inaccurate results. 

Results of a back-pressure test of a gas well also should be based 
upon stabilized pressures in order that determination of the rates 
of flow (based on back-pressure data) that would occur if the well 
were open to the atmosphere will indicate the open-flow rates under 
stabilized flow conditions. 

The term" absolute open flow" as used in this report refers to 
the number of cubic feet of gas per 24 hours that would be produced 
by a well if the only pressure against the face of the producing sand 
in the well bore were atmospheric pressure. 

The absolute open flow of any well can be ascertained directly 
from the chart on which rate of flow Q is plotted against the cor
responding pressure factor p f 2_Ps2. The straight line defining the 
relationship between Q and p f 2_Ps2 is extended so the value of rate 
of flow Q corresponding to the value of p f2_Ps2, where Ps is equiva
lent to atmospheric pressure, can be read by extrapolation. Q then 
is the absolute open flow of the well in cubic feet per 24 hours. In 
most wells, especially those having high shut-in formation pres
sures, the value of Ps can be neglected in calculating p f2_Ps

2. 
The value of the absolute open flow also can be computed from 

the equation 
Q=C (Pt~-P/) n, 

but since computations made by the use of the equation for routine 
purposes are cumbersome the best practice is to read the open-floW 
rates directly from plotted relationships. The equation, however, 

U Porter, Hollis P., Petroleum Dictionary for Office, Field and Factory: 1st ed., Gulf 
Publishing Co., Houston, '.rex., p. 142. 

26 Diehl, John C., Natural-Gas Handbook: Metric Metul Works, Erie, Pu., 1!J27, p. 2!JO. 
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can be used to show mathematically the variation in absolute open 
flow with changes in atmospheric pressure. This variation in dif
ferent gas-producing areas or with changes in the atmospheric 
pressure in the same gas-producing area usually is negligible and 
need not be taken into consideration in determining flow rates when 
the shut-in formation pressure is greater than 100 pounds per 
square inch absolute. For example, if the shut-in formation pressure 
is 100 pounds per square inch absolute and the atmospheric pressure 
is 15 pounds per square inch absolute the value of p t 2_P,;2 defining 
absolute open-flow conditions would be 

(Pt2-P/) = (100'-15") = (10,000-::225) =9,775. 

On the other hand, if the shut-in formation pressure is 100 pounds 
per square inch absolute and the atmospheric pressure is 12 pounds 
per square inch absolute, the value of p t2_Ps 2 would be 

(Pt2_PS2) =.(100'-12') = (10,000-144) =9,856. 

A small difference in the values of pressure factor P t
2 -pR'2 for 

the two conditions of atmospheric pressure would cause only a 
minor percentage variation in the observed absolute open-flow read
ings, and furthermore the differences are less in proportion and the 
percentage variation smaller for higher values of the shut-in forma
tion pressure. 

The effect of variation in atmospheric pressure on interpretation 
of absolute open flow should be considered, however, if the well has 
a low (less than 100 pounds per square inch absolute) shut-in 
formation pressure. A comparison of the delivery capacities of dif
ferent gas wells can be based on any average back pressure at the 
sand (for example, 15 pounds per square inch absolute), but it 
should be remembered that small changes in the back pressure have 
a much greater effect on the delivery rates in low-pressure wells 
than corresponding changes of pressure in high-pressure wells. 
Consider, for example, that back-pressure tests on two gas wells 
having shut-in formation pressures of 25 pounds per square inch 
absolute gave rates of delivery of gas of 300,000 cubic feet per 24 
hours from each well and that the calculation for one well was based 
on a back pressure at the sand of 15 pounds per square inch abso
lute and that for the other well on a back pressure at the sand of 
13 pounds per square inch absolute. Assume further that the value 
of n in the equation 

Q=C (Pl-Ps2
) 11 

is 0.75. If the open-flow capacities of the two wells are to be com
pared on the basis of a back pressure at the sand face of 15 pounds 
per square inch absolute it is necessary to use that pressure as a 
basis in calculating the open-flow capacity of the well producing 
300,000 cubic feet of gas per 24 hours at a back pressure of 13 
pounds per square inch. Thus, since 

by substitution 

and 

Q=C (Pt2 -::P82
) n, 

300,000 =C (25'-13"') 0.75, 

C=3040.13. 

If p'" the back pressure at the sand face, is 15 pounds per square 
inch then 
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Therefore, for this well an increase in the back pressure at the 
sand from 13 to 15 pounds per square inch causes a decrease in the 
delivery rate from 300,000 to approximately 272,000 cubic feet of 
gas per 24 hours or. 9-! percent. 

Gas deliveries from wells being produced under vacuum also can 
be compared under any desired conditions of pressure. Rates of de
livery at back pressures of 5 and 15 pounds per square inch absolute 
at the face of the sand in the well for the two wells discussed above 
are shown in table 4. 

TABLE 4.-Comparison of rates of delivery at different back pressures 
from low-pressure gas wells 

Shut-in formation Back pressure at Exponent of Rate of delivery, 
Well pressure, lb. per sand. lb. per sq. in. relationship. M eu. ft. per 
no. sq. in. absolute, absolute, Q = C(P,,,-p.2)n. 24 hrs., 

P, P. n Q 

1 25 15 0.75 300.0 
5 406.6 

2 25 13 .75 300.0 .. 15 .. 271.9 
.. 5 .. 368.6 

COMPARING ABSOLUTE OPEN FLOW WITH MAXIMUM DELIVERIES THAT 
COULD BE PRODUCED THROUGH DIFFERENT SIZES OF 

PRODUCING STRINGS 

The difference between the absolute open flow of a gas well and 
the maximum delivery rate of gas from the well through any siz~ 
of producing string is due to the back pressure imposed at the sand 
by pressure drop in the producing string due to friction, and that 
placed on the sand by the pressure due to the weight of the colurnn 
of gas. The absolute open flow can be determined directly from the 
plotted results of a back-pressure test, and the maximum rates of 
delivery of gas from wells through any size of producing string 
can be determined by the "cut-and-try" method and by graphic 
methods discussed in detail in appendix 7. 

STUDY OF A SPECIFIC NATURAL-GAS WELL 

A convenient arrangement of data obtained from back-pressure 
tests of gas wells and the results of calculations of the data for a 
specific gas well are shown in table 5. A brief discussion of the 
testing procedure and an explanation of the calculation of data for 
this gas well can be used as a guide for conducting back-pressure 
tests on any gas well and interpreting the back-pressure data. 

DESORIPTION OF WELL 

The well (table 5) is in the Texas Panhandle field, and at the time 
of the test was producing from a depth of 1,792 feet through 81-
inch casing set at 1,563 feet. The top of the highest producing sand
stone was 1,658 feet below the surface of the ground, and the well 
leg indicated that there were 1 or 2 lower producing sandstone 
members. The gas was dry and had a specific gravity of 0.64. The 
shut-in pressure at the wellhead at the time of the test was 433 
pounds per square inch absolute. The pressure and flow conditions 
stabilized quickly when back pressures were changed. 
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TABLE 5.-Data and results of calculations for a back-pressure test on a natural-gas well 

t 
2 
3. 

............................................................ Company 
Well name and number: ...................................................................... Date of test: ~p.~.~~:..~~ .. ~~~Q: 
Location of well: ............................................................... . 
First sand: 1!.?~~_feet: last sand: !!.?~.~. feet. Total depth: !!Z!!.~_ feet. 

Producing formation: ___ . _______ ... _._._ 

Producing throllgh: ~_~.:!!!-!!~.!!~~~~: 
Diameter of casing: ?!1 inches; set at: .!!.~.?~ feet. 
Size of tubing: ... "'''' __ inohes; set at: !!-.?~_.~~.~_~_~:. 
Specific gravity of gas: Q:~~: L: !.~?~~_ feet. GL: ~.!.~QQ: 

Reading 
Working pressure 

at wellhead, 
gage 

........ 405 
.. , ....... 391 

. . ....... 370 

Shut-in pressure at wellhead, gage: ~~Q lb. per sq. in. 
Barometer, lb. per sq. inch, .!~:. 

Back-pressure test data 

Gas-measllfement data on: ~::~~~~ .. c!.iti.~~!::~~!..p.!.~~~~ 

Diameter of disk, Coefficient Upstream pressure, Te:nperature, 
inches gage OF. 

% 223.2 405 65 
1 396.4 :j!l1 5.1 
lJi 615.0 :l7:1 !is 

4 ..... ....... 343 IV2 884.7 :l4:1 6.1 
, 

Calculation of rates of flow 

1. Q = (418 X 223.2) + ",,0.64 X 525 = 5,090 M cu. ft. per 24 hom. 
2. Q = (404 X 396.4) + ",,0.64 X 525 = 8,740 M cu. ft. per 24 hours. 
3. Q = (383 X 615.0) + ",,0.64 X 525 = 12,840 M cu. ft. per 24 hours. 
4. Q = (356 X 884.7) + ",,0.64 X 525 = 17,180 M cu. ft. per 24 hours. 

Pressures 

Shut-in Shut-in Wellhead P", plus Back 
wellhead Pressure formation working Pressure pressure Pressure pressure 

Read- pressure, of gas pressure, pressure, Equiva- drop, drop, of gas at sand, 
ing lb. per column, lb. per lb. per lent, R lb. lb. per column, lb. per 

sq. in. lb. per sq. in. sq. in. GL per sq. in. lb. per sq. in. 
absolute, sq. in. absolute, absolute, sq. in. absolute, sq. in. absolute, 

(Pe) (PI) (P w ) (PI) (P.) 

I 433 17 450 418 0.02 13 nil 418 17 435 
2 .. .. .. 404 . . 22 nil 404 16 420 
3 .. .. .. 383 . . 32 1 384 15 399 
4 .. .. .. 356 . . 45 3 359 14 373 

Plotting data 

I p,2, P.2, PI2 _ p,2, Q, 
Reading M cu. ft. per thousands thousands tholl8ands 24 hours 

1 ........... 202.5 189.2 13.3 5,090 
2 ........... .. 176.4 26.1 8,740 
3 ........... .. 159.2 43.3 12,840 
4 ........... .. 139.1 63.4 17,180 

PREPARATIONS FOR BACK-PRESSURE TEST 

Measurements of gas delivery were made with a critical-flow 
prover. 26 The installation of equipment for the back-pressure test 
is shown in figure 2. Critical-flow prover A was connected to the 
" top" gate valve. The thermometer well in the prover was filled 
with light-grade lubricating oil into which a mercurial thermometer 
was inserted for observing the flowing temperature of the gas. 
Vent B on the critical-flow prover allowed gas that might leak 
through the closed gate valves while orifice plates were being 

2e See appendix 2. 
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changed in the prover to be vented to the air. Two spring gages C 
were connected by {-inch copper tubing to the pressure tap on the 
prover and to a {-inch pressure tap, E, in the master gate. These 
gages were fastened to a special support, F, to eliminate vibration 
that would be obtained if they were fastened to the wellhead con
nections. The valves x, y, and z' were closed and x', y', and z open 
while observations were made of the pressures on the prover. When 
observations were being made of the pressures at the wellhead 
valves x', y', and z were closed and x, y, and z' open. A recording 
pressure gage, D, was used to study the behavior of wellhead pres
sures during the back-pressure test. 

All gages were shaded from the sun during the back-pressure test. 
The gages were calibrated against a deadweight tester, and the 
pressure readings on the tester and the corresponding pressure in
dications of the gages were the same whether the test pressures 
were increased or decreased during calibration, so the gages were 
considered to be in good condition. Observations of the working 
pressures at the wellhead at different rates of gas delivery were 
made at a point below the wellhead fittings to eliminate the possi
bility of errors due to pressure drop through the fittings. The pres
sure observations made on the prover were used for calculating the 
gas delivery rates. 

The pipe lines and connections to the well were inspected to 
make certain that no gas would leak into the lines through faulty 
valves during the test. Other possible sources of leakage also were 
inspected. 

PROCEDURE OF BACK-PRESSURE TEST 

Data obtained during the back-pressure test are shown in table 5. 
After the well had been closed until the pressure stabilized, the 
shut-in pressure at the wellhead as indicated by the calibrated spring 
gage was found to be 420 pounds per square inch gage. The flow 
valve on the well was opened, and gas was produced through a 
~-inch orifice in the critical-flow prover. This orifice was the only 
means used for regulating the gas flow. After the pressure and 
flow conditions became stable the working pressure at the wellhead 
was 405 pounds per square inch gage, the upstream pressure on 
the prover was 405 pounds per square inch gage, and the tempera
ture of the flowing gas through the prover was 65° F. The well then 
was shut in and the ~-inch orifice replaced with a I-inch orifice. The 
well then was reopened and the flow regulated by the I-inch orifice. 
After pressure and flow conditions stabilized the working pressure 
at the wellhead and the upstream pressure on the prover were 391 
pounds per square inch gage. Subsequently, two similar sets of 
observations were made, using II-inch and Ii-inch orifices in the 
prover to regulate the flow of gas and to measure the rates of de
livery. The working pressure at the wellhead was 370 pounds per 
square inch gage when the gas flowed through the Il-inch orifice and 
343 pounds per square inch gage when the flow of gas was through 
the Ii-inch orifice. 

3 
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CALCULATION OF DELIVERY RATES 

The delivery rates were calculated by the use of the critical-flow 
formula 27 

CP 
Q---- --, 

vGT 

where Q=rate of flow, M cubic feet per 24 hours (14.4 pounds per square 
inch and 60° F.), 

C=coefficient,28 
P=upstream pressure, pounds per square inch absolute, 
G=specific gravity of gas (air=1.00), 
T=temperature of flowing gas, of. absolute. 

From the first set of observations on this well the upstream pres
sure was found to be 418 pounds per square inch absolute and the 
temperature 525 (65+460) a F. absolute. The specific gravity of the 
gas was 0.64 and the coefficient applicable to the i-inch orifice 223.2. 
Therefore, the rate of flow of gas through the i-inch orifice was 

Q= CP = 223.2 X 418 =5,090,000 cubic feet of gas per 24 hours. 
VGT vO.64x525 

The rates of flow of gas through the I-inch, Ii-inch, and Ii-inch 
orifices were computed to have been 8,740,000, 12,840,000, and 17,-
180,000 cubic feet of gas per 24 hours, respectively. 

Therefore, a comprehensive range in delivery rates from 5,090,000 
to 17,180,000 cubic feet of gas per 24 hours, corresponding to a 
range in back pressures at the wellhead of 418 to 356 pounds per 
square inch absolute, was obtained for this well, and the back pres
sure at the wellhead was not lower than 82 percent of the shut-in 
wellhead pressure at any time during the test. 

CALCULATION OF PRESSURES AT THE SAND 

The calculations of the pressures at the sand are made as 
follows: 29 

Step 1. Calculate Pt, the shut-in formation pressure in the reservoir. 
Shut-in wellhead pressure=420+13=433 pounds per square inch 
absolute. 

Step 

a. 

b. 
c. 

d. 
2. 

a. 

GL=0.64X 1,725=1,100. 
Weight of static gas column corresponding to a pressure at the 
wellhead of 433 pounds per square inch and a GL of 1,100, from 
table 37 of appendix 5,=17 pounds per square inch. 
Therefore, Pt=433+17=450 pounds per square inch absolute. 
Calculate values of Ps, the back pressure at the sand, correspond
ing to different rates of flow. 
The working pressure P w at the wellhead corresponding to the 
rate of flow of 5,090,000 cubic feet per 24 hours=405+13=418 
pounds per square inch absolute. Similarly, the values of P w for 
the second, third, and fourth observations are respectively 404, 
383, and 356 pounds per square inch absolute. 

h. Since GL for the 8?i-inch casmg=1,100, the equivalent GL (GL 
for 1-inch tubing equivalent to a GL of 1,100 for 8~-inch casing) 
as obtained from table 33 of appendix 5 is 0.02. 

c. The value of R, corresponding to the observed rate of flow of 
5,090,000 cubic feet per 24 hours and an equivalent GL of 0.02 
feet is 1.27X10"":'13 (see table 34, appendix 5). Similarly, values 

71 See appendix 2. 
2S The cgefficients us~d for computing the rates of flow were for the no. 4 set of orifices 

as t;;hown III table 16 of appendix ::!. 
,u :See appendix 5 for explanation of procedure. 
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of R corresponding to rates of flow of 8,740,000, 12,840,000, and 
17,180,000 cubic feet per 24 hours are respectively 22, 32. and 45. 

d. The pressure drop in the producing string corresponding to R = 13 
and a pressure at ,the wellhead of 418 pounds per square inch 
absolute is negligible, as shown by table 35 of appendix 5. The 
pressure drop also is negligible when R=22 and the wellhead 
pressu;re is 404 pounds per square inch absolute. The pressure 
drop for the third observation, when R=32 and the pressure at 
the wellhead is 383 pounds per square inch absolute, is 1 pound 
per square inch; and that for the fourth observation, correspond':' 
ing to R=45 and a wellhead pressure of 356 pounds per square 
inch absolute, is 3 pounds per square inch. 

e. The value of PI (working pressure at wellhead plus the pressure 
drop due to friction) for the first observation is 418+0=418 
pounds per square inch absolute. Similarly, values of PI for the 
second, third, and fourth observations are respectively 404, 384, 
and 359 pounds per square inch absolute. 

f. The value of the pressure ratio PW/PI for each of the four 
readings is approximately unity. 

g. The value of the correction factor F is unity (table 36, ap
pendix 5). 

h. GLF is the same as GL, 1,100. 
t. The pressure due to the weight of the moving column of gas 

for the first observation corresponding to a GLF of 1,100 and a 
value of PI of 418 pounds per square inch absolute is 17 pounds 
per square inch (table 37, appendix 5). Similarly, the values of 
the pressure due to the weight of the moving column of gas for 

h the second, third, and fourth observations are 16, 15, and 14 
pounds per square inch, respectively. 

j. Since P.~=PI+pressure due to the weight of the column of gas, 
Ps for the first reading is 418 + 17 or 435 pounds per square inch 
absolute. Similarly, values of P s for the second, third, and fourth 
reading are respectively 420, 399, and 373 pounds per square inch 
absolute. 

CALCULATION OF PRESSURE FACTOR Pt' - Ps' 

Pressure factor P t 2 
- P 8 2 is calculated as follows: 

1. Pt~=(450)2=202,500 (table 38, appendix 5). 
2. PS2, corresponding to a rate of delivery of 5,090,000 cubic feet per 24 

hours= (435)2=189,200. Similarly, values of P s' corresponding to rates 
of flow of 8,740,000, 12,840,000, and 17,180,000 cubic feet per 24 hours 
are 176,400, 159,200, and 139,100 respectively (table 38, appendix 5). 

3. The value of Pt2 -ps' corresponding to a rate of flow of 5,090,000 cubic 
feet per 24 hours=202,500-189,200=13,300. Similarly, values of 
Pt2-ps' corresponding to rates of flow of 8,740,000, 12,840,000, and 
17,180,000 are 26,100, 43,300, and 63,400 respectively. 

GRAPHIC PRESENT'ATION OF DATA 

Values of p t2_p82 of 13,300, 26,100, 43,300, and 63,400 were 
plotted against the respective rates of flow of 5,090,000, 8,740,000, 
12,840,000, and 17,180,000 cubic feet of gas per 24 hours on logarith
mic paper, as shown in figure 6. A straight line, A, drawn through 
the four plotted points represents the relationship between the rate 
of flow Q and pressure factor p t2_P8 2 under any condition of pres
sure at the time of the back-pressure test. 
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l!'IGURE (i.-Results of back-pressure test on a. natural-gas Well 

COMPUTING EQUATION FOR FLOW OF GAS THROUGH PRODUCING 
FORMATION TO WELL BORE 

The line, A (fig. 6) is represented by the mathematical expression 
Q=C (Pt2

_ P S
2

) n. 

The values of nand C are calculated from the back-pressure data 
for this well as follows: 

1. Calculation of n. 
a. Values of Pt2 _PS

2 of 100,000 and 10,000 corresponding to values 
of Q of 24,600,000 and 4,050,000 cubic feet per 24 hours respectively 
are selected in figure 6. 

log 24,600,OOO-log 4,050,000 
b n- --~~~~~~~~~~~--. - log 100,000-log 10,000 

7.39094-6.60746 ~ 
5.00000-4.00000 =0.783D. 

2. Calculation of C. 
a. The value of Q of 24,600,000 cubic feet per 24 hours with the 

corresponding value of Pt2 -ps" of 100,000 is selected as the basis 
of calculation. 

b. Since from the formula 

Q=C (Pl-P/) ", 

the value of C is expressed as follows: 

Log C=log Q-n log (Pf2_P/). 
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By substitution, 

log C=log 24,600.000-0.78351og (100,000), 
=7.39094-0.7835 (5.00000), 
=7.39094-3.91750, 
=3.47344; 

therefore C-2974.7. 

3. Hence, the equation of flow IS 

Q=2974.7 (Pt 2
_ P S

2
) o.7SJo. 

DETERMINATION OF ABSOLUTE OPEN FLOW 

31 

Line A (fig. 6) is extended until it intersects a line drawn hor
izontally representing the value of Pt 2

_ P S
2 equivalent to p t2 or 

202,500. The effect of atmospheric pressure or the equivalent of a 
back pressure at the sand of 13 pounds per square inch is negligible 
in the calculation for this well and the absolute open flow therefore 
is read directly from the plotted relationship to be approximately 
42,800,000 cubic feet of gas per 24 hours. 

DETERMINATION OF OPEN FLOW THROUGH 8~-INCH CASING 

The open flow through 8i-inch casing 30 for the well (see fig. 6) 
is determined as follows: 

1. GL=1,100. 
2. The equivalent GL (GL for I-inch tUbing equivalent to GL of 1,000 for 

8&-inch casing) is 0.02 (table 33, appendix 5). 
3. Assume delivery rates of 50,000,000 and 70,000,000 cubic feet of gas 

per 24 hours. From table 34 of appendix 5, the values of R correspond
ing to an equivalent GL of 0.02 and flows of 50,000,000 and 70,000,000 
cubic feet of gas per 24 hours are, respectively, 127 and 178. Since, 
under these conditions, P,=R (approximately), as shown by table 35 
of appendix 5, the values of PI corresponding to flow rates of 50,000,000 
and 70,000,000 cubic feet per 24 hours are 127 and 178 pounds per 
square inch, respectively. 

4. The ratios of Pll,/F, are 1~; and 11;8 or 0.102 and 0.073, respectively. 

5. Correction factor F from table 36 of appendix 5, corresponding to each 
flow rate, is 0.67. 

6. Therefore, GLF corresponding to each flow rate is 737. 
7. From table 37 of appendix 5, the weight of the column of gas corre

sponding to a GLF of 737 and a P, of 127 is 3 pounds per square inch; 
and for a GLF of 737 and a PI of 178 the weight of the column of 
gas is 5 pounds per square inch. 

8. The value of P s corresponding to the flow rate for this well of 50,000,000 
cubic feet of gas per 24 hours equals 127 plus 3 or 130 pounds per 
square inch absolute and that corresponding to 70,000,000 cubic feet 
of gas per 24 hours equals 178 plus 5 or 183 pounds per square inch 
absolute. 

9. The values of P./ corresponding to 50,000,000 and 70,000,000 cubic feet 
of gas per 24 hours are (130)2 and (183)2 or 16,900 and 33,490, 
respectively. 

10. The coordinates defined by the corresponding values of Ps' and rates 
of flow Q establish the relationship expressed by line B (fig. 6), which 
gives the maximum capacities of the 8i-inch casing to produce gas 
corresponding to different pressures at the sand. 

30 See appendix 7 for description of methods of determining maximum delivery through 
any size of producing string. 
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11. The following tabulation shows different values of, PB I with correspond
ing values of Q, as determined from the plotted relationship between 
Q and Pt3-Pl from the back-pressure test on the gas well. 

Rate of flow, 
Meu. ft. 

per 24 hours, 
Q 

35,000 
40,000 
42,000 

Prl-P,'. 
thousands 

157.0 
187.0 
191.5 

Pr'. 
thousands 

202.5 

p,l. 
thousands 

45.5 
15.5 
11.0 

12. Line C represents graphically the relationship between Q and PBI as 
obtained in item 11 and indicates the ability of the sand to produce 
gas at different back pressures at the sand face in the well bore. 

13. The intersection of Band C at a rate of flow of gas of approximately 
41,000,000 cubic feet per 24 hours gives the open flow of the well 
through 8i-inch casing. 

SUlDIARY OF RESULTS OF BACK-PRESSURE TEST 

The results of the back-pressure test on the gas well (see fig. 6) 
show that the relationship between rate of flow Q in cubic feet per 
24 hours and pressure factor p f 2_pB2, where P t is the absolute 
shut-in formation pressure and P B is the absolute back pressure at 
the sand face, can be expressed by a straight line (on logarithmic 
paper) whose equation is 

Q=2974.7 (Pt_Pl)o.T83G. 

The absolute open flow of the gas well is approximately 42,800,000 
cubic feet of gas per 24 hours, and the open flow through 8i-inch 
casing is approximately 41,000,000 cubic feet of gas per 24 hours. 
Figure 6 can be used as a basis for determining rates of delivery 
corresponding to different back pressures at the sand face. For 
example, if the back pressure at the sandis 90 percent of the shut-in 
formation pressure, or 405 pounds per square inch absolute, the rate 
of gas delivery is that corresponding to a p t2_PB2 of 38,500, or 
11,700,000 cubic feet of gas per 24 hours. This rate of flow is 
equivalent to 27.3 percent of the absolute open flow and to 28.5 
percent of the open flow through 8i-inch casing. 

CAUSE AND EFFECT OF ERROR IN BACK-PRESSURE TEST DATA 

Sometimes the results obtained when the back-pressure method 
for gaging gas-well deliveries is applied appear to be inconsistent. 
The inconsistencies usually are caused by the influence of factors 
that result in errors in the calculated values of the pressure at the 
face of the sand or to incorrect measurement of the volume of gas 
delivered from the well. The results of back-pressure tests on gas 
wells can be interpreted properly only when there is thorough un
derstanding of the cause and effect of error in back-pressure data. 
This is discussed in detail in appendix 8. 

FLOW OF GAS THROUGH POROUS MEDIA 

Experimental tests were conducted by the authors to determine 
the character of gas flow through different kinds of porous media 
under different pressure and flow conditions. The apparatus used, 
the procedure of testing, and the general results of the tests as 
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they can be applied to natural-gas production operations are de
scribed in detail in appendix 9. The principal results, as indicated 
by the tests which can be used as a background in discussing the 
application of back-pressure data to production problems, are: 

1. The relationship between the rate of flow Q and the pressure factor is 
applicable regardless of the actual values of the pressures-the difference of 
squares of the pressures is the controlling factor. 

2. The shape and size of the sand grain has an appreciable effect on co
efficient C and exponent n of the flow equation. 

3. The distance of travel of the gas and diameter of the flow tubes influence 
only coefficient C of the flow equation. 

4. For all practical purposes, the porosity of the packed porous media affected 
only coefficient C of the flow equation. 

APPLICATION OF BACK-PRESSURE TESTS TO NATURAL-GAS 
PRODUCTION PROBLEMS 

During the progress of the study of gaging gas-well deliveries 
discussed in this report, 966 back-pressure tests were made on 582 
gas wells, in Oklahoma, Kansas, Texas, Louisiana, Wyoming, Mon
tana, California, West Virginia, and Pennsylvania. The relation
ships between the rates of flow Q and the pressure factors p t2_P s2 

for 850 of the tests (88 percent of the total tests conducted) could 
be expressed by straight lines on logarithmic paper. Curves could 
be drawn to represent the relationships between Q and the pressure 
factors for 78 of the tests (8 percent of the total), and in 38, or 
approximately 4 percent of the tests, the plotted points were spaced 
too irregularly on the logarithmic paper to permit the establishment 
of definite relationships between the rates of flow and the pressure 
factors. The computed values of n in the equation of the straight
line relationship Q=C (P t2_P8 2)fl varied widely, as shown in table 6. 
The results of back-pressure tests listed in table 6 include all of the 
tests made on wells where the calculations showed straight-line 
relationships between rate of flow Q and pressure factor p f 2_Ps 2. 

Only one back-pressure test was made on many of the wells con
sidered in the table, and that test was conducted under the condi
tions existing during normal operation of the well, regardless of 
liquid conditions within the gas reservoir or in the well bore. The 
back-pressure data for many of the wells were obtained over limited 
ranges of pressure and flow conditions, and though the results in
dicated straight-line relationships it is possible that if data could 
have been obtained over wider ranges of pressure and flow condi
tions the relationships between Q and p t2_Ps2 woul"d have been 
represented by curves similar to those obtained on wells subject to 
liquid accumulation. As indicated in table 6 comparatively few of 
the tests gave straight lines with values of'n less than 0.5 or greater 
than 1.2. The authors believe that by conducting back-pressure 
tests periodically, observing shut-in pressures before and after pe
riods of heavy withdrawal, applying remedial measures to improve 
the ability of the wells to produce gas, and taking into account the 
possible effects of liquid accumulation in the sand and in the well 
bore, either an explanation can be found for large values of n or 
the wells can be improved to decrease the value of the exponent. 
Most of the tests (table 6) that gave exponents greater than 1.2 
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were conducted on wells producing under conditions where liquid 
accumulation might have had appreciable effects on the abilities 
of the wells to produce gas. Careful study of the data indicates that 
the average well had a value of n in the flow equation of 0.6 to 1.2 
and a weighted general average of approximately 0.85. 

Back-pressure data generally include the same range of pressure 
and flow conditions as those under which the well operates, and if 
correct assumptions are used in computing pressures at the sand 
from the pressure indications at the wellhead the results are in
dicative of the ability of the well to produce gas under these condi
tions, whether the resulting relationships between Q and P/-Ps 2 

seem consistent or not. Results of tests on gas wells where the rela
tionships between Q and p f 2_Ps2 seem inconsistent stress the im
portance of thorough studies of the wells, and the need for data to 
analyze the producing characteristics of the wells throughout wide 
ranges of pressure and flow conditions. 

TABLE 6.-F ariation of value of n in the flow equation 
Q = C(Pr2 - p.2)n, for back-pressure tests con

ducted while studying the gaging 
of gas-1Dell deliveries 

! 
Number of Number of I 

Value of n back-pressure Val ue of n back-pressure I 
tests tests 

1-------1------------
Less than 0.5......... 5 1.2101.4............ 31 I 
0.5100.6............ 2i 1.4to1.6............ 15 

.6 10 . i. . . . . . . . . . . . 111 1.6 to 1.8. . . . . . . . . . . . 6 I 

.i to .8............ 220 1.8102.0............ 3 

.810 .!l............ 184 2.0102.5........... H
2
) 

.9 to 1.0............ 130 2.5 to 3 .0 .......... . 
I 010 L2. . . . . . . . .. . . 103 G",w, tI., 3. . . . . . . . ,,: I 

The information gained from back-pressure tests can be applied 
to the solution of such natural-gas production problems as the effect 
on delivery capacities of liquid in the well bore and in the producing 
formation, desirability of using tubing, variation in gas availability 
due to the variation in rate of flow stabilization, rate at which gas 
should be produced, effect of treating gas wells with acid, effect 
of shooting, accumulation of cavings in the well bore, and changes 
in producing characteristics of a well during its producing life. 

LIQ.UID IN WELL BORE AND ADJACENT PRODUCING FORMATION 

Liquid in the well bore and in the producing formation may be 
water, crude oil, " gasoline," and liquefied gases that vaporize when 
not subj ected to the high pressures in the reservoir. The presence 
of liquid in wells makes it difficult to interpret the results of back
pressure tests properly. It is difficult not only to account for the 
effect of the liquid on the back-pressure data, but the final calcu
lated data may be in error, and it is impracticable to evaluate the 
effect of the liquid on gas availability under operating conditions. 
The results of back-pressure tests on gas wells with liquid in the 
well bore or on wells that produce liquid with the gas might there
fore reflect the effect on the relationship between Q and P,2-Pl of 
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a combination of the two factors, error in back-pressure data and 
changes in rate of gas production due to effect of liquid on the 
permeability of the formation. 

The calculated results of a back-pressure test on a gas well with 
liquid in the well bore are subject to error unless the effect of the 
liquid is considered when bottom-hole pressures are calculated under 
shut-in and flowing conditions. Measurement of delivery rates dur
ing the back-pressure test also is subject to error if liquid accom
panies the gas flowing through the measuring equipment. 
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FIGUnE 7.-Elfect of liquid on interpretation of back-pressure data. (Comparison 
of gas deliveries before and after open flow of wells) 

The study of gaging gas-well deliveries showed that the wells 
affected by the presence of liquid which influenced the back-pressur~ 
data and the producing characteristics of the wells can be classified 
in three distinct divisions: 

1. "Wet" or combination oil and gas wells where appreciable quantities of 
liquid are produced with the gas under all operating conditions. 

2. Gas wells subjected to increased accumulation of liquid when operated at 
relatively low delivery rates or under shut-in conditions but subjected less to 
liquid accumulation in the well bore when gas is produced at high rates of flow. 

3. Gas wells which are little affected by liquid at low delivery rates but 
which cannot be operated efficiently at higher rates of flow because water 
enters the drainage area of the well at a rapid rate and restricts the move
ment of gas to the well bore. 
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Liquid conditions in gas wells often can be interpreted properly 
from a carefully conducted series of back-pressure tests, and such 
an interpretation is important from a standpoint of operation. For 
example, the information gained from back-pressure tests shows 
that tubing and siphon installations are not always the best and 
most economical remedial measures for solving operating problems 
due to liquid in gas wells and that liquid conditions often can be 
controlled and regulated better by producing the gas under proper 
pressure control. 

TABLE 7.-Data and calculations from back-pressure tests of a gas well showing effect of 
liquid in the well bore 

(Comparison of deliveries before and after open flow of weil) 1 

Location of well: Depew field, Olda. Date: Dec. 10, 1929. 
Total depth: 3,165 feet. 
Specific gravity: 0.708. 
GL: 2,240. 

First sand: 3,155 feet; last sand: 3,165 feet. 
Size of casing: 8 ~ -inch. 
No tubing. 

Before open flow of well 

Reading Shut-in pressure Working 
no. at wellhead. pressure at Rate of flow, 

lb. per sq. in. wellhead, M cu. ft. 
lb. per sq. in. per 24 hours gage 

gage 

590 
1. ............ .. 545 9,826 
2 ............. .. 550 9,260 
3 ............. .. 555 8,243 
4 ............. .. 560 7,304 

Plotlino data 

Before open flow of well 

Read-
ing PI, P .. Q, 
no. lb. per lb.~ p,'- P,', M ell. ft. 

sq. in. sq. in. thousands 
24bours absolute absolute 

1 ...... 654' 6062 60.5 9,826 
2 ...... .. 611 54.4 9,260 
3 ...... .. 617 47.0 8,243 
4 ...... .. 622 40.8 7.304 

1. ..... 7041 656' 65.3 9.826 
2 ...... .. 661 58.7 9,260 
3 ...... .. 667 60.7 8.243 
4 ...... .. 672 4~.0 7.304 

1 Curves A, B, and C, fig. 7. 
t Pressure of liquid column in wells not eouaidered, l!\U'Ve A, fig. 7. 
I Pressure of liquid column in well COIIIidered, curve C, fig. 7. 

After open flow of well 

Shut-in Rressure 
Working 

at we lhead, pressure at Rate of flow, 

lb. per sq. in. wellhead, M cu. ft. 
lb. per sq. in. per 24 hours gage gage 

640 
.. 602 14,623 
.. 612 10,471 
.. 618 8,396 
.. 628 4,402 

After open flow of well 

PI, P" Q, 
lb. per lb. per p,' - P.'. M ell. ft. 
sq. in. sq. in. thoUllands 

24bours absolute absolute 

708 669 , 53.7 14,623 
.. 678 41.6 10,471 
.. 685 32.1 8,396 
.. 696 16.9 4,402 

.. .. .. .. 

.. . . .. .. .. .. .. .. 

.. .. .. .. 

The results of two .back-pressure tests on a large gas well in 
the Depew field, Oklahoma, are shown in figure 7, curves A, B, C, D, 
and E. The well was" blown" wide open to the atmosphere during 
the interval between the back-pressure tests. Gas of specific gravity 
of 0.708 was produced from a depth of approximately 3,165 feet 
through 8f-inch casing. The back-pressure data F.nd the results of 
the calculations of the data are shown in table 7. The first back
pressure test was conducted before any water was removed from 
the well. The shut-in pressure at the wellhead just before this test 
was 590·, pounds per square inch gage. The second back-pressure 
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test was made after the well had been "blown," and the shut-in 
pressure at the wellhead after liquid removal was 640 pounds per 
square inch gage. The "open-flowing" of the well therefore re
moved a quantity of water from the well bore equivalent to a pres
sure of 50 pounds per square inch. 

Curve A, figure 7, shows the results of the back-pressure test 
made before the well was blown-the calculations being based upon 
a pressure at the wellhead of 590 pounds per square inch gage and 
back pressures that were observed at the wellhead-without taking 

TABLE 8.-Data and calculations from back-pressure tests of a gas well> showing effect of 
liquid in the well bore 

(Comparison of deliveries before and after open flow of well)l 
Location of well: Depew field, Okla. Date: December, 1929. 

Total depth: 3,200 feet. 
Specific gravity: 0.700. 
GL: 2,235. 

First sand: 3,188 feet: last sand: 3,200 feet. 
Size of casing: 6%-inch. 
No tubing. 

Back-pressure data 

Before open flow of well 

Reading Shut-in pressure Working 
no. at wellhead, pressure at Rate of flow, 

lb. per sq. in. wellhead, M cu. ft. 
lb. per sq. in. per 24 hours gage gage 

590 
1. ............ .. 470 3,103 
2 ..•.......... .. 497 2,704 
3 ............. .. 522 2.173 
4 ............. " 560 1.119 

Plotting data 

Before open Bow of well 

Read-
ing P" P •• Q, 
no. lb. per lb. per p,2 _ P.2, M cu. ft. 

sq. in. sq. in. thousands per 
absolute absolute 24 hours 

1. ..... 6542 5252 152.1 3.103 
2 ...... .. 554 120.8 2,704 
3 ...... .. 581 90.1 2.173 
4 ...... .. 622 40.8 1,119 

1. •••. 7041 575 1 165.0 3,103 
2 ...... .. 604 130.8 2.704 
3 ..•..• " 631 97.4 2,173 
4 ...... .. 672 44.0 1,119 

1 Curves F, G, and H, fig. 7. 
2 Pressure of liquid column in well not considered, curve F, fig. 7. 
I Pressure of liquid column iq well considered, curve H. fig. 7. 

After open flow of well 

Shut-in pressure Working 

at wellhead, pressure at 

lb. per sq. in. wellhead, 
lb. per sq. in. gage gage 

640 .. 540 
.. 568 
.. 595 
.. 620 

After open flow of well 

P,. p,. 
lb. per Ib'l;ler p,2 _ P.2. 
sq. in. sq. In. thousands 

absolute absolute 

708 600 141.3 
.. 630 104.4 
.. 660 65.7 
.. 687 29.3 

.. .. .. 

.. .. . . 

.. .. .. .. .. .. 

Rate of Bow. 
M cu. ft. 

per 24 hours 

3.202 
2.684 
2.026 
1.152 

Q. 
M cu. ft. 

per 
24 hours 

3,202 
2,684 
2.026 
1,152 

. . 

. . 

.. 

. . 

into consideration any correction for liquid in the well bore. Curve 
B shows the results of the test conducted after the well was blown 
and gives the delivery capacities of the well at different back pres
sures under the conditions of the test. Curve C was obtained by 
adding the pressure of 50 pounds per square inch (difference be
tween the shut-in pressure for the two tests) to the shut-in forma
tion pressure and to each of the back pressures at the sand as 
calculated for curve A. Comparison of curves A, B, and C shows 
that if the pressure of the column of liquid in this well is not taken 
into consideration the presence of the liquid not only causes er
roneous conclusions but decreases the capacity of the well to deliver 
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gas. This is illustrated further by curves D and E, which represent 
the relationship between rate of flow and square of the back pres
sure at the wellhead. For example, after the well had been blown, 
10,000,000 cubic feet of gas per 24 hours could be produced with 
a wellhead pressure of 629 pounds per square inch absolute (curve 
E) whereas before any of the liquid had been removed the well 
could not produce at that rate unless the wellhead pressure were 
reduced to 557 pounds per square inch absolute (curve D) . 
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Curves F, G, and H (fig. 7) show results obtained from back
pressure tests on a low-volume gas well in the Depew field, Okla
homa, the data and calculations for which are given in table 8. 
The presence of liquid in the well bore equivalent to a pressure of 
50 pounds per square inch did not have as much effect on the 
capacity of the well to deliver gas as on that of the well previously 
discussed and defined by curves A, B, and C. 

The results of back-pressure tests on three representative gas 
wells in the Galva field, McPherson County, Kans., are shown in 
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figure 8. The gas-producing formation, known locally as the" chat," 
is at a depth of about 2,900 feet below the surface of the ground and 
approximately 1,350 feet below sea level. The majority of the 
wells in the Galva field were completed with 8±-inch casing, which 
was cemented in the top of the producing zone. The shut-in pressures 
of the different wells throughout the field are uniform. 

A back-pressure test was made on each well before it was 
"blown" or cleaned of accumulations of liquid. After the back
pressure test had been made the well was opened wide to the at
mosphere for 15 minutes, and the open flow was gaged with a 

TABLE n.-])a/a and calculations from back-pressure tests of a gas 1cell, showing effect of 
liquid in well bore 

(Comparison of deliveries before and after open flow of weil)l 
Location of well: Galva field. 'Kans. Date: April 4, 1932. 
First sand: 2,895 feet; last sand: 2,928 feet. 
Size of easing: 8}.;'-inch; set at: 2,885 feet. 
);0 tubing. 

Total depth: 2,928 feet. 
Producing formation: Cha.t. 
GL: 1,995. 
Specific gravity: 0.685. 

Back-pressure data 

Before open flow of well After open flow of well 

Reading Shut-in pressure Working Shut-in pressure Working 
no. pressure at Rate of flow, pressure at Rate of flow, at wellhead, wellhead, M cu. ft. at wellhead, wellhead. M cu. ft. lb. per sq. in. lb. per sq. in. per 24 hours lb. per sq. in. lb. per sq. in. per 24 hours gage gage gage gage 

813 814 
1. ............ ,. 749 708 .. 661 1,467 
2 ............. .. 546 2,170 .. 756 885 
3 ............. .. 609 1,980 .. 748 1,023 
4 ............. .. 683 1,442 

I 
.. 776 672 

5 ............. .. 731 1,027 .. .. .. 

Plottina data 

Before open flow of well After open flow of well 

Read-
ing PI, P" Q, 1'[, Ps, Q, 
no. lb. Jlcr lb. Jler 1'[" - 1',", M cu. ft. lb. per lb. per 1'[2 - p,2, M cu. ft. 

sq. Ill. sq. 1Il. thousands per sq. in. sq. 1Il. thousands per 
absolute absolute 24 hours absolute absolute 24 hours 

-

i 

1. .... , 888 818 119,4 708 888 724 264.3 1,467 
2 ...... .. 596 433.3 2,170 . . 826 106.2 885 
3 ...... .. 668 342.3 1,980 .. 817 121.0 1,023 
4 ...... .. 747 230.5 1,442 .. 847 71.1 672 
5 ...... .. 799 150.1 1,027 .. .. . . ., 

1 Curves A and B, fig. 8. 

Pitot tube. A second back-pressure test then was made to obtain 
data for comparing the delivery capacities of the wells before and 
after" blowing." 

The data and calculations for the back-pressure tests on one well, 
illustrated by curves A and B (fig. 8), are shown in table 9. The 
shut-in pressures before and after the open flow of the well were 
virtually the same, indicating that there was no change in liquid 
level in the well bore due to open flow. A comparison of curves 
A and B, \vhich illustrate graphically the results of the back-pres
sure tests before and after the open flow of the well, shows an 
appreciable variation in the delivery capacities of the well under 
the hvo conditions, especially at the low rates of flow corresponding 
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to high back pressures. Also, curve B represents a more efficient 
producing characteristic of the well. The variation in the delivery 
capacities before and after open-flowing probably was caused by 
a change in the liquid condition in the drainage space surrounding 
the well rathet: than by liquid in the well bore. 

The data and calculations for back-pressure tests on another well 
in the Galva field, illustrated by curves CJ D, and E (fig. 8), are 
shown in table 10. The shut-in pressure at the wellhead was 746 
pounds per square inch gage before and 807 pounds per square inch 

TABLE 1O.-Data and calculations from back-pressure tests of a gas well, showing effect of 
liquid in the well bore 

(Comparison of deliveries before and after open flow of well)l 
Location of well: Galva field, Kans. Date: April 6, 1932. 
First sand: 2,910 feet; last sand: 2,923 feet. Total depth: 2.923 feet. 
Size of casing: 8J4-inch; set at: 2,907 feet. Producing formation: Chat. 
No tubing. Specific gravity: 0.677. 

GL: 1,970. 
Baek-preBBUre data 

Before open flow of well 

Reading Shut-in pressure Working 
no. pressure at Rate of flow, at wellhead. wellhead. M cu. ft. lb. per sq. in. lb. per sq. in. per 24 hours gage gage 

746 
1. ............ .. 650 1,986 
2 ............. .. 690 1.376 
3 ............. .. 712 942 
4 ........•.... .. .. .. 
5 ............. .. .. .. 

Plotting data 

Before open flow of well 

Read-
ing PI, P" Q. 
no. lb. ~r lb. per P/2 _ p,2, M Cll. ft. 

sq. m. sq. in. thousands per 
absolute absolute 24 hours 

1. ..... 8102 7122 149.2 1,986 
2 ...... .. 754 87.6 1,376 
3 ...... .. 778 40.8 942 
4 .••.. .. .. .. .. 
5 ...... .. .. .. .. 
1. ..... 871' 773' 161.1 1,986 
2 ...... .. 815 94.4 1,376 
3 ..... .. 839 54.7 942 

I Curves C, D. and E, fig. 8. 
2 Pressures of liquid column in well not considered, curve C. fig. 8. 
a Pressure of liquid column in well considered, curve E, fig. 8. 

After open flow of well 

Shut-in pressure Working 
pressure at at wellhead, wellhead. lb. per sq. in. lb. per sq. in. gage gage 

807 .. 628 
.. 690 
.. 755 
. . 772 
. . 788 

After open flow of well 

PI. P" 
lb. per lb. per P/2 - P,'J. 
sq. in. sq. in. thousands 

absolute absolute 

880 689 299.7 
.. 754 205.9 
.. 825 93.8 
. . 841 67.1 
. . .. .. 
.. .. .. 
.. .. .. 
.. .. .. 

Rate of flow, 
M Cll. ft. 

per 24 hours 

3,000 
2,400 
1,394 
1,050 

538 

Q, 
M Cll. ft. 

per 
24 hours 

3,000 
2,400 
1,394 
1,050 . . 
.. .. .. 

gage after the open flow of the well. Blowing, therefore, caused a 
change in the column of liquid in the well bore equivalent to a 
pressure difference of 61 pounds per square inch. Curve C is based 
on back-pressure data obtained before the open flow of the well, 
without considering the effect of liquid in the well bore on pressures, 
and curve D is based on back-pressure data after the open flow of 
the well. The data from which curve C was plotted then were 
corrected for the pressure of 61 pounds per square inch exerted by 
the column of liquid, as shown in table 10; and these corrected data 
were used to determine curve E, which coincides practically with 
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curve D. The back-pressure data indicate that for this particular 
well liquid in the well bore would cause some error in the calcula
tions if it were not considered; however, the liquid did not decrease 
the delivery capacity of the well based on pressures at the sand 
face, although it reduced pressure at the wellhead corresponding 
to any given delivery. 

The data and calculations for the back-pressure tests on a third 
well in the Galva field, illustrated by curves F and G (fig. 8) are 

TABLE 11.-Data and calcUlations from back-pressure tests of a gas well, showing effect of 
liquid in the well bore 

(Comparison of delivery rates before and after open flow of weIls)1 
Location of well: Galva field, Kana. Date: March 30, 1932. 
First sand: 2,892 feet; last sand: 2,915 feet. Total depth: 2,915 feet. 
Size of casing: 6%-inch; set at: 2,887 feet. Producing formation: Chat. 
Liner: 305 feet of 5'J{6-inch. Tools in hole. GL: 1,985. 
No tubing. Specific gravity: 0.683. 

Back-pressure data 

I Before open flow of well After open flow of well 

Reading I Shue'. ,=u'" I Working 
Shut-in Jtessure 

Working 
no. 

at wellhead, I pressure at Rate of flow, at we head, pressure at 
lb. per sq. in. wellhead, M cu. ft. lb. per sq. in. wellhead, 

lb. per sq. in. I per 24 hours lb. per sq. in. gage I 
gage gage gage 

815 819 
I. ............ .. 736 3,590 .. 423 
2 ............. .. 

I 
543 7,650 .. 509 

3 ..... '" ..... .. 667 5,410 .. 663 

L:::::::::::I .. I 709 4,390 .. 751 
.. I .. 

I 
.. . . 771 

......... , .. 
I .. .. 

I 
.. 788 

i 

Pwtting data 

Before open flow of well After open ,flow of well 

Read-
ing PI, P., Q, PI, P., 
no. lb. per lb. per p,2 _ P.2, M cu. ft. lb. per lb. per p,2 _ P.2, 

SQ. in. sq. in. thousands per SQ. in. sq. in. thousands 
absolute absolute 24 hours absolute absolute 

1. ..... 889' 8042 143.9 3,590 893 476 570.8 
2 ...... .. 599 431.5 7,650 " 563 480.5 
3 ...... .. 730 257.4 5,410 " 726 270.3 
4 ...... .. 775 190.2 4,390 " 820 125.0 
5 ...... .. .. .. .. . . 842 88.4 
6 ...... .. .. .. .. " 860 57.8 

1. ..... 893' 8081 134.5 3,590 " .. .. 
2 ..... .. 603 433.8 7,650 " .. .. 
3 .. .. 734 258.6 5,410 .. .. . . 
4 ... . . .. 779 

I 
190.6 4,390 .. .. .. 

1 Curves F and G, fig. 8. 
2 Pressure of liquid column in well bore not considered, curve F, fig. 8. 
3 Pressure of liquid column in well bore considered, not shown in fig. 8. 

Rate of flow, 
M cu. ft. 

per 24 hours 

9,400 
8,420 
5,800 
3,545 
2,880 
2,220 

Q, 
M cu. ft. 

24~:urs 
9,400 
8,420 
5,800 
3,545 
2,880 
2,220 

.. .. .. 

.. 

shown in table 11. The difference between the shut-in pressures 
at the wellhead before and after the open flow is only 4 poundS" per 
square inch. Curve F is based on back-pressure data obtained be
fore the open flow of the well, without considering the effect of liquid 
in the well bore on pressures, and curve G is based on back-pressure 
data obtained after open flow. Correcting the back-pressure data 
for the pressure of 4 pounds per square inch exerted by the column 
of liquid in the well bore shows that the liquid had a negligible effect 
on the producing characteristic of the well. Therefore, it may be 
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concluded that the small difference between curves F and G probably 
is caused by liquid in the drainage space surrounding the well. 

The open-flow volumes of the wells (fig. 8) were gaged with a 
Pitot tube at the end of a 15-minute " blow-down" period. The open
flow volume of one well (curves A and B, fig. 8) also was gaged 
after a 20-minute "blow-down" period, and the results indicated 
that the flow stabilized slowly. Impact pressures were observed at 
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different points in the plane of the discharge opening of the pipe, 
and volumes calculated from observations at the different locations 31 _ 

were erratic, probably due to unequal distribution of entrained li
quid in the plane of the opening. The erratic results emphasize the 
possibility of error in measurement of open flows with Pitot tubes 
on certain types of well. 

Back-pressure tests conducted by the authors in the Refugio field 
in southern Texas emphasize the difficulty of obtaining satisfactory 

"1 See appendix 4. 
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data on gas deliveries from certain wells in which liquid accumu
lates. The thickness of the formation from which the wells produce 
ranges from 3 to 26 feet, and most of the wells are completed with 
8±-inch casing. 

The results of two back-pressure tests on one of the representa
tive wells in the field and one interpretation of the assembled back-

TABLE 12.-Data and calculations from back-pressure tests of gas wells, showing effect of 
liquid in the well bore 

(Co:npariwn of delivery rates under different liquid conditions) 1 

Location of well: Refugio field, Tex. Date: Sept. 16 and 17, 1933. 
First sand: 3,278 feet; last sand: 3,281 feet. Total depth: 3,283 feet. 
3ize of casing: 8~-inch. Specific gravity: 0.56. 
Producing through 8~-inch casing. GL: 1.840. 
Xo tubing. 

Test A 

Shut-in pressure at 
wellhead, lb. per sq. in. 

Reading gage 
no. 

IB~fore test After test 

550 
1. ........ .. .. 
2 ......... .. .. 
3 ......... . . . . 
4 ......... .. 

I 

.. 
5 ......... .. .. 

524 

Test A 

PI. P •• 
Reading lb. per lb. per 

no. sq. in. sq. in. 
absolute absolute 

12 ........ GOO I 350 
2 ......... .. 464 
3 ......... .. 503 
4 ...... ·1 " 530 
5 ......... .. 551 

I' ........ GOO 376 
2 ......... .. 490 
3 ......... .. 529 
4 ......... .. 556 
5 ......... .. 577 

1 Curves A, B. and C, fig. 9. 
2 Curve A. fig. 9. 

Working 

Ilh~~d, 
lib. per sq. Ill. 

gage 

315 
422 
459 
484 
504 

Pi!. - P.2, 
thousands 

238.0 
145.0 
107.0 
79.0 
56.0 

218.6 
119.9 
80.2 
50.9 
27.1 

Back-pressure data 

TestB 

Rate of Shut-in pressure at 

flow,M wellhead,lb. per sq. in. 

cu. ft. Reading gage 

per 24 no. 
I hours 

Before test I Alter test 
i 

563 
5,740 1 ........ .. .. 
3,890 2 ........ .. . . 
2,780 3 ........ .. . . 
1,1338 4 ........ .. 

7i3 548 

Plotting data 

TestB 

Q, PI, P., 
M cu. ft. Reading lb. per lb. per 

per 24 no. sq. in. sq. in. 
hours absolute absolute 

5,740 P ....... 1314 469 
3,890 2 ........ .. 518 
2,780 3 ........ . . 553 
1,638 4 ........ .. 576 

773 

5,740 1' ....... 614 \ 484 
3,890 2 ........ 

, 
533 ., 

2.780 3 ........ . . 568 
1,638 4 ........ . . 591 

773 

S Curve B. fig. 9. 
4 Curve C. fig. 9. 

Working Rate of 
preE8Ure 1l0w.M 

at wellhead, cu. ft. 
lb. per sq. in. kr 24 

gage ours 

427 3,920 
473 2,860 
506 1,705 
528 805 

Q. 
p,2 _ P.2 M cu. ft. 
thousands per 24 

hours 

I 157.0 3,920 
109.0 2,860 

I 71.0 1,705 
45.0 805 

142.7 3,920 
92.9 2,860 
54.4 1.705 
27.7 805 

pressure data are shown in figure 9. The data and calculations ap
plicable to the well are given in table 12. 

The shut-in pressure at the wellhead before liquid was removed 
from the well bore was 478 pounds per square inch gage. The well 
then was allowed to produce through a Ii-inch orifice at the well
head, and the velocity of the flow was sufficient to lift liquid from 
the well bore. The well was allowed to flow for a time but the 
quantity of liquid produced did not diminish apparently, and the 
well was" shut in." Subsequently, the shut-in pressure at the well
head was 550 pounds per square inch gage, indicating a removal of 

4 

. , 
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liquid from the well bore equivalent to a pressure of 72 pounds per 
square inch. Curve A (fig. 9) shows the results of the back-pressure 
test made without considering the effect on pressures of change in 
the liquid condition in the well bore, the data and calculations being 
designated by test A in table 12. The data show a decrease in the 
shut-in wellhead pressure of 550 to ·524 pounds per square inch 
during the back-pressure test, or an increase in the liquid column 
equivalent to 26 pounds per square inch. Stabilized pressure and 
flow conditions were not obtained for the first set of observations 
in test A, where a working pressure at the wellhead of 315 pounds 
per square inch gage and a delivery rate of 5,740,000 cubic feet of 
gas per 24 hours were recorded. Under these operating conditions 
liquid was produced with the gas from the well at a rate that did 
not diminish. At the other rates of flow of the test series the gas 
apparently was free from entrained liquid. 

The well then was shut in over night, and on the following morn
ing the shut-in pressure at the wellhead was 526 pounds per square 
inch gage or virtually the same as that observed immediately after 
the first back-pressure test. The well then was allowed to produce 
through a I-inch orifice, and the velocity of flow was sufficient to 
remove liquid from the well. The quantity of liquid produced with 
the gas did not diminish, and the well was shut in, the shut-in 
pressure being 563 pounds per square inch gage. A second back
pressure test (test B, table 12) was conducted, and curve B (fig. 9) 
shows the results of calculations based on the shut-in pressure ob
served at the beginning of the test, without considering the effect 
on pressures of the change in the liquid condition in the well bore. 
The data show a decrease in the shut-in wellhead pressures from 
563 to 548 pounds per square inch gage, or a change in the liquid 
column equivalent to 15 pounds per square inch. The data obtained 
in tests A and B were recalculated, and changes in the liquid column 
of 26 pounds per square inch for test A and 15 pounds per square 
inch for test B were taken into consideration. It was assumed for 
purposes of calculation that the change in the liquid column occurred 
during the initial high rate of flow in each test, and accordingly 
each of the computed back pressures at the face of the sand in 
test A was increased by 26 pounds per square inch and in test B 
by 15 pounds per square inch. The calculations for each test were 
based on the shut-in pressure observed before the test and the 
plotted points are fairly consistent along curve C (fig. 9), especially 
for gas flows at high back pressures. 

The location of the plotted points along curve C indicates that 
the different liquid conditions in the well bore during the two tests 
had negligible effects on the delivery capacity of the well at similar 
back pressures at the sand corresponding to low rates of flow but 
that at higher rates of flow delivery capacities were affected ap
preciably by liquid in the well. Curve C indicates a consistent agree
ment in the relationships between Q and P,2_Ps2 for the two liquid 
conditions with delivery rates less than 2,500,000 cubic feet of gas 
per 24 hours and a small variation between the relationships with 
delivery rates greater than 2,500,000 cubic feet per 24 hours. How
ever, the relationships between the rate of production and the preR
sure at the wellhead, which are factors of importance in operating 
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wells, are different throughout the range.of flow rates and pressures, 
as shown by curves D and E. For instance, a delivery rate of 
2,000,000 cubic feet of' gas per 24 hours could be obtained with a 
back pressure at the wellhead of 514 pounds per squar3 inch abso
lute under the conditions of test B compared with 492 pounds per 
square inch absolute under the conditions of test A. 

The results of back-pressure tests on two representative gas wells 
in the Agua Dulce field in southern Texas are shown in figures 10 
and 11. The wells in this field produce from a relatively thin horizon 
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.FIGURE lO.-Eifect of liquid on interpretation of back-pressure data. (Comparison 
of interpretations based on shut-in pressures before and after back-pressure 
tests) 

at a depth of approximately 1,980 feet and are completed with 6-
or 6~-inch casing and 2-inch tubing. The gas carried entrained 
liquid and solids, especially at high rates of flow, and it is difficult 
to produce gas from the wells under operating conditions and to 
conduct back-pressure tests on them. Even under the flow condi
tions of the back-pressure tests, enough solids were produced during 
high rates of flow to damage wellhead fittings and critical-flow
meter equipment. Because the solids were exceedingly abrasive the 
orifices in the thin plates of soft steel that were part of the authors' 
equipment could not be used for measuring and controlling the flow, 
so choke nipples 32 were used in the back-pressure tests. 

~z See appendix 3. 
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The mixture of liquid and solids did not act as a fluid, as was in
dicated by the unequalized pressures gaged on the tubing and casing 
before and after the wells were "blown " through the tubing and 
before and after the back-pressure tests. The wells were blown 
through the tubing before the back-pressure tests, and the flows 
were regulated with a Ii-inch choke nipple, but the quantity of 
liquid and solids entrained in the flows apparently did not diminish. 
It was noticed, however, that gas could be produced from the wells 
at low delivery rates with only small quantities of liquid and solids 
in the flow stream. 
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E, Average relationship described by C and D 

l"IGURE ll.--Effect of liquid on interpretation of back·pressure data. (Comparison 
of gas deliveries with variation in sequen('e of pressure·tlow data) 

The results of the back-pressure tests on one of the wells in the 
Agua Dulce field are given in figure 10. The well is 1,974 feet deep 
and was completed with 6-inch casing and equipped with 2-inch 
tubing. The gas deliveries during the back-pressure test were made 
through the annular space between the tubing and the 6-inch casing. 
The back-pressure data and calculations for the test are shown in 
table 13. The shut-in tubing and casing pressures before the back
pressure test were 481 and 480 pounds per square inch gage, respec
tively, and 469 pounds per square inch gage on each of the strings 
after the test. The data indicate an increase in 'the height of the 
column of liquid in'the tubing during the test equivalent to a pressure 
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of 12 pounds per square inch. Curve A (fig. 10) is based on the shut
in pressure before the test and the observed back-pressure data with
out considering the effect on pressures of liquid in the well. The data 
used to plot the points for curve B were obtained by using the shut-in 
pressure before the test and adding 12 pounds per square inch to 
each of the back pressures at the sand as calculated for curve A, 
assuming that the change in the liquid column occurred during the 
initial and maximum flow of the test series. Curves C and D were 

TABLE 13.-Data and calculations from back-pressure tests of a gas well, showing effect of 
liquid in the well bore 

(Comparison of results based on observations of shut-in pressures before and after back-pressure tests)l 
Location of well: Agua Dulce field, south Tex. Date: Sept. 20, 1932. 
First sand: 1,964 feet; last sand: 1,974. Total depth: 1,974 feet. 
Size of casing: 6-inch; set at: 1,969 feet. Specific gravity: 0.57. 
Size of tubing: 2-inch. GL: 1,120. 
Producing through casing. 

Back-preBsure data 

Shut-in pressure at wellhead, Working pressure at wellhead, 
lb. per sq. in. gage "( lb. per sq. in. gage 

Reading Rate of Bow, 
On tubing On casing M cu. ft. per no. 24 hours 

On tubing On casing 
Before After Before After 

test test test test 

481 480 
1. .............. .. .. .. .. 411 409 5,850 
2 ............... .. .. .. .. 440 439 2,700 
3 ............... .. .. .. .. 449 445 1,625 
4 ............... .. .. 462 457 457 

469 469 

Plotting data 

Liquid in well bore not considered2 Liquid in well bore considered' 

Reading Pf, no. lb. per 
sq. in. 

absolute 

1. ............. 514 
2 .............. .. 
3 .............. .. 
4 .............. .. 

1 Curves in fig. 10. 
2 Curves A and C, fig. 10. 
I Curves Band D, fig. 10. 

p .. Q, 
lb. per Pfl.- P.t, M ell. ft. 
sq.' in. thousands per 

absolute 24 hours 

442 68.8 5,850 
472 41.4 2,700 
481 31.9 1,625 
495 19.2 457 

Pf, P •• Q. 
lb. per lb. per pf 2 - P;, M eu. ft. 
sq. in. sq. in. thousands per 

absolute absolute 24 hours 

514 454 58.1 5,850 
.. 484 29.9 2,700 
.. 493 21.2 1,625 
.. 507 7.2 457 

obtained by plotting delivery rates against the squares of the corre
sponding pressures at the wellhead. Curve C shows the delivery 
rates corresponding to the squares of different wellhead pressures 
obtained during the back-pressure test, and curve D shows the 
squares of the relatively higher back pressures that would have 
existed at the same delivery rates if the column of liquid in the 
well had not increased under flowing conditions. 

The results of a back-pressure test conducted on another gas 
well in the Agua Dulce field are shown in figure 11. The data and 
calculations are given in table 14. The well is 1,986 feet deep and 
was completed with Sf-inch casing and equipped with 2-inch tub
ing. The gas deliveries during the back-pressure test were made 
through the 6f-inch casing. The stabilized shut-in pressure at the 
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wellhead after the well was blown through the tubing was 468 
pounds per square inch gage on the tubing and 520 pounds per 
square inch gage on the casing. Three observations of delivery 
rates at different back pressures were made; the lower rates of flow 
in the test series were observed first. The well then was shut in 
again, and a pressure of 380 pounds per square inch gage on the 
tubing and 496 pounds per square inch gage on the casing was 
registered at the wellhead, indicating increases in the liquid colutnns 
in the tubing and casing equivalent to 88 pounds per square inch 

TABLE 14.-Data and calculations jrom a baok-pressure test oj a gas well, showing effect oj 
liquid in the well bore 

(Comparison of deliveries with variation in sequence of pressure-flow data)l 
Location of well: Agua Dulce field, south Tex. Date: Sept. 22, 1932. 
First sand: 1,983 feet; last sand: 1,986 feet. Total depth: 1,986 feet. 
Size of casing: 6%-inch. ~ific gravity: 0.57. 
Size of tubing: 2-inch. GL: 1,130. 
Producing through casing. 

BacJc..pruaure data 

Shut-in pressure at wellhead. 
lb. per sq. in. gage 

Reading On tubing On casing no. 

Before After Before After 
test test test test 

468 520 
1. .....•••.•••.. .. .. .. . . 
2 .••.••.•..•.•.. .. .. .. . . 
3 .••.....•...... .. .. . . .. 
Shut in .......... .. .. .. .. 
4 ............... .. .. .. . . 
5 .••............ .. .. .. . . 
6 .•••.•.••...... .. .. 

348 422 

Plotting data 

Liquid in well bore not considered' 

Reading 
P" no. lb. per 

sq. in. 
absolute 

1. ............. 555 
2 .............. .. 
3 .............. .. 
4 .............. .. 
5 .............. .. 
6 .............. .. 

1 Curves of fig. 11. 
, Curves A and B, fig. 11. 
I Curves C and D, fig. 11. 

P., P,' - Po', Q. 
lb. per M cu. ft. 
sq. in. 

absolute 
thousands 

24 'h:urs 

535 21.8 500 
50s 50.9 1,730 
464 92.7 2,660 
342 191.3 4,530 
420 131.6 1,430 
447 IOS.2 417 

Working pressure at wellhead. 
lh. per sq. in. gage 

Rate of flow. 
M cu. ft. per 

24 hours 
On tubing On casing 

459 501 500 
387 474 1.730 
347 432 2,660 
380 496 Shut in 
318 314 4,530 
393 390 1,430 
369 416 417 

Liquid in well bore considered' 

P" P., P,' - Po', Q, 
lb. per lb. /(Hlr M au. ft. 
sq. in. sq. In. thousands per 

absolute absolute 24 hours 

555 535 21.8 500 
. . 508 50.9 1. 730 .. 488 69.9 2,660 
. . 440 114.4 4,530 
.. 518 39.7 1,430 
.. 545 11.0 417 

and 24 pounds per square inch, respectively. Three additional back
pressure observations were made, the high rates of flow in the 
test series being measured first. The shut-in pressure on the tubing 
at the wellhead after the back-pressure test was 348 pounds per 
square inch gage and on the casing 422 pounds per square inch gage. 
The total increases in the liquid columns in the tubing and casing 
therefore were equivalent to 120 and 98 pounds per square inch, 
respectively. 

Curve A (fig. 11) is based on the observed shut-in wellhead pres
sure on the casing before the back-pressure test and on the back 
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pressures of the first three observations, without considering the 
effect on pressures of change in the liquid column in the well bore. 
Curve B is based on the same shut-in pressure as curve A and on 
the back pressures of the last three observations, also without con
sidering the effect on pressures of change in the liquid column in 
the well bore. Later, the effect of change in the liquid column in the 
well bore was considered in calculating the back-pressure data. Be
cause the first and second observations were made under conditions 
of low rates of flow it was assumed that there was no change in the 
height of the liquid column during these flows. The third observa-
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FrGGllE 12.-EfI'ect of liquid on interpretation of back·pressure data. (Comparison 
of interpretations based on pressure observations on casing and tubing) 

tion was made under conditions of a relatively high rate of flow, 
and it was assumed that the change of 24 pounds per square inch 
in the liquid column (difference of shut-in casing pressures) oc
curred during the stabilization of pressure and flow conditions. 
Accordingly, the back pressure was corrected for the 24-pound 
pressure difference. The result of the analysis of the liquid condi
tions in the well is shown by curve C. The fourth observation of 
back pressures was made under conditions of a high rate of flow, 
and the fifth and sixth observations were under conditions of low 
rates of flow. Accordingly, it was assumed that the increase in the 
liquid column equivalent to a pressure of 74 pounds per square inch, 
(difference of shut-in pressures on the casing) occurred during the 
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stabilization of pressure and flow conditions before the fourth ob
servation and that no further change in the liquid column occurred 
during the fifth and sixth observations. The total correction to be 
made to each of the back pressures for the fourth, fifth, and sixth 
observations was 98 pounds per square inch (difference of shut-in 
pressures on casing before and after test), and curve D shows the 

TABLE 15.-Data and calculations from a back-pressure test of a gas well, showing effect of 
liquid in the well bore 

(Comparison of data obtained on casing and tubing)l 

Location of well: South Cole field, south Tex. Date: Sept. 26, 1932. 
Total depth: 1,709 feet. 
Specific gravity 0.57. 
OT.: 975. 

First sand: 1,704 feet; last sand: 1,709 feet. 
Size of casing: 6Vs-inch; set at: 1,704 feet. 
Size of tubing: 2-inch. 
Producing through casing. 

Back-pTf88Ure data 

Shut-in pressure at wellhead, 
I b. per sq. in. gage 

Reading On tubing On casing 
no. 

Before After Before After 
test test test test 

247 252 
1. .............. .. .. . . . . 
2 ............... .. .. .. . . 
3 ............... .. ., .. .. 
4 ..........•.... .. . . 

240 240 

Plotting data 

I Based on tubing back pressures 

Reading Pr, P., Q. no. lb. per lb. per Pr! - P.!, M cu. ft. 
sq. in. sq. in. thousands per 

absolute absolute 24 hours 

1. ............. 
2 .............. 
3 .............. 
4 .............. 

1. ............. 
2 .............. 
3 .............. 
4 .............. 

1 Curves of fig. 12. 
2 Curve A, fig. 12. 
3 Curve C, fig. 12. 
4 Curve B, fig. 12. 
• Curve D. fig. 12. 

275 
.. 
. , 
.. 

275 
,. 
.. 

Effect of liquid not considered. 2 

I 230 I 22.7 I 1,950 
239 18.5 1,345 
248 14.1 772 
258 0.0 364 

Effect of liquid considered. 3 

237 19.4 1,950 
246 15.1 1,345 
255 10.6 772 
265 5.4 364 

Working pressure at wellhead, 
lb. per sq. in. gage 

Rate of flow, 
M cu. ft. per 

24 hours 
On tubing On casing 

208 205 1,950 
217 215 1,345 
225 222 772 
2:15 232 364 

Based on casing back pressures 

Pr, P., Q. 
lb. per lb. per Pr2 _ P.!, M cu. ft. 
sq. in. sq. in. thousands per 

absolute absolute 24 hours T ~i;,"id rot ~T 2i5 1,950 
. . 237 19.4 1.345 
. . 245 15.6 772 
., 255 10.6 364 

Effect of liquid considered." 
2i5 239 18.5 1,950 
.. 249 13.6 1.345 
. . 257 9.6 772 
.. 267 4.3 364 

results of correcting the last three observations. That these data 
represent a fairly consistent relationship is shown by curve E. 

The results of a back-pressure test on a gas well in the South 
Cole field, south Texas, are shown in figure 12. The test is discussed 
mainly to emphasize the comparison of data obtained on the casing 
and on the tubing. The observed data and subsequent calculations 
are given in table 15. During the back-pressure test the well was 
producing through the casing. The shut-in presures at the wellhead 
on the tubing and casing before the test were 247 and 252 pounds 
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per square inch gage, respectively, and 240 pounds per square inch 
gage on both the tubing and casing after the test. There was there
fore an increase in the liquid column in the tubing equivalent to a 
pressure of 7 pounds per square inch, and in the casing equivalent 
to 12 pounds per square inch. Curve A is based on the shut-in pres
sure on the casing before the back-pressure test and the back pres
sures gaged on the tubing without taking into consideration the 
effect on pressures of an increase in the liquid column. Curve B is 
based on the shut-in pressure on the casing before the back-pressure 
test and on back pressures gaged on the casing" without considering 
the effect of an increase in the liquid column. Curve C was obtained 
by correcting back pressures on the tubing by a pressure of 7 pounds 
per square inch, and in curve D the back pressures on the casing 
were corrected for a pressure of 12 pounds per square inch. 

If there is liquid in the well bore or the producing formation 
around it, the ability of the formation to deliver gas within the 
effective drainage space of the well cannot be interpreted properly 
from the results of a single back-pressure test of the kind usually 
made on normal gas wells. The responsiveness of the liquid con
dition in the formation to changes in pressures and velocities and 
the effect of unaccounted-for vapor which may be in the well bore 
on the determination of bottom-hole pressures cannot be determined 
from a limited number of back-pressure data. The examples given 
in this report of a number of back-pressure tests conducted on gas 
wells affected by liquid show the advisability of obtaining as many 
data during a series of back-pressure tests as possible. Obtaining 
flow and pressure data for different liquid conditions in the well, 
frequent observations of shut-in pressures, observations of the well
head pressures during periods of stabilization, changing the se
quence of pressure-flow conditions to which wells are subjected 
during back-pressure tests, and taking more observations than 
usually are made during back-pressure tests on normal gas wells 
are necessary for a complete study of the behavior of a gas well 
affected by liquid. The producing characteristics of gas wells differ, 
depending upon the type of well and liquid condition, and often 
wells in the same field have widely different flow characteristics. 

The amount of liquid entering some gas wells daily is small, and 
the liquid does not present a serious operating problem. Usually 
an occasional blowing of the wells will prevent the liquid from ac
cumulating enough to affect the flow of gas into the well bore. 
Tubing and siphons generally are used to remove liquid from gas 
wells. Back-pressure tests on gas wells affected by liquid are more 
conclusive if the liquids are removed before the back-pressure test 
is made, but it should be remembered that comparative back-pres
sure data obtained before and after the removal of liquid are exceed
ingly helpful in studying the producing characteristics of wells. 

Although the rate of liquid entry into many wells is slow the pres
ence of liquid in the drainage spaces of the producing horizon affects 
the capacity of the well to deliver gas. The high hydrocarbon con
stituents often are liquids under the pressure and temperature con
ditions existing in the reservoir, and gas wells frequently are af
fected mainly by the liquid conditions in the reservoir, since the 
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liquids vaporize in the flow string and are gases at the wellhead. 
Several back-pressure tests are necessary for thorough study of the 
behavior of a gas well affected by the presence of liquefied hydro
carbon gases in the reservoir and in the well bore. 

Many of the gas wells tested by the back-pressure method of 
gaging gas-well deliveries have been characterized by rapid entry 
of liquid into the well bore, due to normal edge-water encroachment, 
to the entrance of bottom water as a result of" coning" of the water 
in the sands, or to too deep drilling of the wells. Subjecting gas 
wells to frequent excessive delivery rates (such as open flow) often 
causes coning of the water in the producing sand. Although it 
often is possible to remove liquid that has accumulated in the well 
bore before a back-pressure test and to conduct the test before liquid 
again accumulates in appreciable quantities, the results of such a 
test do not indicate the ability of the well to produce gas under 
normal operating conditions, and a comparison of the results of 
back-pressure tests before and after removal of liquid is needed 
for a proper interpretation of the flowing characteristics of the 
well. Furthermore, in some wells, it is possible to remove only part 
of the liquid from the well bore, and liquid accumulates again dur
ing the back-pressure test, so that operation of gas wells producing 
large quantities of liquids and solids, especially when the solids are 
abrasive, is dangerous if the rates of flow are high. In many wells it 
is impracticable to remove all of the liquid accumulation from the 
well bore at low and safe rates of flow. On the other hand, unless 
one has a definite idea of the amount of liquid in the well bore the 
producing characteristic throughout a range of high deliveries can
not be interpreted properly from data observed under low delivery 
conditions. 

A series of back-pressure tests and proper interpretation of the 
observed data therefore are needed instead of the single back-pres
sure test usually conducted on a normal gas well not affected by 
liquid. Proper interpretation of the observed data will depend on 
thorough understanding of the conditions in the field in which the 
well is located and of the well itself, as illustrated by a back-pressure 
test on a well in the Refugio field in south Texas (fig. 9 and table 12). 
Assume that curve C of figure 9 is representative of the deliveries 
of gas from the well at different back pressures under the conditions 
of a shut-in pressure at the wellhead of 563 pounds per square inch 
gage. Assume further that interpretation of the back-pressure data 
has eliminated the influence of a change in the liquid column in the 
well during the period of the back-pressure test and an under
standing of the conditions in the field leads to the suspicion that 
there is a column of liquid in the well bore equivalent to a pressure 
of 50 pounds per square inch when the shut-in pressure at the well
head is 563 pounds per square inch gage. The shut-in formation 
pressure then would be 664 pounds per square inch absolute. 

From curve C of figure 9 the values of the back pressures at the 
sand corresponding to 1,000,000, 2,000,000, 3,000,000, and 5,000,000 
cubic feet of gas per 24 hours are 586, 560, 534, and 480 pounds per 
square inch absolute, respectively. When the correction factor of 
50 pounds per square inch is added to each of the back pressures the 
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values become 636, 610, 584, and 530 pounds per square inch abso
lute, respectively; therefore the data used for plotting the corrected 
curves are: 

PI, P., P/2 _ P.2, Q, 
lb. per sq. in. lb. per sq. in. thousands M cu. ft. per 

absolute absolute 24 hours 

664 636 36.4 1,000 
.. 610 68.8 2,000 
.. 584 99.8 3,000 
.. 530 160.0 5,000 

The cUrve corrected for water column is shown as curve B of figure 
13. Curve A (fig. 13) is the same as curve C (fig. 9). The correction 
of 50 pounds per square inch decreases the indicated rate of delivery 
corresponding to a given value of the pressure factor p f 2_Pl but 
increases the value of the pressure factor when P s is atmos
pheric pressure, so the absolute open flow from curve B is approxi
mately 15,000,000 cubic feet of gas per 24 hours compared with 
14,000,000 cubic feet per 24 hours' from curve A. Correcting the 
shut-in formation pressure and the back pressures at the sand for 
the pressure due to a column of liquid has a relatively small effect 
on the interpretation of results, as is discussed in detail in ap
pendix 8. 

Back-pressure data and interpretations applicable to gas wells 
with liquid in the well bore and in the adj acent pore spaces of the 
producing strata are subject to error if there are changes of the 
pressure of the column of liquid in the well bore or in the permea
bility of the producing formation due to liquid during the back
pressure test. Changes in permeability due to liquid occur with 
changes of pressures and delivery rate. The presence of a constant 
column of liquid in the well bore during the back-pressure test does 
not have any appreciable effect on the consistency of the plotted 
relation between the rate of flow and the pressure factor throughout 
the range of back-pressure data. The study of liquids in gas wells 
has been supplemented in part by a special series of experiments 
that are being conducted to determine the effect of the liquids on 
the character of the gas flow through bonded and uncemented sands. 
The results of the study of the flow of air through unbonded sands 
containing a stationary and constant quantity of liquid in the pore 
spaces are given in appendix 10. 

USE OF TUBING IN GAS WELLS 

The removal of liquid from gas wells ss is one of the most impor
tant problems confronting natural-gas producers. Liquid in the 
well bore and in the producing formation may be water, crude oil, 
"gasolines," and liquefied gases that vaporize when not subjected 

sa Tough, F. B., Methods of Shutting Olf Water in on and Gas Wells: Bull. 163, Bureau 
of Mines. 1918, 122 pp. 

Ambrose, A. W .• Underground Conditions in on Fields: Bull. 195, Bureau of Mines, 1921. 
238 pp. 

Swigart. T. E .• and Beecher, C. E., Manual for on and Gas Operations: Bull. 232, Bureau 
of Mines. 1923, 145 pp. 

WilUams, 1. B., Brandenthaler, R. R. and Walker, Morgan, Design and Operation of 
Gas-Well Siphons: Tech. Paper 460, Bureau of Mines. 1929, 45 pp. 
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to the high pressures in the reservoir, and its removal or exclusion 
from the well is of importance. Liquid in the sand and in the well 
bore often decreases the capacity of the well to deliver gas and pre
vents proper interpretation of the producing characteristics of the 
well from data observed at the wellhead. 

The problem of removing water from gas wells is of particular 
importance in old fields where water has been allowed to penetrate 
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the producing horizons. The removal of water, however, is of sec
ondary importance where it is possible to exclude water by repair
ing the wells or by operating them at high back pressures. When
ever possible the source of water should be determined a.nd remedial 
measures taken to prevent it from entering the wells. Waters en
tering gas wells may be classed as top, middle or intermediate, edge, 
and bottom, according to the location of the entry of the water into 
the well. If satisfactory water shut-offs cannot be made all or part 
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of the water must be removed from the wells by pumping, bailing, 
swabbing, blowing through casing or tubing, or siphoning before 
they can be operated satisfactorily. 

Many operators use tubing in gas wells to facilitate removal of 
water. The tubing is opened to the atmosphere, and if the gas ve
locity is high enough the liquid can be lifted in the tubing. In some 
wells the tubing has to be opened frequently to maintain a liquid 
level low enough for efficient production of gas; otherwise, liquid 
accumulates in the well until the hydrostatic pressure of the column 
of liquid in the tubing is greater than the gas pressure and the 
flow of gas into the well stops. 

Many wells completed as gas wells produce crude oil in com
mercialquantities with the gas when reservoir pressures have been 
partly depleted or when the wells are operated at relatively low 
back pressures. The problem of the operator then becomes one of 
oil production and gas conservation rather than the prevention of 
liquid entry in the well or its removal from the well bore. The entry 
in many gas wells of small quantities of low-grade crude oil at rela
tively low rates, however, presents a serious operating problem, par
ticularly if salt water is present, since the resulting emulsion is con
siderably more difficult to remove than " uncut" crude oil or water. 
Operating efficiencies of wells producing gas and' oil often are in
creased by installing tubing to facilitate the removal of liquids enter
ing the well bore and prevent their accumulation and subsequent 
emulsification in the well bore at the gas horizon, and by selecting 
tubing and inlet parts that will tend to reduce emulsification of the 
liquids to a minimum while they are being removed through the tub
ing by the flow of gas. Some gas wells subject to oil emulsions or 
accumulations of paraffin can be treated with acid; however, the 
rates of deliveries of gas from the producing formation usually are 
relatively low, and the results of experimental remedial measure~ 
should be studied carefully before extensive programs involving con
siderable expenditures are begun. 

The methods that have been described for removal of water can 
be used for removing gasolines from wells, the method selected de
pending on conditions in the individual well. In 'some wells the 
velocity of the flowing gas is sufficient to lift the liquids and dis
charge them with the gas if the well is opened to the atmosphere 
A modification of this method is to install a choke nipple or orifice 
plate at the wellhead, restricting gas flow to the minimum velocity 
necessary to lift the liquid. 

The removal of liquefied gas from gas wells g~nerally is not a seri
ous problem, ,except possibly while the pressures in the reservoir are 
high. The hydrocarbons exist as a liquid only under conditions, of 
high pressure, and after the field has been partly depleted and the 
pressure in the reservoir is lowered the hydrocarbons ,exist as a gas, 
and the problem of liquid removal is eliminated. 

The use of tubing to remove liquid from gas wells has several 
advantages. Tubing increases the velocity of flow and places a high 
back pressure on the sand while liquid is being removed. Such pres
sure retards the rate of liquid entry into the drainage space of the 
well and into the well bore itself, helps control deliveries of gas from 
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high-pressure gas wells, protects the casing from erosion and wear 
in wells that produce abrasive materials with gas, and protects the 
producing formation. 

Pressures that can be maintained at the wellhead for different 
rates of gas delivery into a pipe-line system are important operating 
considerations. Wellhead pressures corresponding to the same de
livery rates through tubing and casing differ widely because of the 
greater velocity and pressure drop due to friction for ft.ow through 
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A and B, Relationships between Q arel Pf 1.-PS
2 de=ribing two gas wells 

C,D • E:,' • Q. PS2 showing maximum delivery c:apacities 
of 'Z-inc:h tubing. 3-inc:h tubing and at-inch casing. respectively, corresponding 
to different pressure conditions 

F and G, Relationships between Q and Ps1. showing delivery capacities from producing 
sand, based on A and B, respectively 

-f. Absolute open flow from A and B 
Intersection of F or G with C ,D or E: denotes open flow or rYlaximum 9-
delivery through producing string 

J<'IGUHE 14.-C'omparison of maximum gas deliveries through dift'erent sizes of 
producing strings basen on back-pressure data 

tubing compared with flow through casing. Therefore, pressures at 
the wellhead should be considered in designs of tubing installations 
and programs for future operation of wells. For example, consider 
two gas wells on which back-pressure tests were made, giving the 
results illustrated by curves A and B (fig. 14). Curve A (fig. 14) 
is the same as curve C (fig. 9). The data and calculations of the 
back-pressure test illustrated by curve C (fig. 9) are shown in table 
12. The well represented by A (fig. 14) produced gas of gravity 0.56 
from a depth of 3,280 feet through 8i-inch casing. The shut-in pres
sure at the wellhead was 563 pounds per square inch gage, and the 
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computed shut~in pressure at the sand was 614 pounds per square 
inch absolute. The absolute open flow of the well as shown by curve 
A (fig. 14) is 14,200,000 cubic feet of gas per 24 hours. Curve B 
is an assumed case, with all of the factors defining the well and its 
producing characteristics the same as for curve A, except the co
efficient C of the flow equation, Q=C(P,2_P8 2 )n. The absolute open 
flow of the well represented by curve B is 142,000,000 cubic feet of 
gas per 24 hours. Calculations made to determine the pressures that 
would have to be maintained at the wellhead and at the sand for the 
wells represented by curves A and B, corresponding to differerl~ 
rates of flow through 2-inch tubing, 3-inch tubing, and 8i-inch 
casing, are shown in table 16. 

TABLE 16.-Comparison of working pressures at the sand and at the wellhead for flow of 
gas through different sizes of producing strings! 

Weill 

Rate of Bow, P 10', 
M cu. ft. per P.3 lb. per Ilq. in. absolute 

24 hours lb. per 

Open Bowl .•... 
8,000 .......... 
5.000 .......... 
3.000 .......... 
2.000 .......... 
1.000 .......... 

1 Fig. 14. 
% Well L 

SQ. in. 
absolute 

15 
394 
482 
534 
560 
586 

8~·in. 
casing 

15 
369 
452 
501 
525 
550 

3-in. 
tubing 

15 

398 
484 
518 
548 

ell. ft. peT 

1'4 hoUTI 

Absolute open Bow = 14,200.000 
Open flow throngh 8~-inch casing "" 14.200.000 
Open flow through 3-inch tubing = 8,250,000 
Open flow through 2-inch tubing = 3.750,000 

Well 2. 
Absolute open Bow "" 142,000,000 
Open flow through 8~-inch casing = 100.000.000 
Open Bow through 3-inch tubing = 12.300.000 
Open Bow through 2-inch tubing = 4.400,000 

: P. = back pressure at sand. lb. per Ilq. in. absolute. 
'P 10 = back pressure at wellhead, lb. per Ilq. in. absolute. 

2-in. 
tubing 

15 
" 

321 
459 
535 

Well 2 

P.3 
PI.4, 

lb. per sq. m. absolute 
lb. per 
SQ. in. 

2-in. absolute 8~-in. 3-in. 
casing tubing tubing 

326 15 15 15 
591 554 434 ., 
599 562 517 .. 
605 567 553 

I 
417 

607 569 563 511 
611 573 571 561 

The absolute op~n flow of well 1 (curve A) is 14,200,000 cubic 
feet of gas per 24 hours, and the open flow through the 81-inch 
casing is the same because the pressure drop in the casing due to 
friction is negligible. The open flow through 3-inch tubing (from 
the intersection of curves D and F 34) is 8,250,000 cubic feet of gas 
per 24 hours, and the open flow through 2-inch tubing (as deter
mined by the intersection of curves C and F) is 3,750,000 cubic feet 
of gas per 24 hours. Back pressures at the sand corresponding to 
delivery rates of 8,000,000, 5,000,000, 3,000,000, 2,000,000, and 
1,000,000 cubic feet of gas per 24 hours are 394, 482, 534, 560, and 
586 pounds per square inch absolute, respectively. Press:ues that 
can be maintained at the wellhead for gas flow through the 81-inch 
casing at corresponding rates of delivery are 369, 452, 501, 525, 
and 550 pounds per square inch absolute, respectively. Most of the 

;w. ::5ce appemlix 7 for explanatioll of calculation8. 
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difference between the pressures at the face of the sand and at the 
wellhead is due to the pressure corresponding to the weight of the 
column of gas, because the pressure drop in the producing string is 
negligible. For flow through 3-inch tubing the delivery of 8,000,000 
cubic feet of gas per 24 hours would approximate conditions of open 
flow. The pressures at the wellhead corresponding to flows of 
5,000,000, 3,000,000, 2,000,000, and 1,000,000 cubic feet of gas per 
24 hours through the 3-inch tubing are 398, 484, 518, and 548 pounds 
per square inch absolute, respectively. Therefore, there are differ
ences hetween the pressures at the wellhead for flow through 3-inch 
tubing and 8i-inch casing of 54, 17, 7, and 2 pounds per square inch, 
corresponding to delivery rates of 5,00,000, 3,000,000, 2,000,000, 
and 1,000,000 cubic feet of gas per 24 hours, respectively. The de
livery of gas from the well through 2-inch tubing under conditions 
of open flow is 3,750,000 cubic feet per 24 hours. The pressures 
at the wellhead corresponding to flow rates of 3,000,000, 2,000,000, 
and 1,000,000 cubic feet of gas per 24 hours through 2-inch tubing 
are 321, 459, and 535 pounds per square inch absolute, respectively. 
The differences between the wellhead pressures for flow through 
2-inch tubing and 8i-inch casing are 180, 66, and 15 pounds per 
square inch, corresponding to delivery rates of 3,000,000, 2,000,000 
and 1,000,000 cubic feet of gas per 24 hours, respectively. 

The pressures at the wellhead and at the sand for well 2 (curve B, 
fig. 14) are compared similarly to those of well 1. The back pres
sures at the wellhead and at the sand are greater than for well 1 
due to the greater delivery capacities of well 2. The delivery rates 
of gas from the formation intothe well bore at different back pres
sures and pipe-line requirements therefore are factors that should 
be considered in designing tubing installations, for which the results 
of back-pressure tests can be used advantageously. Tubing is used 
primarily to facilitate the removal of liquid from the sand and the 
well bore and in some high-pressure wells to control the delivery 
of gas; however, in some wells high rates of gas delivery are taken 
from the annular space betwen the tubing and the casing, and low 
rates are taken through the tubing. Greater volumes of gas can be 
obtained from the annular space between the casing and tubing than 
from the tubing, and the deliveries can be made while a high back 
pressure is maintained at the wellhead. 

The results of 'back-pressure tests on gas wells in the Texas Pan
handle field before and after the wells are tubed are compared in 
figure 15. The well illustrated by example I (fig. 15) was tested 
first on March 28, 1930, when it was noticed that a small amount 
of liquid was produced with the gas. The shut-in pressure at the 
wellhead was 401 pounds per square inch gage. Curve A (example 
I) shows the results of the back-pressure tests. Two-inch tubing 
was installed in the well on July 1, 1930, and a second back-pressure 
test was made on September 18, 1930, when the shut-in pressure at 
the wellhead was 393 pounds per square inch gage. There was there
fore a decline in shut-in pressure of only 8 pounds per square inch 
in 174 days. The results of the second back-pressure test are shown 
by curve B (example I). The pressure-flow relationship represented 
by curve B is consistent with the producing characteristic estab
lished from back-pressure tests on normal gas wells, and comparison 
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of curves A and B indicates an apparent increase in the ability of 
the well to produce gas after the tubing was installed. It is not 
certain, however, from the data available whether the variation 
between curves A and B was due to unaccounted-for error in com
puting bottom-hole data or actually to an increase in the ability of 
the well to deliver gas. Similar comparisons of the results of back
pressure tests made before and after tubing other gas wells in the 
same gas-producing area are shown by curves C and D (example II), 

Rate of flow, M c:u. ft. per- 24 hr •. 
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Example I, A, Well te!!ted t.1a .... ZS,1930, Po' 401 
e, • 5ept. 18,1930, •• 393 

Well tubed July I ,1930, 

Example m, E, Well tested Me"', 28,1930, Po' 3iS 
F,' • Sept. 17 ,1930, •• 390 

Well tubed July 10,1930 
u-mplelI, C. Well tested Mer-.28,1930, Po' 398 

O. • Sept. 18,1930 , •• 386 
'Well tubed July 15,1930 

E.xempl.Dr.G, Well teste~ Mar-. 28 ,1930, Pc' 410 
H,' " Sept. 19,1930, •• 403 

WeU tubed July 15,1930 

Pc' Shut-in p,... •• ure at wellhead. lb. per- IK!. in. gag. 

l!'roURE 15.-Comparison of gas deliveries from wells 'subject to liquid entry before 
and after installation of tubing 

curves E and F (example III) , and curves G and H (example IV) in 
figure 15. 

The logs of the gas wells drilled in the area, which are representa
tive of the examples shown in figure 15, indicate that the wells pro
duce from a limestone formation and that in several wells the supply 
of gas is supplemented by gas from the so-called granite-wash 
formation. The wells were completed with Si-inch casing usually 
cemented about 200 feet above the first" lime pay," which is found 
2,000 to 2,500 feet below the surface of the ground. The entire 
limestone horizon is not productive but contains several productive 
lenses in the 200 to 400 feet below the first productive stratum. In 

5 
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the maj ority of wells, therefore, there was 200 feet of " open hole" 
above the upper gas-producing stratum and 400 to 600 feet of open 
hole above the lower gas-producing stratum. Entry of liquids into 
wells completed without casing off the formation between or above 
the producing horizons affects not only the delivery capacities of the 
wells but also tends to wash off shale" cavings" from the sides of 
the well bores and necessitates cleaning out the wells at frequent 
intervals. The use of tubing in such wells facilitates removal of li
quids and reduces the tendency of the loose shale to cave from walls 
of the open holes. 

Back-pressure tests on a group of 21 gas wells in the Depew field, 
Oklahoma, also have given valuable information on the use of tub
ing in gas wells. The wells produce from the Dutcher sand at a 
depth of approximately 3,300 feet. The average thickness of the 
productive formation in the Depew field is approximately 10 feet, 
and wells penetrate the producing formation 1 to 13 feet. The length 
of the open hole between the shoe and the top of the producing hor
izon ranges from 0 to 100 feet and averages approximately 20 feet. 
At the time of the tests 10 wells were equipped with 2-inch tubing 
packed off at the wellhead, and in 11 wells the casing was the pro
ducing string. The tubed wells were allowed to produce gas through 
the tubing into the pipe line for a few hours befo.re being shut in, 
and the shut-in pressure at the wellhead was observed and recorded. 
The back-pressure tests then were made. The pressure-flow relation
ships obtained from the back-pressure data were consistent with the 
producing characteristics established from back-pressure tests on 
so-called normal gas wells, indicating that the liquid conditions in 
the wells did not change during the tests. Pressure-flow relation
ships for several wells which were not tubed, however, deviated 
considerably from the straight-line characteristic established on 
normal wells, due probably to error in the calculation of bottom-hole 
data, showing that often the producing characteristics of untubed 
wells cannot be determined with the same assurance as for tubed 
wells. 

The results of back-pressure tests conducted in the Texas Pan
handle and in the Depew fields, together with results of analogous 
back-pressure tests in other gas-producing areas, show that the 
bottom-hole data calculated from observations at the wellheads of 
tubed wells is more reliable than that computed for wells that are 
not tubed and that tubing facilitates the removal of water, permits 
more efficient production operations, and in some wells actually 
leads to an increase in the rate of production of gas. 

PRESENCE OF CA VINGS IN GAS WELLS 

The delivery of gas from many natural-gas wells is affected by 
the presence of cavings or of materials from the formations in the 
well bore. The substance found in wells often is of such nature 
that it offers about as effective a seal to the flow of gas into the 
well bore as a head of liquid of equivalent height. However, in some 
wells the substance withstands differential pressures considerably 
in excess of its weight and can seal off the gas effectively. The gas 
can be sealed off where it is produced from a lensed-type limestone 
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formation, with the intervening shale beds exposed in the open hole. 
In one well where the shut-in pressure was approximately 425 
pounds per square inch gage and the open-flow volume was ap
proximately 40,000,000 cubic feet of gas per 24 hours a plug formed 
at the bottom of the well and extending but a few feet above the 
upper producing lens effectively shut off the flow of gas into the 
well when the pressure at the wellhead was reduced to that of the 
atmosphere. 

In general, the effect of cavings in the well bore on delivery ca
pacities depends on the delivery rates at which gas is produced, the 
quantity of cavings that accumulate, and the thickness of the pro
ducing formation covered by the cavings. Delivery rates influence 
the effectiveness of cavings in the well bore as a seal to gas flow 
Evidence of this was noticed when the pressure-flow relationships 
obtained under conditions of increased delivery rates during back
pressure tests on wells containing cavings were compared with 
relationships common to the normal operation of wells. During 
back-pressure tests on some gas wells with cavings in the well bure, 
where observations were made by increasing the delivery rate::; in 
the test series, there were relatively sudden increases in wellhead 
pressures accompanied by increased delivery rates while pre::;sure 
and flow conditions were stabilizing. The amount of caving from 
the walls of the open holes varies in different wells and in the same 
wells under different flow conditions, and cavings allowed to ac
cumulate in wells often shut off lower gas-producing strata. Wells 
often are" taken out of operation" to clean them of cavings, but 
usually cavings can be removed by "-blowing" a well occasionally 
when large quantities have not been allowed to accumulate. 

The results of a series of back-pressure tests on a group of gas 
wells in the Texas Panhandle field, illustrating the effect of cavings 
in the well bore on the delivery capacities of the wells, are shown 
in figure 16. The wells produce gas from a limestone formation, 
often supplemented by production from the" granite wash." Ex
ample I shows the results of a series of back-pressure tests on a gas 
well 2,720 feet deep producing through 10-inch casing. According 
to the well log the upper sand was at a depth of 2,070 feet, and the 
1 O-inch casing was set 2,044 feet below the surface of the ground. 
There was therefore 676 feet of open hole below the 10-inch casing. 
The well had been open-flowed in March 1930. The results of a 
back-pressure test made on June 23, 1930, when the shut-in well
head pressure was 407 pounds per square inch gage, are shown by 
curve A. The results of a second back-pressure test made on Sep
tember 29, 1930, when the shut-in pressure at the wellhead was 
405 pounds per square inch gage, are shown by curve B. . 

A comparison of the results of the two tests indicates that the 
delivery capacity of the well corresponding to a p f 2_Ps2 of 30,000 
had decreased approximately 14 percent, whereas the shut-in pres
sure had decreased only 2 pounds per square inch. After the second 
back-pressure test the well was opened to the atmosphere, a con
siderable quantity of cavings was blown out, and then the well was 
shut in until November 13, 1930, when a third back-pressure test 
was made. The shut-in pressure at the wellhead was the same as 
before-405 pounds per square inch gage. The results of the test 
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are shown by curve C. A comparison of curves Band C indicates 
an increase of approximately 27 percent in the delivery capacity 
of the well, corresponding to a P,2_Ps2 of 30,000 due to the removal 
of cavings from the well bore. The fact that the delivery capacity 
of the well during the third test (curve C) is somewhat greater than 
that during the first test (curve A) indicates that there was an 
accumulation of cavings in the well bore at the time of the first 
test. 
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Example II (fig. 16) shows the results of a series of back-pres
sure tests on a gas well 2,815 feet deep producing through 10-inch 
casing. The upper gas-producing stratum was at a depth of 2,322 
feet, and the 10-inch casing was set 2,047 feet below the surface of 
the ground, leaving 768 feet of open hole. The first back-pressure 
test was conducted on the well on June 24, 1930, when the shut-in 
pressure at the wellhead was 411 pounds per square inch gage. 
The results of the test are shown by curve D. The results of a second 
back-pressure test conducted on September 29, 1930 (curve E), 
when the shut-in pressure at the wellhead was 409 pounds per 
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square inch gage, indicate a decrease in the delivery capacity of the 
well corresponding to a P f2_P/ of 30;000 or approximately 6 per
cent. The well then was blown and a considerable quantity of cav
ings removed. The results of a third test, which was made on N 0-

vember 13, 1930, gave a relationship that coincided with curve D, 
indicating that removal of cavings between the second and third 
tests had restored the delivery capacity of the well to that existing 
at the time of the first test. 

Example III (fig. 16) shows the results of a series of back-pres
sure tests on a gas well 2,753 feet deep producing through 8i-inch 
casing. The upper gas-producing stratum is at a depth of 2,645 
feet, and the 8i-inch casing was set at a point 2,608 feet below the 
surface of the ground, leaving 145 feet of open hole. Curve F shows 
the results of the first back-pressure test, which was conducted on 
June 19, 1930 when the shut-in pressure at the wellhead was 426 
pounds per square inch gage. As shown by the curve, the relation
ship between delivery rate and the pressure factor P(!'_P s 2 was not 
consistent with results obtained from back-pressure tests of normal 
gas wells. The presence of a film of mud on the orifice plates of the 
flow prover used for measuring the delivery rates suggested the 
possibility of cavings in the well bore. Accordingly, the well was 
blown, and some of the cavings were removed. A second back
pressure test was conducted on the well on the following day (June 
20, 1930), and the results of the test are shown by curve G. The 
delivery capacities of the well throughout a range of high back pres
sures shown by curve G are greater than those represented by curve 
F, but the results still are inconsistent with those expected from a 
normal gas well under favorable operating conditions. Thereupon 
the well was blown again, and more cavings were removed. A third 
back-pressure test was made on August 8, 1930, when the shut-in 
wellhead pressure was 424 pounds per square inch gage. The re
sults of the test are shown by curve H. The delivery capacities of 
the well under normal operating conditions were improved greatly 
by the removal of the cavings, but still little or no difference was 
noticed in the delivery capacities at low back pressures and high 
rates of flow. 

The results of the back-pressure tests shown by example III (fig. 
16) and of tests on a number of other gas wells suggest the possi
bility of an abrupt change of coefficient C of the flow equation 
Q=C(Pf 2_ps2)n during a back-pressure test. The results of a 
series of back-pressure tests on three gas wells illustrating the ef
fect of cavings in the well bore are given by the curves in figure 17. 

Example I (fig. 17) presents the results of back-pressure tests 
on a gas well 2,810 feet deep producing gas through 10-inch casing. 
The upper gas-producing stratum was at a depth of 2,310 feet, 
and the casing was set 2,084 feet below the surface of the ground, 
leaving 726 feet of open hole. Curves A, B, and C (fig. 17) repre
sent results of back-pressure tests on June 24, 1930, November 14, 
1930, and August 27, 1931, respectively, and show that the delivery 
capacities of the well, especially at high back pressures, were in
creasing. The shut-in pressures at the wellhead corresponding to 
the conditions of curves A, B, and C were 424, 417, and 407 pounds 
per square inch gage, respectively. A fourth test was made on Oc-
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tober 11, 1931, when the shut-in wellhead pr.essure was 411 pounds 
per square inch gage. The results of the test as illustrated by curve 
D show a considerable decrease in the delivery capacities of the well 
throughout a range of high back pressures and an abrupt change 
during the back-pressure test (indicated by the break in curve D) 
in the delivery capacity of the well at one particular pressure con
dition. Interpretation of the results of the back-pressure test by 
drawing an average curve through the plotted points shown by D 
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might cause the use of an erroneous n of the flow equation. A fifth 
back-pressure test was conducted on May 11, 1932, when the shut
in wellhead pressure was 408 pounds per square inch gage. The 
results of the test (curve E) do not indicate any abrupt change in 
the delivery capacity of the well during the test but show that the 
delivery capacities throughout the range of pressure conditions 
were considerably less than those described by curves A, B, and C. 

The results of back-pressure tests on a gas well, illustrated by 
example II (fig. 17), also show changes in delivery capacities that 
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can occur during the progress of a test when cavings have accumu
lated in the well bore. The results of the tests on June 21, 1930 and 
on September 30, 1930 coincided (see curve F). The shut-in well
head pressures when the tests were made were 427 and 428 pounds 
per square inch gage, respectively. A third back-pressure test was 
made on December 16, 1931, when the shut-in wellhead pressure 
was 425 pounds per square inch gage. The delivery capacities of 
the well throughout the range of pressure conditions were decreased 
noticeably compared with those described by curve F, and there 
probably was an abrupt change in the delivery capacity of the well 
during the test, as indicated by curve G. A fourth back-pressure 
test was made on April 25, 1932, when the shut-in pressure at the 
wellhead was 421 pounds per square inch gage. The results are 
shown by curve H, which represents graphically the possibility of 
a series of abrupt changes in the delivery capacities of the well 
under each of several pressure conditions and indicates decreases 
in the delivery capacities throughout the range of pressure condi
tions compared with those described by curves F and G. 

Example III (fig. 17) shows the results of back-pressure tests on 
a gas well 3,087 feet deep producing gas through 10-inch casing. 
The upper gas-producing stratum was at a depth of 2,800 feet, and 
the casing was set 2,017 feet below the surface of the ground, leav
ing 1,070 feet of open hole. The first back-pressure test was made 
on June 23, 1930, when the shut-in wellhead pressure was 426 pounds 
per square inch gage. The results are shown in curve I. Evidently 
cavings had accumulated in the well bore and affected not only the 
delivery capacities of the well throughout a range of pressure con
ditions but caused abrupt changes in ft.ow conditions during the 
test. Curves J, K, and L show the results of back-pressure tests 
on October 15, 1930, November 2, 1931, and May 5, 1932, when 
respective shut-in wellhead pressures were 417, 409, and 405 pounds 
per square inch gage. The results give consistent relationships, and 
evidently there were gradual increases in the delivery capacities 
of the well corresponding to the respective back-pressure tests. It 
is not known definitely whether the increase in delivery capacites 
was due to a changed effect of cavings in the well bore or to changes 
in the characteristics of the ft.ow of the gas through the sand. 

The results of the interpretation of back-pressure data from wells 
subject to accumulation of cavings in the well bore (figs. 16 and 17) 
show that in many gas wells cavings affect the delivery capacities 
of the wells by decreasing the rate of ft.ow of gas throughout the 
range of pressure conditions to which the well can be subjected 
and by causing abrupt changes in the delivery capacities under cer
tain conditions of pressure. On the other hand, the cavings often 
are of such nature that there is no appreciable effect on the delivery 
capacities of the wells. All these factors should be considered when 
back-pressure data are interpreted. 

STABILIZATION OF PRESSURE-FLOW CONDITIONS DURING BACK-PRESSURE 
TESTING AND OPERATION OF GAS WELLS 

Rates of deliveries of gas from gas wells usually are controlled 
and regUlated at the wellhead. If a gas well that has been delivering 
gas at a constant rate into a pipe-line system is shut in the pressure 
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at the wellhead will rise until there is no further flow of gas through 
the producing formation to the well .. On the other hand, if a well 
that has been shut in is opened at the wellhead to permit gas to 
flow into the pipe-line system the pressure drops until the delivery 
rate and the pressure become constant. Moreover, if the rate at 
which a well delivers gas into a pipe-line system is changed by regu
lating the flow at the wellhead there will be & changing pressure
flow condition in the well and adj acent reservoir for a period of 
time before the delivery rate and pressure become constant. The 
approach to and reaching of constant delivery rates and pressures, 
following an adjustment in the operating condition of a gas well 
by regulation at the wellhead, are termed in this report the" stabil
ization of pressure-flow conditions." 

The time required for stabilization of pressure-flow conditions 
varies considerably for different gas wells. In many natural-gas 
wells the pressure-flow conditions become stabilized quickly; that is, 
they become constant within 5 to 20 minutes after changes in the de
livery rates. In other wells, however, the time required for stabiliza
tion of pressure-flow conditions is longer than 20 minutes, and in 
many of the wells on which back-pressure tests were made 2 to 3 days 
were required to establish stabilized pressure-flow conditions. Tests 
on a number of gas wells producing from the tight, small-grained, 
closely-bonded Speechley sand in West Virginia indicated a condi
tion of extreme slowness toward stabilization, and the pressures in 
some of the wells were not constant after they had been shut in 
for 2 months. In general, the greater part of the change in delivery 
rates and pressures occurs within a relatively short period after 
the flow is adj usted, and the remainder takes considerable time, 
especially in " slow-settling" wells. 

Pres$ure-flow conditions in some wells equipped with large pro
ducing strings and capable of producing gas only at low delivery 
rates stabilize slowly after a change in flow. 

The slow stabilizing characteristic of many wells evidently does 
not depend entirely upon the relationship between delivery capaci
ties and the normal void space within the drainage zone of a well 
because it often was noticed that flow rates from wells capable of 
delivering large volumes of gas per 24 hours stabilized more slowly 
than deliveries from wells similarly completed and of equal depths 
but capable of producing only relatively small volumes of gas. The 
authors noted one well with an absolute open-flow volume of ap
proximately 100,000,000 cubic feet of gas per 24 hours that evi
denced a slower stabilization characteristic than other wells in the 
same area of the field having absolute open-flow volumes less than 
10,000,000 cubic feet of gas per 24 hours. 

A large interior volume in the producing string in which gas can 
accumulate and a small flow rate from the sand to the well doubtless 
will cause slower stabilization than ordinarily is experienced, but 
even in such wells there is a definite limit to the time required for 
at least approximate stabilization. In other wells the prolonged 
period required for pressure-flow stabilization obviously has been 
caused by changes of liquid conditions in the sand and in the well 
bore. However, in many wells there seemingly was no explanation 
for the period required for flow stabilization except the possibility 
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of the effect of reservoir structure and permeability variations in 
the producing sand. 

Slow stabilization of pressure-flow conditions affects back-pres
sure tests of gas wells in two ways: (1) The time required for an 
accurate back-pressure test often is excessively long, and (2) unless 
conditions of slow stabilization are recognized calculations based on 
observations taken under conditions of unstabilized flow may cause 
erroneous interpretations of delivery capacities. Relationships be
tween delivery rates and pressure factors p f 2 _Ps2, obtained on wells 
from such calculations often are inconsistent with relationships 
obtained on normal gas wells, and even if the relationships appar
ently are consistent results of calculations based on unstabilized 
flows may indicate an erroneous n (tangent of the angle A of fig. 5) 
of the flow equation Q=C(P,2_Ps2)fI. Conditions of slow stabiliza
tion of pressure and flow noticed during back-pressure tests also are 
experienced during normal operation of some gas wells in delivering 
gas into pipe-line systems. _ 

Slow stabilization of pressure-flow conditions also has been noticed 
when open flows of some wells are gaged with Pitot tubes, and the 
deliveries calculated from observed impact pressures on Pitot tubes 
were found to be greater for unstabilized than for stabilized flows. 
In making a certain back-pressure test the delivery rates obtained 
were measured under stabilized conditions of flow, and therefore 
the absolute open flow interpreted from the results of the test was 
the delivery to be expected under stabilized flow conditions. The 
absolute open flow determined from the back-pressure test, however, 
was only about 25 percent of the open flow gaged with a Pitot tube 
about 3 months before the back-pressure test was made, and it was 
suspected that the -gaged open flow had been obtained under con
ditions of unstabilized flow. Accordingly, a second gage was made 
of the well with a Pitot tube after the well had been allowed to 
flow wide open for several hours, and when the open flow was gaged 
again with the Pitot tube after the pressure-flow conditions were 
stable it was found to agree closely with the results of the back
pressure test. 

A series of special back-pressure tests was conducted on a gas 
well in the Shamrock field in western Texas to determine the relia
bility of back-pressure data under different degrees of flow stabiliza
tion. The well was 1,960 feet deep and produced gas through 8±
inch casing set at a depth of 1,805 feet below the surface of the 
ground. The stabilized shut-in pressure at the wellhead before a 
test on September 1, 1930 was 416 pounds per square inch gage 
compared with a shut-in pressure of 397 pounds per square inch 
gage observed 1 hour after the back-pressure test was completed. 
Observations were made for a low delivery rate (through a .t-inch 
orifice in the critical-flow prover), and the working pressures at 
the wellhead and delivery rates were observed at periods of 2, 5, 15, 
30, and 60 minutes of pressure-flow stabilization. Observations then 
were made of the "build-up" in shut-in pressure corresponding 
to different periods of elapsed time. Similar readings were obtained 
for three other delivery rates (through ~-, 1~-, and l~-inch orifices) , 
allowing the stabilized back pressures at the well to decrease and 
the stabilized rate of flow to increase for each consecutive set of ob-



68 BACK-PRESSURE DATA ON GAS WELLS 

servations. Finally, data were obtained for three other delivery 
rates (through 1-1-, i-, and i-inch orifices) allowing the stabilized 
back pressure to increase and the stabilized rate of flow to decrease 
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for each consecutive set of observations. The behavior of the well
head pressure after the well was opened through each of the ori
fices and after the flow test was completed when the well had been 
shut in is shown graphically in figure 18, in which time is plotted 
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against wellhead pressure. Curves 1, 2, 3, and 4- show the stabiliza
tion of wellhead pressures for flow 6f gas through the !-, i-, 1-k-, 
and 1i-inch orifices, respectively, where the stabilized back pressure 
decreased and the stabilized rate of flow increased for each consecu
tive set of observations. Curves 5, 6, and 7 show the stabilization 
of wellhead pressures for flow of gas through the 11-, i-, and i-inch 
orifices, respectively, where the stabilized back pressure increased 
and the stabilized rate of flow decreased for each 'consecutive set 
of observations. Curve 8 shows the stabilization of wellhead pres
sure immediately after the test had been completed and the well 
shut in. It was necessary to shut in the well for 2 to 5 minutes each 
time the orifice was changed, and therefore the wellhead pressure 
declined during the early part of the stabilization period for each 
set of observations. 

The tests make it possible to compare the effects of the flow stabil
ization period on back-pressure interpretations and to study the 
effect of sequence of pressure-flow conditions to which a well is 
subjected during a back-pressure test, as shown in cases I, II, and 
III (fig. 19) in which rate of flow Q is plotted against pressure 
factor P (2 - P/ on logarithmic paper for different stabilization pe
riods of the shut-in and working pressures. Curves A, B, C, D, and 
E (case I) show the relation~hip between rate of flow Q and pres
sure factor Pt2_p~2 for a stabilized shut-in pressure of 416 pounds 
per square inch gage and stabilization periods of back pressures of 
2, 5, 15, 30, and 60 minutes, respectively, for a sequence of observa
tions taken while delivery rates increased with each consecutive 
set of observations (orifices were used in the critical-flow prover 
in the sequence i-, ~-, 1*-, and 1i-inch diameter). Curves A', B', 
C', D', and E' show the relationship between Q and P,2_Ps2 for 
the same stabilization periods for a sequence of observations taken 
while delivery rates decreased with each consecutive set of observa
tions (sequence in which orifices were used, 1-1-, i-, and i-inch 
diameters). For example, curve A shows the 4 points based upon 
the stabilized shut-in pressure of 416 pounds per square inch gage 
and back pressures obtained for a 2-minute stabilization of pressure 
and flow when gas was delivered from the well through the i-, 1-, 
1-k-, and 1i-inch orifices, respectively, and curve A' shows the 3 
points based upon the stabilized shut-in pressure and back pressures 
obtained for a 2-minute stabilization period when gas was delivered 
from the well through the 1-1-, ~-, and ~-inch orifices, respectively. 
As shown in case I the curves representing the pressure-flow rela
tionship for the sequences of increasing delivery rates and decreas
ing delivery rates intersect or approach each other under conditions 
of high values of the pressure factor P,2_p,,2 but vary widely from 
each other at low delivery rates and low values of P,2_P.~2. 

The curves representing the different sequences of back-pressure 
data for each period of flow stabilization show that as the period 
of flow stabilization is increased the curves approach each other 
more closely, and the plotted relationship becomes more consistent. 
It is logical to assume, from results of numerous back-pressure tests 
on gas wells not subject to long periods of flow stabilization, that 
the same relationship between the delivery rates and the pressure 
factor P,2_Ps 2 exists under stabilized flow conditions, regardless 
of pressure-flow sequences (see example III, fig. 22). Accordingly, 
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it is considered that a straight-line relationship based on a general 
average of the two curves representing the 60-minute period of 
flow stabilization and stabilized shut-in pressure (curves E and E', 
case I, fig. 19) most nearly approaches the relationship that should 
be expected from the well if back-pressure data were obtained under 
stabilized pressure-flow conditions. Such a relationship would indi
cate an absolute open flow of approximately 11,000,000 cubic feet 
of gas per 24 hours and a delivery of 2,000,000 cubic feet of gas 
per 24 hours corresponding to a P f 2_P/ of 40,000. The absolute 
open flow determined from the sequence with increased delivery 
rates (curve E) or decreased delivery rates (curve E'), based on 
stabilized shut-in pressure and the 60-minute stabilization period 
for working pressures (case I), will not differ by more than 10 
percent from the 11,000,000 cubic feet of gas per 24 hours estab
lished under the assumed average conditions. However, deliveries 
corresponding to a P f 2_P/ of 40,000 as interpreted in case I vary 
widely, and the curves (case I) representing sequence with in
creased delivery rates (curve E), sequence with decreased delivery 
rates (curve E'), and assumed average conditions show gas-delivery 
rates of 2,600,000, 1,600,000, and 2,000,000 cubic feet per 24 hours, 
respectively. In other words, variations from the assumed average 
condition for sequences with increased and decreased delivery rates 
are 30 and 20 percent, respectively. 

The curves of case II (fig. 19) are based on the same back-pres
sure tests as those in case 1. The calculations, however, are based 
on the same stabilization periods of 5, 15, 30, and 60 minutes for 
both shut-in and working pressures. Curves B, C, D, and E show 
the results for sequence of increasing delivery rates, and curves 
B', C', D', and E' for sequence of decreasing delivery rates. Results 
of calculations made on the same stabilization periods for shut-in 
and working pressures are more difficult to interpret than those 
obtained when a stabilized shut-in pressure is used as the basis of 
calculation. Also, a straight line based upon general average con
ditions expected under stabilized flow conditions, using the curves 
in case II as a basis for interpretation, differs from the straight 
line established in case I. Absolute open flows determined in cases I 
and II are practically the same, but the delivery rate corresponding 
to a p f2_Ps2 of 40,000 in case II is approximately 3,100,000 cubic 
feet of gas per 24 hours, whereas in case I the gas-delivery rate 
was 2,000,000 cubic feet per 24 hours, corresponding to the same 
P f 2_P/, or approximately 32 percent less. 

The relationships shown by the curves in case III are similar to 
those in cases I and II, except that the calculations for the curves 
of case III are based on a shut-in pressure of 397 pounds per square 
inch gage, obtained 1 hour after the back-pressure test was com
pleted. The average straight-line relationship established in the 
same manner for case III as for cases I and II indicates an absolute 
open-flow volume of approximately 11,000,000 cubic feet of gas per 
24 hours, which is the same as in case 1. However, the delivery 
rate at a P f2_P/ of 40,000 obtained from the average relationship 
is approximately 3,000,000 cubic feet of gas per 24 hours compared 
with 2,000,000 and 3,100,000 cubic feet per 24 hours for cases I and 
II, respectively. 
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A second series of back-pressure tests was made on this well in 
November 1933. On November 18 back-pressure data were ob
tained for stabilization periods of 3, 5, 15, 30, and 60 minutes, 
respectively, for a sequence of observations taken while delivery 
rates increased with each consecutive set of observations (orifices 
were used in critical-flow prover in the sequence i-, !-, i-, and I-inch 
diameters). The stabilized shut-in pressure on the well gaged just 
before the flow tests was 382 pounds per square inch gage. The be
havior of the wellhead pressure after the well was opened through 
each of the orifices is shown by curves 1, 2, 3, and.4 (fig. 20). The 
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FIGURE 20.-Behlivior of well-head pressures during back-pressure test on a gas 
well subject to slow stabilization of pressure-flow conditions. (Well tested 
November 1933; same well as illustrated in figures 18, 19, and 21) 

relationships between rate of flow Q and pressure factor Pt2
_ P s 2 

for stabilization periods of 3, 5, 15, 30, and 60 minutes are shown 
by curves A, B, C, D, and E, case IV (fig. 21) and are based on the 
stabilized shut-in pressure of 382 pounds per square inch gage. 

On November 19, after the well had been closed in for approxi
mately 18 hours, additional back-pressure data were obtained for 
stabilization periods of 3, 5, 15, and 30 minutes, respectively, for 
a sequence of observations taken while delivery rates decreased with 
each consecutive set of observations (orifices were used in the criti
cal-flow prover in the sequence 1-, i-, !-, and i-inch diameters). 
The stabilized shut-in pressure on the well gaged before the test 
was 382 pounds per square inch gage. The behavior of the well
head pressure after the well was opened through each of the ori
fices is shown graphically by curves 5, 6, 7, and 8 (fig. 20). The 
relationships between rate of flow Q and pressure factor P t 2 

- P 82 

for the stabilization periods of 3, 5, 15, and 30 minutes are shown 
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by curves A, B, C, and D, case V (fig. 21) and are based on the 
stabilized shut-in pressure of 382 pounds per square inch gage. The 
data for the gas deliveries through the I-inch orifice or the initial 
operating condition of the test series, were supplemented by one 
delivery rate, and the corresponding back-pressure was observed 
after a stabilization period of 90 minutes (see F, case V, fig. 21). 

Comparison of the curves in figures 18 and 20 shows that there 
was little change in the stabilization characteristic of the well and 
the relationship of the pressure-flow conditions for a series of de
livery rates of the same sequence (increasing or decreasing) dur
ing the interval of approximately 3 years between the two series 
of back-pressure tests. 

An average straight line can be determined from the relation
ships shown by curves A, B, C, and D, cases IV and V (fig. 21) 
that will define approximately the relationship between rate of 
flow Q and pressure factor p t 2_P8 2, representative of stabilized 
flow conditions, similar to the analyses made from figure 19. How
ever, since the time-pressure relationships shown in figure 20 had 
been established for appreciable lengths of time for sequences of 
observations with increasing and decreasing delivery rates on the 
same sizes of orifices in the critical-flow prover the curves showing 
the relationships were extended and the following stabilized well
head pressures were interpreted. 

Sequence during which delivery ratee 
increase with each consecutive set of 

Sequence during which delivery ratee 
decrease with each consecutive set of 

observations observations 

Stabilized Stabilized 
Size of pressure at Size of pressure at 

Curve or!fi.ce, wellhead, Curve orifice, wellhead, 
In. l~. per sq. in. lb. per sq. 

In. gage in. gage 

1. ....•.... % 333 5 •••.••••.• 1 256 
2 .••••••... ~ 311 6 •••.••••.. ~ 284 
3 .......... ~ 284 7 •••....... ~ 311 
4 .•••••.••. 1 256 8 ••••••.••. % 333 

In this well there was virtually no pressure drop between the pres
sure tap in the master gate on the casing and the pressure tap on 
the critical-flow prover, so the pressure factor p f 2_P8 2, and the 
corresponding rates of gas delivery were calculated from the above 
data. The plotted relationship between Q and p t2_p82 representa
tive of approximately stabilized pressure-flow conditions is shown 
by curve G, cases IV and V (fig. 21). 

In conducting back-pressure tests on gas wells the wells should 
be closed in long enough before the test for the wellhead pressure 
to become stabilized so that a standardized basis with which to in
terpret the results of the back-pressure tests can be obtained. Often 
use of the same pressure gage for determining the shut-in and 
operating pressures improves the reliability of the pressure data. 
These practices are especially desirable in testing gas wells charac
terized by slow pressure-flow stabilization; otherwise, conditions- of 
apparent stabilization for short intervals following a change in the 



I 
- ~ ~1 

! 
I 

76 BACK-PRESSURE DATA ON GAS WELLS 

regulation of a well, illustrated by the 2-, 3-, and 4-minute observa
tions (curve 7, fig. 18) and the 3-, 5-, 7-, and 10-minute observa
tions (curve 8, fig. 20) may result in failure to recognize the slow 
stabilization characteristic of the well. The curves in figures 18 
and 20 also show the error in pressure which can be caused by fail
ing to recognize a temporary stable pressure-flow condition when 
the well-control equipment is manipulated. The effect of the pres
sure error on the interpretation of the back-pressure data is shown 
by comparing curves A, B, C, and D with curve G (case V, fig. 21). 

The curves in figure 20 indicate an appreciable variation of we11-
head pressure when pressure-flow conditions were being stabilized, 
depending upon the sequence in which back-pressure observations 
were made, the size of orifice being used in the critical-flow prover 
to regulate and measure the gas deliveries, the time during which 
pressure-flow conditions were being stabilized, and the operating 
condition of the well just before the back-pressure observations. 
For example, curve 5 shows a wellhead pressure of 291 pounds per 
square inch gage after a stabilization period of 10 minutes with 
gas flowing through the I-inch orifice compared with 286 pounds 
per square inch after the same stabilization period for flow of gas 
through the i-inch orifice, as shown in curve 6, whereas the in
terpreted stabilized wellhead pressures for curves 5 and 6 are 256 
and 284 pounds per square inch gage, respectively. Curves 2 and 
8 for flows through the !- and i-inch orifices, respectively, show 
wellhead pressures of 329 and 323 pounds per square inch gage, 
respectively, after stabilization periods of 10 minutes compared with 
interpreted stabilized wellhead pressures of 311 and 333 pounds per 
square inch gage, respectively. Curve 5, which shows the rate of 
stabilization of wellhead pressure when the gas deliveries were 
regulated and measured through the I-inch orifice and which rep
resents the initial flow condition of a series of observations with 
the sequence of delivery rates decreasing for each consecutive set 
of observations, differs in character from curves 6, 7, and 8, which 
show the rate of stabilization of wellhead pressures for gas deliv
eries through the i-, !-, and i-inch orifices, respectively. 

The well had been shut in and the shut-in pressure was stabilized 
just before the observations shown by curve 5. The points on curve 
5 were used to calculate the initial points (maximum delivery rates 
of the test series) showing the relationships between Q and Pl-PB2 

for stabilization periods of 3, 5, 15, and 30 minutes for curves A, B, 
C, and D, respectively (fig. 21, case V), and the calculated points 
apparently were inconsistent with the other observations made dur
ing the tests. It is interesting to note that the rate of flow Q and 
corresponding pressure factor Pl-PB2, obtained for the 90-minute 
period of flow stabilization, when gas was flowing through the I-inch 
orifice (curve 5, fig. 20), when plotted on the chart in case V (fig. 
21) is on curve D, which represents a stabilization period of 30 min
utes. All of the curves in figures 18, 19, 20, and 21 emphasize the 
importance of careful analyses of pressure and flow conditions in 
gas wells characterized by slow stabilization of pressure-flow con
ditions when back-pressure tests are made and back-pressure data 
analyzed. 
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The curves in example I (fig. 22) show the results of a back-pres
sure test on a gas well and give the relationships between the de
livery rate Q and the pressure factor p f 2_Ps2 for periods of flow 
stabilization of 15, 30, 45, 60, and 90 minutes. Calculations are 
based on a shut-in and stabilized pressure at the wellhead, and the 
curves indicate that the observations taken for the 90-minute period 
of stabilization are representative of stabilized pressure-flow condi
tions. The initial observations correspond to the lowest delivery. 
rate of the test series, and the delivery rates then were increased 
for each consecutive set of observations. 

The curves in example II (fig. 22) of a back-pressure test on 
another gas well show results similar to those just cited. Observa
tions on the well were made for stabilization periods of 1, 2, 3, 10, 
and 35 minutes, and the curves indicate that flows were not quite 
stabilized at the end of 35 minutes. 

The results of a back-pressure test on still another gas well char
acterized by slow stabilization of pressure-flow conditions are shown 
in example III (fig. 22). Observations were made under stabilized 
pressure-flow conditions with the indicated sequence of each set of 
observations with respect to delivery rates and pressures. The re
sults of the test stress the fact that the same relationship between 
delivery rate and pressure factor p t2_Ps2, exists under stabilized 
pressure-flow conditions, regardless of pressure-flow sequences dur
ing a back-pressure test. 

Back-pressure tests generally should be conducted under stabi
lized pressure-flow conditions, and observations should not be taken 
until there is no further change in the working pressure at the well
head. This practice is possible at most gas wells. However, as il
lustrated by figures 19 and 22, some gas wells are subject to a very 
slow rate of stabilization of pressure-flow conditions after an ad
justment of the delivery rate, and it is not always possible to wait 
for absolute stabilization of conditions in the well. Approximate 
interpretations of delivery capacities of such wells can be made, 
however, from observations after limited periods of flow stabiliza
tion if the sequences of delivery rates and pressures observed during 
the back-pressure tests allow comparisons to be made between the 
results computed for increasing and decreasing rates of flow during 
series of readings. Average relationships based on such data will 
give approximate analyses of the delivery capacities of the wells. 
A definite procedure for making such tests, however, cannot be out
lined, because the factors that control production from individual 
wells vary considerably; but the results of back-pressure tests of 
the kind illustrated in figures 19 and 22 and others discussed previ
ously in this report can be used as a basis for the interpretation 
of delivery capacities of gas wells subject to slow pressure-flow 
stabilization. 

VARIATION IN DELIVERY CAPACITIES OF GAS WELLS AT DIFFERENT 
TIMES IN THEIR PRODUCTIVE LIVES 

Results of a study of the factors that influence the flow of gas 
through porous media already have been discussed,35 and it has 
been shown that the relationship between the rate of flow Q and 

35 See discussion under Flow of Gas Through Porous Media and appendix 9 of this report. 
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the pressure factor Pa2 -Pb2
, where P a is the absolute pressure at 

the upstream end of the porous medium and P b is the absolute pres
sure at the downstream end, can be expressed, for practical pur
poses, by the formula, 

Q=C (Pa2 _Pb') n. 

This formula is in the same form as the one used to interpret the 
results of back-pressure tests on gas wells. The flow equation for 
gas wells is: 

Q=C (P f2_P S
2

) n, 

where P f is the shut-in formation pressure and P s the back pressure 
at the face of the sand in the well bore. 

The tests on the flow of gas through porous media show that 
such factors as sand porosity, distance of gas flow, volume of sand, 
and void space affect coefficient C of the flow equation and that the 
size and character of the sand grains and the permeability of the 
porous medium affect both coefficient C and exponent n of the flow 
equation. The flow equation for a particular screened sample of 
sand packed in a flow tube and having a definite porosity can be 
determined from a series of experimental tests, and it can be shown 
that the equation remains the same, regardless of the magnitude of 
the flowing pressures and the volume of gas passing through the 
sand. The same principles that hold for the experimental flow tubes 
would apply to pressure-flow relationships in a gas well if there 
were no changes in the size of the effective drainage space of the 
well, in the area of the wall of the well bore in the producing sand, 
and in the effective porosity and permeability of the sand, and if 
there were no possibility of channeling and bypassing of gas through 
the more permeable streaks of the producing stratum. 

The results of a number of experiments made to determine the ef
fect of the presence of liquid on gas flow through porous media also 
have been discussed ail in this report. Briefly, the tests indicated that 
saturation of dry sand with liquid materially decreases the perme
ability of the sand to passage of gas. The effect of liquid in wells 
on back-pressure data and delivery capacities, the effects of cavings 
that clog the sand and reduce the rates of flow, and special considera
tions for wells subject to slow pressure-flow stabilization, have been 
discussed. There are, therefore, many natural and common factors 
that tend to change delivery capacities of gas wells at different times 
in their productive lives. 

In addition, one other operating condition of major importance 
that 8,ffects the delivery capacities of gas wells as interpreted from 
results of back-pressure tests is the " pull" that has been made on 
the well just prior to the test; in other words, it must be ascer
tained whether the well has been delivering gas into a pipeline sys
tem at an appreciable rate, delivering gas at a fairly low rate, or 
shut in for some time. The operating conditions of wells in the 
vicinity of the well that is being studied, both prior to and at the 
time of the back-pressure test, also affect delivery capacities. In 
general, back-pressure tests should be conducted under conditions 
that will reveal operating delivery capacities of gas wells. 

ae See appendix 10. 
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It is reasonable to assume that if there were no changes in the 
physical and mechanical conditions of the producing formation and 
the well bore, coefficient C and exponent n of equation Q-:C(P,2 
_P82 )n applying to an individual well would be constant through
out its life regardless of the decrease in the formation pressure P, 
resulting from depletion of the gas in the reservoir. Back-pr,essure 
tests made at different times in the productive lives of soine gas 
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FIGURIII 23.-Variation in delivery capacities of gas wells at dUferent times in their 
Ilroductive lives, examples I, II, III, and IV 

wells have indicated negligible variations in the producing charac
teristics of the wells, and the relationships between flow rates Q 
and pressure factors P,2_P82 remained virtually the same. When 
that is true the results of early back-pressure tests can be used as 
a basis for determining probable deliveries at later dates when 
the formation pressure is lower, but nevertheless occasional back
pressure tests should be made on all gas wells. Because back-pres
sure tests conducted at different times in the productive lives of 
some gas wells indicate the same relationships between Q and 
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p f2_PS2 it should not be taken for granted that the relationships 
will be the same at all times..-tests conducted when conditions are 
different may result in widely varying relationships between Q and 
p

f
2_P

s
2. 

Delivery capacities of gas wells indicated by the results of back
pressure tests conducted at different times in the productive lives 
of the wells generally change as the reservoir sands become depleted 
of gas. Decreases in delivery capacities are caused by liquid or cav
ings in the well bore, and there may be other effects on the delivery 
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capacities of gas wells that were not apparent from the studies 
that could be made during the survey upon which this report is based. 
However, back-pressure tests frequently suggest that the conditions 
in a well should be remedied, and in any event the results of back
pressure tests can be used as guides for study and interpretation 
of conditions in gas wells where the changes during the productive 
lives of the wells are appreciable and seriously affect normal produc
ing operations. Remedial measures tending to increase the operat
ing efficiency of gas wells often involve a " cut-and-try" procedure, 
at which time the results of back-pressure tests will reveal the ef
fects of the remedial measures. 
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Back-pressure tests were made on 21 wells in the Depew field, 
Oklahoma, 75 wells in the Texas Panhandle, and 32 wells in the 
Rocky Mountain area, to study variations in delivery capacities that 
occur during the productive lives of gas wells. In general, the main 
objective of the studies was to determine variations in delivery 
capacities under conditions of normal operation, and the tests were 
conducted on the wells at different times in their productive lives 
without attempting to analyze the causes of variations in delivery 
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FIGURE 2fi.-Variatlon In delivery capacities of gas wells at dUl'erent times in their 
productive lives, examples IX, X, XI, and XII 

capacities or to apply remedial measures to the wells. Examples 
shown in figures 23, 24, and 25 give graphic representations of 
variations in gas-delivery capacities noticed while the back-pressure 
tests. were being made. The gas wells used for the tests are described 
in table 17, and numerical comparisons of pressure and flow data 
are shown in table 18. 

The results of a series of back-pressure tests on a gas well in the 
Texas Panhandle field are shown in example I (fig. 23). The first 
back-pressure test on the well was on June 24, 1930, when the ab
solute open-flow volume as determined from the plotted relationship 
was found to be approximately 50,500,000 cubic feet of gas per 24 
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TABLE 17.-Data on gas wells, illustrating ability to produce gas at different times in 
productive life (description of gas wells) 

Casing 
Upper Lower Depth, Well Formation gaB, gas, Remarks 

ft. ft. ft. Size, Set at, 
in. ft. 

I Example I (fig. 23) ......... Lime 2,322 2,815 2,815 10 2,047 Texas Panhandle 
Example II (fig. 23) ..... .... .. 1,975 2,240 2,295 10 1,705 Do. 
Example III (fig. 23) ........ 2,100 2,360 2,360 87i 2,077 Do. 
Example IV (fig. 23) ........ Lime 2,175 2,639 2,630 10 1,905 Do. 
Example V (fig. 24) ....... Dutcher aand 3,227 3,244 6% 3,227 Depew field 
Example VI (fig. 24) ........ do. 3,202 .. . . 6% Do. 
Example VII (fig. 24) ....... do. 3,303 ., .. 6% 3,116 Do. 
Example VIII (fig. 24) ...... 1,330 6% Kevin-Sunburst 
Example IX (fig. 25) ........ Lime 2,350 2,715 3,077 10 1,893 Texas Panhandle 
Example X (fi!. 25) ......... .. 2,919 3,290 3,664 87i .. Do. 
Example XI ( ~. 25) ........ 2,630 87i Do. 
Example XII ( g. 25) ....... Lime 2,310 2,350 3,305(1) 10 2,035 Do. 

TABLE 18.-Data on gas wells, illustrating ability to produce gas at different times in 
productive life (pressure and flow data) 

Shut-in Absolute Delivery at high back 
formation open preaaure, M cu. ft. per 

Well Date of test preaaure, flow, 24 hours Remarks lb. per M cu: ft. 
sq. in. per 

absolute 24 hours Pr2 _ P.2 Q 

Example I (fig. 23) ....... June 24, 1930 ...... 452 50,500 30,000 10,270 CavIDgs accumulating 
Sept. 29, 1930 ..•... 449 40,500 30,000 10,200 between first and 
Nov. 13, 1930 ...... 449 50,000 30.000 10,270 second testa. 
May 1,1931. ..... 441 41.000 30.000 8,700 Removed before 
Oct. 12. 1931. ..... 437 35.000 30.000 7.100 third test. 
Mar. 24, 1932 ...... 433 34.000 30.000 6.000 

Example II (fig. 23) ...... June 25. 1930 ..•... 386 5,900 30.000 2.150 No conclW!ive 
July 23. 1931. ..... 378 10.270 30,000 2,320 evidence for 
Aug. 5. 1931. ..... 377 14.000 30.000 3.150 explanation of 
Oct. 19. 1931. ..... 359 14.000 30.000 3.670 variation. 
Oct. 22. 1931. ..... 358 14.200 30.000 4.600 
May 3.1932 ...... 337 13.500 30.000 5.000 

Example III (fig. 23) ..... June 23. 1930 ...... 460 12.300 30.000 2.180 
Oct. 19, 1931. ..... 458 ll.700 30.000 2,020 
Oct. 22,1932 ...... 440 8.600 30.000 1,220 

Example IV (fig. 23) ...... June 23, 1930 ...... 442 70.000 30.000 15.000 
Oct. 2.1930 ...... 438 77,000 30.000 14,300 
May 5.1931. ..... 430 43,500 30,000 ll.2OO 
Sept. 2. 1931. ..... 428 56,000 30,000 13.100 
Nov. 16. 1931 ...... 425 49,000 30.000 9,400 
Feb. 27. 1932 ...... 421 49,000 30.000 9,400 

Example V (fig. 24) ....... Dec. 13.1929 ...... 706 7.300 80,000 1.900 
Mar. 21. 1930 ...... 610 5,100 80.000 1,900 
Dec. 4. 1930 ...... 558 9.500 80.000 3,200 
Dec. 30. 1931. ..... 524 13.300 80.000 5,800 

Example VI (fig. 24) ...... Dec., 1929 ......... 708 9.500 80.000 2.120 
Dec •• 1931.. ....... 524 18,500 80.000 8,000 

Example VII (fig. 24) ..... Dec. 14,1929 ...... 687 4.700 80.000 1,330 
Mar. 22. 1930 ...... 504 2.900 80.000 980 
Dec. 3,1930 ...... 477 ? 80.000 640 
Dec. 28, 1931 ...... 445 1.400 80,000 520 

Example VIII (fig. 24) .... Aug. 12. 1929 ...... 349 2,700 20,000 780 
Aug. 30. 1930 ...... 320 2.100 20.000 550 
Aug. 4.1932 ...... 290 1.750 20.000 535 

Example IX (fig. 25) ...... June 23.1930 ...... 346 39,500 20,000 12,700 
May 4.1931.. .... 322 36,000 20,000 13,100 
Oct. 30, 1931. ..... 312 33.000 20.000 12,700 

. Apr. 3.1932 ...... 302 31.500 20.000 12,200 
Example X (fig. 25) .... " . Aug. 19. 1930 ...... 475 14,500 30.000 3,950 

Oct. 29, 1930 .••... 475 14.500 30.000 3.750 
Jan. 30. 1932 ...... 475 14.500 30,000 3.950 

Example XI (fig. 25) ...... Feb. 1.1930 ...... 460 16.300 20.000 3.750 
Sept. 9, 1932 ...... 439 14,800 20,000 3,750 

Example XII (fig. 25) ..... June 23. 1930 ...... 445 58.000 30,000 12.000 CavingB accumulating 
May 6.1931.. .... 436 52.000 30.000 8.300 between first and 
Aug. 29. 1931. ..... 431 56.000 30.000 12.200 second testa 
Nov. 13. 1931 ...... 430 48,000 30.000 7.600 removed before 
Mar. 1.1932 ...... 426 45.000 30,000 7,200 third test. 
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hours and the shut-in formation pressure was 452 pounds per square 
inch absolute. The second test was on September 29, 1930 and 
showed an absolute open-flow volume of approximately 40,500,000 
cubic feet of gas per 24 hours-a reduction of approximately 20 
percent during the 3-month period corresponding to a decrease in 
absolute shut-in formation pressure of only about 0.7 percent. It 
was suspected that cavings had ,accumulated in the well bore, so 
the well was blown and a third test made on November 13, 1930. 
The results of the third test agreed closely with the results of the 
first test. A fourth back-pressure test was made on May 1, 1931, 
after the well had produced gas into the pipe-line system through
out the winter. 

The decrease in formation pressure between the third and fourth 
tests was 8 pounds per square inch. The absolute open-flow volume 
determined from the results of the fourth test was approximately 
41,000,000 cubic feet of gas per 24 hours. A fifth test was made on 
October 12, 1931, when the shut-in formation pressure was 437 
pounds per square inch absolute and the absolute open flow approxi. 
mately 35,000,000 cubic feet of gas per 24 hours. A sixth back
pressure test was made on March 24, 1932, when the shut-in forma
tion pressure was 433 pounds per square inch-a decrease from 452 
pounds per square inch from June 1930, or 19 pounds in approxi
mately 21 months. The absolute open flow was about 34,000,000 
cubic feet of gas per 24 hours compared with 50,500,000 cubic feet 
per 24 hours in June 1930-a reduction of approximately 30 per
cent compared with a decrease of only 4.2 percent in the formation 
pressure. There was no conclusive evidence during the fourth, fifth, 
and sixth back-pressure tests that might be used to explain the con
tinual decline in the delivery capacities of the well, but it is sus
pected that cavings in the well bore caused at least some of the 
variations shown by the curves in· example I. 

Delivery rates corresponding to a p f 2_P8 2 of 30,000 (back pres
sure at the sand, 418 pounds per square inch absolute for the first 
test) as shown in table 18 were practically the same for the first, 
second, and third tests or approximately 10,270,000 cubic feet of 
gas per 24 hours. The delivery rate with. the same pressure factor 
for the third test was approximately 8,700,000 cubic feet of gas 
per 24 hours-a decrease of approximately 14.7 percent. Delivery 
rates for the fifth and sixth tests were 7,100,000 and 6,000,000 cubic 
feet of gas per 24 hours, respectively, representing decreases of 
approximately 30.9 and 41.6 percent, respectively, from the deliyery 
rate shown by the first test. 

The results of a similar series of back-pressure tests on another 
gas well in the Texas Panhandle field are shown in example XII 
(fig. 25). Cavings in t~le well bore caused noticeable decreases in 
delivery capacities between the first and second tests. After the 
well was blown a third test showed increased delivery capacities that 
agree closely with those of the first test. 

The results of back-pressure tests on other gas wells in the Texas 
Panhandle area showed variations in delivery capacities during pro
ductive lives of the wells, as illustrated graphically in examples II, 
III, and IV (fig. 23). The results of the tests (example II) indicate 
gradual increases in delivery capacities of the well at different times 
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during a period of almost two years. The delivery capacity corre
sponding to a P l- P 8 2 of 30,000 apparently increased from 2,150,000 
to 5,000,000 cubic feet of gas per 24 hours (approximately 133 per
cent) from June 25, 1930 to May 3, 1932. The shut-in formation 
pressure during this time decreased from 386 to 337 pounds per 
square inch (approximately 13 percent). Results of the back-pres
sure tests illustrated in example III indicate small decreases in de
livery capacities during 4 months of the summer and early fall 
seasons while the shut-in formation pressure decreased only 2 pounds 
per square inch. The results of a third test conducted about 1 year 
later, after enough gas had been withdrawn from the well to reduce 
the shut-in pressure from 458 to 440 pounds per square inch, indicate 
an appreciable decline in gas-delivery capacities of the well. 

Back-pressure tests (example IV) show gradual decreases in 
delivery capacities at different times during a period of about 20 
months. The results from the first two tests, conducted during the 
summer and early fall of 1930, indicate virtually the same relation
ship between Q and p f 2_Ps2. The third test was made 7 months 
later than the second test, after the well had produced gas during 
the winter and the shut-in formation pressure had decreased from 
438 to 430 pounds per square inch. The results of the test indicate 
substantial decreases in delivery capacities. The results of a fourth 
test on September 2, 1931, or 4 months after the third test, is repre
sentative of changes in the well during the summer of 1931 and 
shows increases in delivery capacities compared with results of 
the third test. The results of tests on November 16, 1931, and Feb
ruary 27, 1932, gave virtually identical pressure-ft.ow relationships 
and indicated further decreases in delivery capacities, especially 
under high back pressures. 

The results of a series of back-pressure tests on three gas wells 
in the Depew gas field, Oklahoma, are shown in examples V, VI, and 
VII (fig. 24). VaI1ations of delivery capacities at different times 
in the productive lives of the wells undoubtedly were due mainly 
to the presence of liquid in the well bore and in the producing forma
tion. The first test (example V) was on December 13, 1929, when 
the shut-in formation pressure was 706 pounds per square inch 
absolute and the absolute open ft.ow interpreted from the plotted 
relationship 7,300,000 cubic feet of gas per 24 hours. The second 
test was on March 21, 1930, when it was found that the shut-in 
formation pressure was 610 pounds per square inch absolute and 
the absolute open ft.ow 5,100,000 cubic feet of gas per 24 hours. The 
third test was on December 4, 1930, by which time the shut-in 
formation pressure had decreased to 558 pounds per square inch, 
and the absolute open ft.ow apparently had increased to 9,500,000 
cubic feet of gas per 24 hours. Results of the fourth test, about 
1 year after the third test, show a further decrease in the shut-in 
formation pressure to 524 pounds per square inch and an indicated 
increase in absolute open ft.ow to 13,300,000 cubic feet of gas per 
24 hours. Variation of delivery capacities at different times in the 
productive life of a well under conditions of high back pressure 
are shown in example V (fig. 24) and in table 18. Delivery rates 
corresponding to a Pl-P8 2 of 80,000 for the first, second, third, 
and fourth tests are 1,900,000, 1,100,000, 3,200,000, and 5,800,000 
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cubic feet per 24 hours, respectively, giving a maximum delivery 
range under this pressure condition equivalent to 80 percent of that 
obtained from the fourth test. 

Results of two back-pressure tests on another gas well in the 
Depew field in December 1929 and December 1931 are shown in 
example VI (fig. 24). It was found that the formation pressure had 
decreased from 708 to 524 pounds per square inch absolute during 
the 2-year period while the delivery capacity of the well, corre
sponding to a p f 2_p8 2 of 80,000, had increased from 2,120,000 to 
8,000,000 cubic feet of gas per 24 hours. Results of back-pressure 
tests on a third well in the Depew field, as illustrated in example VII, 
indicate appreciable decreases in delivery capacities of the well each 
time a test was conducted. Results of back-pressure tests on Decem
ber 14, 1929, March 22, 1930, December 3, 1930, and December 28, 
1931, gave shut-in formation pressures of 687, 504, 477, and 445 
pounds per square inch absolute and delivery capacities correspond
ing to a p2r P 8 2 of 80,000 of 1,330,000, 980,000, 640,000, and 450,000 
cubic feet of gas per 24 hours, respectively. 

Results of back-p:t:essure tests shown in examples V, VI, and VII 
(fig. 24) are given mainly to emphasize possible variations in de
livery capacities of gas wells that can be expected if the wells are 
operating under conditions similar to those of the Depew gas field. 
In general, comparison of delivery capacities under operating-pres
sure conditions probably is a better basis for studying gas-well 
behavior than using interpreted values of absolute open flow. 

Results of a series of back-pressure tests on a gas well in the 
Kevin-Sunburst field, Montana, are shown in example VIII (fig. 24). 
The first test was on August 12, 1929, when the shut-in formation 
pressure was 349 pounds per square inch absolute. The second 
test was on August 30, 1930, when it was found that the shut-in 
formation pressure had decreased 29 pounds per square inch or 
to 320 pounds per square inch absolute while the delivery capacity 
of the well, corresponding to a P f 2..;...P8 2 of 20,000, had decreased 
from 780,000 to 550,000 cubic feet of gas per 24 hours. A third 
test, 2 years after the second, gave results that agreed closely with 
those of the second test, although the shut-in formation pressure 
had decreased to 290 pounds per square Inch absolute. 

Results of back-pressure tests indicating no appreciable changes 
in producing characteristics of the wells over considerable periods 
of time are shown in examples IX, X, and XI (fig. 25). Delivery 
capacities of the well (example IX), corresponding to different 
values of P,2_P82 as interpreted from tests made on June 23, 1930, 
May 4, 1931, October 30, 1931, and April 3, 1932, were virtually 
the same, although there was a decrease in shut-in formation pres
sure· of 44 pounds .. or from 346 to 302 pounds per square inch ab
solute during the 21-month period. In example X the shut-in forma
tion pressure of the well remained virtually constant during the 
18-month period represented by tests on August 19, 1930, October 
29, 1930, and January 30, 1932. Delivery capacities indicated by 
results of the tests agreed closely. In example XI the formation 
pressure decreased from 460 to 439 pounds per square inch abso
lute during approximately 19 months, but the results of tests on 
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February 1, 1930, and September 9, 1932, indicated close agreement 
between the pressure-ft.ow relationships. 

The fact that results of several back-pressure tests at different 
times in the productive life of a gas well show close agreement 
between pressure-ft.ow relationships established by the tests does 
not guarantee necessarily that the producing characteristics are al
ways the same. This is illustrated by example XII (fig. 25). The 
pressure-ft.ow relationship established by the third back-pressure 
test on the well (August 29, 1931) virtually agreed with the rela
tionship established by the first test, on June 23, 1930, after cav
ings had been removed from the well bore although the second test, 
May 6, 1931, had indicated a reduction in capacity. The results of 
tests on November 13, 1931, and on March 1, 1932, showed that there 
were further appreciable decreases in delivery capacities of the 
well. 

Results of back-pressure tests illustrated in the 12 examples given 
in figures 23, 24, and 25 are representative of gas wells operating 
under different conditions and indicate that changes usually occur 
in delivery capacities at different times in the productive life of 
gas wells, due to such natural causes as liquid in the well bore and 
in the producing formation, cavings in the well bore, clogging of 
sand, changes in effective drainage zone with depletion, changes in 
permeability of the sand, and channeling in the sand. Therefore a 
definite relationship between delivery rate Q and pressure factor 
Pl-Ps 2 cannot be established from one back-pressure test which 
can be made to apply rigidly for interpretation of future operations 
of gas wells under all operating conditions. Often, however, thor
ough understanding of the characteristics of an individual gas well 
and the conditions under which it is operated permits interpreta
tion of back-pressure data so that relationships can be established 
which will be applicable to most efficient operating conditions. Such 
interpretation of back-pressure data and consideration of the pos
sibilities of factors that can change producing characteristics per
mit using back-pressure data from one test or from a series of tests 
to forecast future conditions of operation. 

A series of curves expressing graphically the relationship be
tween absolute open ft.ow of a gas well expressed as a percent of 
basic absolute open ft.ow and the absolute formation pressure in 
the sand expressed as a percent of basic absolute formation pres
sure is shown in figure 26. The decline of absolute open ft.ow with 
decline in formation pressure is given for different values of ex
ponent n. For example, assume that the results of a back-pressure 
test on a gas well gave a shut-in formation pressure of 800 pounds 
per square inch absolute and an absolute open-ft.ow volume of 
60,000,000 cubic feet of gas per 24 hours and that the exponent n 
of the ft.ow equation is 0.9. If there is no change in the character of 
the sand or the character of gas ft.ow through the sand and the same 
relationship between Q and p t2_Ps2 is applicable the absolute open 
ft.ow of the well will be 36,000,000 cubic feet of gas per 24 hours 
when the formation pressure has declined to 600 pounds per square 
inch absolute. The formation pressure of 600 pounds per square 
inch is 75 percent of the basic formation pressure of 800 pounds 
per square inch, which on the curve for an n of 0.9 (fig. 26) corre-
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sponds to an absolute open flow of 60 percent of the basic absolute 
open-flow volume of 60,000,000 cubic feet per 24 hours. The abso
lute open flow corresponding to a formation pressure of 600 pounds 
per square inch is therefore 36,000,000 cubic feet of gas per 24 
hours. 

The curves in figure 26 apply strictly to conditions where there 
is no change in the producing characteristic of a gas well as ex
pressed by the formula, Q=C(Pf 2_p,2)n and this condition is not 
always found in gas wells. However, when the curves are used in 
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combination with results of a series of back-pressure tests and with 
the knowledge of the manner in which different factors influence 
certain gas wells they will be found helpful in solving many gas
production problems, such as forecasting drilling requirements, esti
mating future production rates, and planning compressor and pipe
line installations. However, in using the data for such studies the 
back-pressure tests should be conducted under conditions repre
sentative of those under which gas wells operate. A measure of 
delivery capacities which includes the range of deliveries of gas 
that may be withdrawn from the well under peak load conditions 
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and which is obtained after a period of relatively heavy withdrawals 
of gas from the well and during the continued abnormal withdrawal 
of gas from other wells producing from the common reservoir usu
ally will give a much better basis for studying the well from an 
operating standpoint than will be obtained from back-pressure tests 
conducted under conditions beyond the commercial operating range 
of the well. 

ACID TREATING OF GAS WELLS 

Oil wells producing from formations composed largely of lime 
or chalk rock or containing calcareous materials have been treated 
successfully with acid to increase the rate of oil recovery in many 
areas. The use of acid to increase the delivery capacities of gas 
wells producing from calcareous formations has been less general 
and of ,more recent application. Enough data are not now available 
to permit the formulation of general- conclusions regarding the use 
of acid and the effect of acid treatment on gas availability; however, 
the results obtained in the -Monroe field, La., are of considerable 
interest. 

During 1933 more than 100 wells in the Monroe field were treated 
with acid. The wells produce from a formation known as the Monroe 
gas rock, which is approximately 2,100 feet below the surface of 
the ground. This formation is composed largely of chalk or cal .. 
careous rock and generally was penetrated 25 to 40 feet by the vari
ous wells. Most of the wells treated with acid were relatively free 
from water entry and had not been subject to abnormal decline in 
delivery capacity. The casing (gas string) was landed not more 
than 50 feet above the producing formation in most of the wells and 
was cemented with 100 sacks of cement. Since the wells are equipped 
with perforated liners and strings of Ii-inch tubing extending the 
full depth of the holes through which gas deliveries normally are 
made it was assumed that the well bores were relatively free from 
cavings or accumulated cuttings from the reservoir. 

The wells were treated with charges of 1,000 gallons of solution 
containing approximately 16 percent by weight of hydrochloric acid. 
The solution also contained an inhibitor or agent which retarded the 
reaction of the acid with the steel tubing, liner, and casing. The 
equipment used for treating the wells with acid was mounted on 
two trucks and consisted essentially of a tank, a liquid pump, and 
a gas compressor. 

The general procedure in treating a well with acid was as follows: 
The shut-in pressure and the open-flow delivery of the well were 
gaged, and after being open-flowed the well was shut in. Delivery 
of the charge of the solution to the well was begun after the dis
charge of the acid pump was connected to the tubing head. The 
solution was pumped into the tubing until the pressure due to the 
weight of the column of the solution in the tubing exceeded the well 
pressure. The pump then was by-passed, and the remainder of the 
charge of solution was siphoned into the well. Gas from the gather
ing system then was pumped into the tubing with the compressor. 
The injection of gas was continued until the pressure on the well 
was 30 or 40 pounds per square inch greater than the observed shut-
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in wellhead pressure. The well then was shut in and after remain
ing closed 4 days, it was" blown" through the tubing from time to 
time until the stream of gas being discharged to the atmosphere 
indicated that the residue resulting from the chemical reaction of 
the acid on the formation had been removed from the well, after 
which the shut-in pressure and open-flow volume were gaged. 

Back-pressure tests were made on one well before and after it ~ 
was treated with acid. The well was completed with 6-inch casing 
set 2,064 feet below the surface of the ground. The top of the pro
ducing stratum in the well was found to be 2,098 feet deep, and the 
well was completed at a total depth of 2,131 feet. Well equipment 
included 88 feet of blank and perforated 4-l-inch liner and a string 
of Ii-inch tubing, which was packed off at the wellhead. The spe
cific gravity of the gas produced from the well during the period 
included by the tests was approximately 0.59 (air= 1.00). The first 
back-pressure test was made op. September 19, 1933, when the shut
in pressure at the wellhead was 659 pounds per square inch gage. 
The well was treated with acid on September 20, 1933. The second 

TABLE 19.-Results of back-pres8t£re test on a gas weU to show 
ejJe,ct of acid treatment on delivery capacities 

PI, Po. P,s_ Pat, Rate of flow, 
Date of Test lb. per SQ. in. lb. per SQ. in. thousands M cu. ft. per 

abe. abe. 24 hoUlB 

Sept. 19, 1933 ..... 704 638 89 1,936 .. 583 156 3,166 
.. 462 283 5,570 .. 336 384 7,120 

246 435 7.960 
Oct. 7, 1933 ....... 704 8M 55 2,006 

.. 615 ll8 5,145 

.. 534 2ll 8,640 
451 293 ll,670 

Mar. I, 1934 .... ,. 674 M4 39.6 1,940 
" 616 74.8 3,315 
.. 546 156.2 6,540 
.. 465 238.1 9,500 

. test was made on October 7, 1933. The results of the tests are 
shown in table 19, and a graphic comparison of the delivery capaci
ties of the well at the time of the two tests is shown in curves A and 
B, figure 27. The delivery capacity of the well throughout the range 
included by the tests was increased approximately 106 percent after 
the wells were treated with acid, and the change was reflected largely 
in factor C of the equation for flow, Q=C(Pl-PIl2)n (curves A 
and B, fig. 27). 

The permanence of changes in delivery capacities of gas wells due 
to treatment with acid has not been established definitely; a com
parison of curve B (fig. 27), showing the results of a back-pressure 
test made just after the well was treated with acid, and curve C, 
based on the results of a test conducted 5 months later, shows virtu
ally the same rela tionshi p between Q and P l-P 112. During the time 
between the two tests a total of 105,836,000 cubic feet of gas was 
produced from the well, and the shut-in pressure declined from 659 
to 630 pounds per square inch gage. The absolute open flow of the 
well was increased from 8,900,000 to 18,600,000 cubic feet of gas 
per 24 hours or 109 percent (curves A and B, fig. 27) after being 
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treated with acid, and the absolute open flow of the well at the time 

of the third test was 17,300,000 cubic feet of gas per 24 hours, or 

94 percent greater than that gaged just before the treatment. The 

decrease in absolute open-flow capacity during the period following 

treatment of the well with acid from 18,600,000 to 17,300,000 cubic 

feet per 24 hours was due entirely to decline in reservoir pressure. 

The open-flow and shut-in pressure data for 25 of the gas wells 

in the Monroe field which were treated with acid shown in table 20 

include pressures and open flows obtained at the time the wells were 

completed, just before the wells were treated with acid and just 

after acid treatment. Subsequent open-flow and shut-in pressure 

data were obtained for 9 of the wells for studying the permanence 
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I<'IGUllE 27.-EfIect of acid treating on delivery capacities of a gas well 

of changes in delivery capacities caused by the acid. Immediate 

changes in open flows after treating the wells with acid (table 2'0) 

range from a loss of approximately 18 percent for well 22 to a gain 

of approximately 254 percent for well 23, and the total open-flow 

volume of the 25 wells increased from 125,350,000 to 274,540,000 

cubic feet of gas per 24 hours (approximately 119 percent) due to 

treating the wells with acid. The group of 9 wells which were gaged 

a third time after having been operated for several months following 

acid treatment had a total open flow before treatment of 55,470,000 

cubic feet of gas per 24 hours compared with 118,600,000 and 104,-

440,000 cubic feet per 24 hours shortly after acid treatment and 

several months after acid treatment, respectively. Expressed as per

cent, these data show an immediate increase in open-flow volume 
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TABLE 20.-Results of acid treatment of gas wells in the Monroe field, La. 

Open-flow and pressure data at completion Open-flow and pressure data when well was treated Later open-flow and pressure 
of well with acid data 

Gas produced 
Well Open flow. M cu. ft. per between tests 

Shut-in Shut-in Shut-in after treating no. Date Open flow, Date pressure 24 hours Date pressure Open flow. wells, pressure 
of at wellhead. M cu. ft. treated with at wellhead. of at wellhead, M eu. ft. M cu. ft. 

completion lb. per sq. in. per 24 hours acid lb. per sq. in. Before After test lb. ~r sq. in. per 24 hours 
gage gage treating treating gage 

1. ......... 0< 2/17/18 1,000 14.000 7/15/33 580 7,480 15.970 3/3/34 515 12.740 159,466 
2 ............. 12/29/29 1.010 31,430 9/16/33 605 5,400 12,640 3/3/34 550 12.940 143,180 
3 ............. 6/30/33 950 6,000 7/11/33 940 7,650 25.960 3/3/34 815 19.570 534,709 
4 ............. 6/19/29 1.000. 6,350 7/22/33 925 9,400 8,600 3/2/34 885 8.440 53,433 
5 ............. 12/13/30 985 1,130 7/23/33 840 1,060 1.800 3/2/34 700 1,510 80,234 
6 ........ 8/15/33 920 3.360 8/21/33 920 3,690 11,610 3/2/34 860 9,940 129,000 
7 ............. 7/ 5/33 920 1,840 7/14/33 920 1,940 5.620 3/2/34 870 5,870 61.229 
8 ....... 9/22/28 865 6,310 5/ 1/33 555 3,820 8.110 3/3/34 500 6,840 262,21l5l 
9 .............. 6/30/33 655 17.740 5/ 3/33 535 15,030 128,290 3/3/34 475 26,590 427,536 

10 ............. 3/29/29 1,000 7,170 7/17/33 930 6,660 13,140 .. .. -- .. 
Il ............. 6/21/20 1,050 12,320 6/26/33 665 4,970 11.800 .. .. 104,440 . . 
12 ............. 8/26/24 1,015 7,340 7/28/33 880 5,620 13,320 .. .. . , .. 
13 ............. 9/25/30 1,000 2,240 8/28/33 875 1,630 5,390 .. .. . , .. 
14 ............. 3/30/23 900 5,000 9/5/33 525 1,440 2,480 .. .. . , .. 
15 ............ 12/23/28 975 10,010 9/ 1/33 900 7,340 21.460 .. .. . . .. 
16 ............. 12/ 9/29 1,030 3,200 8/19/33 980 3,010 7,330 .. .. .. .. 
17 ............. 9/19/25 877 16,690 8/29/33 575 8.600 20,520 .. .. .. .. 
18 ............. 9/19/32 495 2,060 8/8/33 460 2,480 6,840 .. .. . . ., 
19 ............. 11/27/26 600 1,010 12/13/33 205 270 890 .. .. .. . . 
20 ............. 10/25/30 975 9.870 11/18/33 920 10,860 23,940 .. .. .. ., 
21 ............. 1/28/23 1,010 2,240 11/25/33 810 2,190 5,620 .. .. .. .. 
22 ............. 4/23/28 975 4.100 8/20/33 925 5,450 4,500 .. .. .. .. 
23 ............. 7/25/30 970 2.470 11/12/33 750 1,120 3,970 .. .. . . .. 
24 ............. Il/24/19 930 16,370 12/4/33 475 7,180 11,610 . , .. .. .. 
25 ............. 7/ 6/30 1,020 1,504 11/28/33 780 1.060 3.130 .. .. .. .. -- --

125,350 274,540 
-_. - -'-----

1 Obtained from Louisiana Dept. of Conservation recorda. Remainder of data obtained from operators' records. 
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of approximately 113 percent after acid treatment and a sustained 
increase of approximately 87 percent at the termination of an operat
ing period during which the average of the shut-in pressures on the 
wells decreased from 758 to 686 pounds per square inch (approxi
mately 10 percent). The data also show that if the effect of pres
sure depletion is considered the increased open-flow capacity was 
maintained over an operating period of several months duration. 

Comparison of the open flows gaged when the wells were com
pleted with the open flows gaged after they were treated with acid 
shows that in some of the wells the open-flow volumes after acid 
treatment were greater than those gaged when the wells were new. 
For example, well 6 (table 20) was treated with acid 6 days after it 
was completed, and the initial open flow of approximately 3,700,000 
cubic feet was increased to approximately 11,600,000 cubic feet of 
gas per 24 hours. Well 12 (table 20) was treated with acid approxi
mately 9 years after it was completed, during which period the open 
flow decreased from approximately 7,300,000 to 5,600,000 cubic feet 
of gas per 24 hours and shut-in wellhead pressure decreased from 
1,015 to 880 pounds per square inch gage. The open-flow delivery 
gaged after acid treatment was approximately 13,300,000 cubic feet 
of gas per 24 hours. 

The treatment of gas wells with acid to increase the rate of avail
ability of gas reserves is very economical compared with the drilling 
of new wells, since the cost per well for acid treating is less than 
the cost of material and labor required for connecting most new 
wells in the gathering system. Due to the relatively low cost of 
treating gas wells with acid, if an increase in delivery capacity is 
not maintained satisfactorily or if the increase in delivery capacity 
is not large enough, a series of acid treatments might prove to be of 
economic advantage. For example, the open-flow capacity of a well 
treated initially on May 12, 1933, was increased from 640,000 to 
1,200,000 cubiC feet of gas per 24 hours. A second charge of acid 
solution was delivered into the well on July 23, 1933, and the open
flow capacity of 1,060,000 cubic feet gaged before the acid treatment 
was increased to 1,800,000 cubic feet of gas per 24 hours. Generally, 
however, if delivery capacities are not increased by treating gas 
wells with 1 or 2 charges of acid solution additional treating proba
bly would not be successful. 

SHOOTING OF GAS WELLS 

Shooting consists of exploding a charge of nitroglycerin or other 
explosive in the well to fracture the gas-bearing stratum and open 
channels through the reservoir rock to stimulate the flow of gas 
to the well. Generally, the shooting of a charge of explosives in the 
well increases its diameter at the producing sand and reRults in 
the formation of a cavity in the producing stratum around the well, 
with fractures extending in various directions. Meals 37 mentions 
several special reasons for shooting particular kinds of gas wells 
in the old eastern gas fields where wells are subject to salt-water 
encroachment. Crystallization of salt on the face of the sand causes 
considerable trouble in producing the gas, and although fresh water 

37 Meals, S. W., Production of Natural Gas in the Eastern Fields: Natural Gas, September 
1931, p. 6. 
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will dissolve the salt or a small string of H cleaning-out" tools will 
clean the clogged sand face and remedy the "salting" at least 
temporarily, the sand sometimes becomes "clogged" so seriously 
that new drainage lines have to be established in the producing 
formation by shooting. Meals also describes freezing that occurs 
in the sand of some wells producing small volumes of 'gas under 
conditions of high pressure and mentions that wells in which freez
ing has occurred have been abandoned because it was assumed that 
the gas was exhausted. Production of gas from such wells often 
can be stimulated by shooting if shutting the wells in for a short 
time to build up the formation pressure or cleaning the sand face 
with" cleaning-out" tools does not cause gas to flow into the well 
bore. 

Gas wells are shot primarily to stimulate the flow of gas to the 
well, and the practice of shooting generally is limited to wells where 
only a small volume of gas is produced and where such factors as 
clogging and salting of the sand, freezing, or inability to sustain de
sired flow rates through sands of low permeability can be remedied 
by the use of explosives. In many wells, the beneficial results of 
shooting are temporary; that is, the delivery rates corresponding 
to definite pressure conditions often are greater after wells have 
been shot, but frequently the wells gradually revert to their original 
producing conditions. Back-pressure tests on wells before and after 
shootir g can be used to determine the magnitude of the increases in 
delivery capacity and to gain an idea of the permanence of such . . 
Increases. 

Only a few back-pressure tests were conducted during the study 
of gaging gas-well deliveries in the attempt to establish definitely 
the effect of shooting on the delivery capacities of gas wells. The 
results of back-pressure tests on shot wells in two gas-producing 
areas are given in figure 28. The results of tests on a well in Osage 
County, Okla., are shown in example I. The well produced gas from 
the Bartlesville sand, and at the time of the first back-pressure test 
on January 4, 1926, the shut-in formation pressure was approxi
mately 194 pounds per square inch absolute and the absolute open 
flow based on the plotted relationship about 4,500,000 cubic feet of 
gas per 24 hours. Deliveries of gas from the well under conditions 
of high back pressure were inconsistent, as shown by the scattered 
plotted points. The well was" shot" on January 20, 1928, and al
lowed to produce gas until January 31, 1928, when a second back
pressure test was made. Shooting of the well evidently changed the 
effective permeability of the sand, and the gas flowed through the 
sand to the well at a more rapid rate under conditions of high back 
pressure than before the well was shot. The increased rate of flow 
of gas to the well was not entirely sustained, as was indicated by 
the results of the third test on August 12, 1929, when the shut-in 
formation pressure was approximately 104 pounds per square inch 
absolute and the absolute open flow approximately 2,500,000 cubic 
feet of gas per 24 hours. However, if the pressure-flow relationship 
established by the first test had not changed the absolute open flow 
would have been less than 1,000,000 cubic feet of gas per 24 hours, 
corresponding to a shut-in formation pressure of 104 pounds per 
square inch absolute (based on curve A, example I). A fourth test 
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was conducted on May 6, 1930, at which time the formation pressure 
was 87 pounds per square inch absolute, and it was found that there 
was only a comparatively small variation between the pressure-flow 
relationships established by the third and fourth tests. 

The results of back-pressure tests on two gas wells producing 
from the Layton sand 38 in the Oklahoma City field, Oklahoma, are 
shown in example II (fig. 28). The results of a back-pressure test 
on a well which· was not shot is shown by curve A. The absolute 
open-flow volume based on the plotted pressure-flow relationship 
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was approximately 230,000,000 cubic feet of gas per 24 hours. The 
results of a back-pressure test on a well that was plugged back from 
a lower horizon to the Layton sand and the casing opened at this 
sand by shooting with a charge of 40 quarts of nitroglycerin is 
shown by curve B. The absolute open-flow volume of the well was 
approximately 22,000,000 cubic feet of gas per 24 hours. Although 
there is considerable difference in the values of the coefficients 
obtained from the flow equations of the two Layton-sand wells, 
which mayor may not be due to the different completion methods of 

38 Hill. H. B., and Rawlins, E. L., Estimate of the Gas Reserves of the Oklahoma City 
OU Field, Oklahoma County, Oklahoma: Rept. of Investigations 3217, Bureau of MInes, 
1933, p. 15. 
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the two wells, it is interesting to note that the slopes of the two 
straight lines are virtually the same so the values of n in the flow 
equations for the two wells are approximately equal. 

USE OF PERFORATED LINER OR SCREEN IN GAS WELLS 

In completing gas wells where the producing formations are 
" loose" and there is danger of sand being produced with the gas 
it is "the usual practice to equip the wells with a perforated liner 
or screen to prevent the caving of the hole below the seat of the 
producing string and to hold back sand from loose formations which 
is dangerous if allowed to reach the inside of the casing." 39 Back
pressure tests were made on several wells equipped with perforated 
liners and screens. The results of the tests, particularly on wells in 
the Refugio and Agua Dulce fields in southwest Texas, did not indi
cate any particular features to distinguish them from the results of 
tests on gas wells which were not equipped with perforated liners 
or screens. 

The effect of the kind/or equipment in a well at or near the produc
ing horizon, the diameter of the well bore, and the depth of pene
tration into the producing sand can be determined definitely only 
after special investigations to supplement the results of the experi...; 
mental work on flow of gas through porous media discussed in ap
pendix 9. 

STORAGE OF NATURAL GAS IN DEPLETED FORMATIONS 

The feasibility and economic importance of storing natural gas 
in underground reservoirs to aid in conserving the gas and simpli
fying producing and distributing operations have been discussed by 
different authors.40 Natural g~s has been stored in underground 
reservoirs in California, Kentucky, Kansas, New York, and Texas, 
and some consideration has been given to such storage in the Bur
bank field, Oklahoma. One large company operating in the Mid
Continent area stores gas in a depleted gas field near principal 
markets during the summer months when the demand for gas is a 
minimum and withdraws stored gas during the winter. The storing 

38 Nowery, B. M., Drilling in the Mid-Continent Area: Natural Gas, June 1931, p. 12. 
40 Beecher, C. E., Repressuring in Early Development: Oil and Gas Jour., Oct. 18, 1928, 

p.166. 
Bignell, L. G. E., Recharging Old Canadian Gas Field: on and Gas Jour., Sept. 25, 1930, 

p. 41. 
Davis, Wallace, Depleted Gas Field Now Serves as Storage Tank: on Weekly, May 4, 

1928, p.68. . 
Dwyer, J. L., Exhausted Osage Gas Field Becomes Storage Reservoir: on and Gas Jour., 

Dec. 1, 1927, p. 82. 
George, H. P., Problems of the Natural-Gas Industry in California: Oil Weekly, May 11, 

1928, p. 31. 
Kubista. W. R., Growing Importance of Natural Gas: Petrol. Eng., Mid-Year, 1930, p. 216. 
Lake, F:W .• Storage and Repressuring in OUnda: Oil and Gas Jour., Oct. 18, 1928, p. 187. 
Lee, A. W., Storing Gas in Old Depleted Fields: Oil and Gas Jour., June 16, 1927, p. G-41. 
Masters, E. W., Gas Storage Benefits Oil Production in Dominguez Field: Oil Weekly, 

Oct. 5, 1928, p. 41. 
Meals, S. W., Storing Gas in Natural Reservoirs: OU and Gas Jour. Apr. 10, 1930 p. 175: 

The Underground Storage of Gas: Natural Gas, October 1929, P. 8 ; 'Storing and Mea. suring 
Large Quantities of Gas: Am. Gas. Assoc. Monthly, March 1929, p. 171. 

Nickerson, C. M., Repressuring in Depleted OU Zones: OU and Gas Jour., Oct. 3, 
1929. p. 184. 

Pence, R. H .• Storage of Waste Gases in the Ground: OU and Gas Jour., Jan. 23, 
1930, p. 138. 

Weymouth. T. R., Economic Aspect of Natural-Gas Projects: Am. Gas Assoc. Monthly, 
December 1929, p. 747. 
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of surplus gas produced with oil in underground reservoirs until the 
time when the gas can be utilized has reached a high state of per
fection in California and is being considered seriously in many other 
producing areas. Although this report does not propose to discuss 
technical and economic features of natural-gas storage it is believed 
that the principles evolved during the study of gaging gas-well de
liveries can be used advantageously to furnish basic data upon which 
to plan gas-storage projects. For example, the gas-delivery capaci
ties of a well or group of wells in an area that is being considered 
for a gas-storage project can be determined from back-pressure 
tests. It then is possible to obtain similar pressure and flow data 
as gas is being put into the producing formation. Interpretation of 
such data can be used as a basis for estimating the number of wells 
that should be operated and the compressor capacities required to 
make the project an economic success. It was not possible during 
the study of gaging gas-well deliveries to make a detailed investiga
tion of the applicability of back-pressure data to gas-storage proj
ects, but a few tests were made which indicate that such application 
will be useful and practical. 

STUDY OF NATURAL-GAS FIELDS 

The influence of an unstable industrial market for gas and the 
seasonal variation in domestic consumption seriously affect con
servative reservoir drainage. Efficient drainage of reservoir sands 
and the economic production of gas necessarily are influenced also 
by the diversity of ownership of many oil- and gas-bearing areas. 
The maximum rate at which gas can be produced often is considered 
by many operators as more important than the recovery of the maxi
mum amount of gas from the reservoir sands, but fortunately there 
is now within the natural-gas industry a trend toward greater-econ
omy in development of natural-gas reserves and more efficient re
covery of the gas from the reserves than there has been in the past. 
Consideration is being given to protection of the earning power of 
the millions of dollars that were invested in the combination of 
transportation and marketing systems during the recent expansion 
of the natural-gas industry and to means of insuring fulfilment of 
the industry's moral obligations to the public. Gas production, trans
portation, and marketing facilities in reality are closely interrelated, 
and this fact should be considered when production programs are 
planned for particular gas reserves. 

The extent and nature of a gas reservoir usually cannot be de
termined until wells have been drilled over a considerable portion 
of the area overlying the reservoir. The rapidity of development 
and operation of a gas reserve are, in turn, governed primarily by 
market demand. Studies of the capacities of reservoirs to deliver 
gas, the producing characteristics of individual gas wells, and fac
tors that influence deliveries from individual wells during the devel
opment of the field and throughout the productive life of gas reserves 
give information that can be used to develop gas fields economically 
and to operate wells efficiently. 
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WELL SPACING 

The spacing of gas wells depends primarily upon lease require
ments, the maximum seasonal and daily demand for gas, the permea
bility of the producing formation, the depth of the wells, the cost of 
drilling wells, and the liquid conditions in the sand. Gas reserves 
near markets and used mainly during emergencies, such as peak 
demands or when pipe lines from more distant fields are taken out 
of service temporarily, may be drilled more intensively (fewer acres 
per well) than distant reserves which must support the normal de
mand of a pipe-line system that represents a large monetary invest
ment. The permeabilities of the gas-producing strata of liquid-free 
reservoirs may have considerable influence on spacing of gas wells 
to obtain definite delivery capacities from the reservoirs, since both 
delivery rate and operating pressure may determine the profitable 
operating life of individual wells. The permeabilities of gas-produc
ing strata and the spacing of gas wells also determine to some extent 
the abandonment pressure or the percentage of initial reserve of 
gas which may be recovered. For example, consider that the drill
ing of 15 wells with an average delivery capacity under open
flow conditions of 20,000,000 cubic feet of gas per 24 hours com
pleted the development of a gas reserve in which the formation 
pressure was 1,100 pounds per square inch absolute. Consider also 
that the gas reserve could not be operated profitably if the total 
delivery from 15 wells, corresponding to an operating pressure at 
the face of the sand of 50 pounds per square inch absolute, were 
less than approximately 3,750,000 cubic feet of gas per 24 hours. If 
factors C and n of the flow equation remain constant throughout 
the productive life of the wells, the shut-in pressure on the reservoir 
at the time of abandonment would be 58 pounds per square inch 
absolute for an n of 0.6 or 134 pounds per square inch absolute for 
an n of 1.0. If gas were produced from a formation characterized 
by an n of 1.0 in the pressure-flow relationship until the pressure on 
the reservoir was 58 instead of 134 pounds per square inch absolute 
the delivery rate from the group of 15 wells would be decreased from 
3,750,000 to 210,000 cubic feet of gas per 24 hours. It would be 
necessary therefore to drill at least 253 additional wells of the same 
average production as the original 15 wells to obtain the rate of 
delivery of 3,750,000 cubic feet of gas per 24 hours. 

The increased cost of developing deep gas reserves over that of 
shallow reservoirs normally is offset partly by the higher gas pres
sures found in deep reservoirs and by the corresponding larger 
quantities of gas available from them, and often the recovery cost 
may not be excessive if the same well spacing is used in developing 
deep horizons as in developing shallow reserves. 

Well spacing also may affect the efficiency of gas recovery from 
reservoirs which contain "bottom" water or in which "water 
spread" becomes general as the natural-gas reserve is depleted. 

UTILIZATION OF FORMATION PRESSURE IN OPERATION OF GAS WELLS 

The conservation and utilization of the formation pressure often 
are neglected in operating natural-gas wells. Normally, natural-gas 
pipe-line systems rarely demand an intake pressure greater than 
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450 pounds per square inch. If the pressure in the delivery lines 
from the wells is less than that at the intake of the pipe-line sys
tem the cost of the initial "boost" in the pressure of the gas at 
the junction of the gathering system and the main transportation 
line must be considered. Conservation of gas pressure that may 
exceed the maximum operating pressure for which the gathering 
system is designed or will withstand is beyond the control of the 
operator of the wells, but consideration of the lack of pressure 
uniformity throughout the area of a single reservoir or of several 
superimposed or adjacent reservoirs which may supply a common 
gathering system is important and can be controlled somewhat by 
the operators. Frequently low-pressure wells should be shut in until 
the shut-in pressure of all of the wells in the area becomes virtually 
the same. The character of gas flow from the formation into gas 
wells also affects pressure conditions in gas-producing areas if open 
flow instead of commercial delivery capacity is used as the basis for 
proration of delivery. For example, 30 gas wells having an average 
absolute open flow of 25,000,000 cubic feet of gas per 24 hours are 
producing from a reservoir in which there is a uniform pressure of 
500 pounds per square inch, and the value of n of the plotted flow 
characteristic for 20 of the wells is 0.60 and for 10 of the wells 0.90. 
On that basis the sand-face and wellhead pressure corresponding 
to delivery rates equivalent to 20 percent of the open-flow capacity 
of the wells would be as follows: 

Shut-in Pressure Pressure 
formation Absolute Depth Specific Size of at sand at 

n pressure, open Bow, of gravity Bow face,l wellhead,l 
lb. r,:r SQ. in. M cu. ft. per well, of gas string, I b. per SQ. in. lb. per SQ. in. 

a olute, 24 hours ft. (air = 1.00) in. absolute, absolute, 
PI P. Pm 

0.60 500 25,000 3,000 0.6 6 483 451 
.90 500 25,000 3,000 .6 6 457 427 

I For delivery of 20 percent of absolute open flow = 5,000 M cu. ft. per 24 hours. 

If gas is produced from these wells at a rate equivalent to 20 percent 
of their absolute open-flow capacities the controls on the wells char
acterized by the n of 0.60 must be regulated so a pressure of 24 
pounds per square inch is dissipated at their wellheads. 

DELIVERY CAPACITIES OF GAS WELLS IN A SPECIFIC 
GAS-PRODUCING AREA 

An estimate of gas reserves gives information concerning only 
the volume of gas that can be recovered from the sand and fails to 
give an idea of the rate of gas availability in the later productive 
life of a field. Data needed. for many engineering problems connected 
with a study of the gas-delivery capacity of reservoirs are not ob
tainable from estimates of the amount of gas in reserves. For ex
ample, if the average formation pressure in a gas field is 700 pounds 
per square inch and the amount of gas that can be delivered from 
the field under peak-load conditions is 50,000,000 cubic feet per 24 
hours when the back pressure held on the wells is approximately 
95 percent of the formation pressure (665 pounds per square inch) 
some of the questions which naturally arise with reference to the 
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field are: At what back pressure will the wells have to operate to 
produce this same peak load after the average formation pressure in 
the field has declined to 500 pounds per square inch? When will 
compressors have to be installed and what compressor facilities will 
be needed? What drilling program should be planned to maintain 
a desired gas-delivery capacity corresponding to a certain high back 
pressure? What is the economic relation with regard to the pro
ductive life of the field between the number of wells that should be 
drilled and the installation of pumping facilities in the later life of 
the field? What factors influence the producing characteristics of 
individual wells in their later productive life, and how can these 
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influences be detected and remedied? Axiomatically, if the factors 
and their influences are known for the individual wells of the field, 
many of the problems relating to the field as a whole may be solved. 

The results of back-pressure tests on gas wells, expressed by a 
definite relationship between delivery rates and pressure conditions, 
reveal the delivery capacities of the wells under different pressure 
conditions. In general, there are changes in the pressure-flow rela
tionship at different times in the productive life of gas wells due, 
to natural causes, but if no changes occur in the well, in the sand, 
or in the character of the gas produced the relationship between the 
delivery rates and pressures should be applicable for the productive 
life of a specific well. In the following discussions the assumption 
is made that there has been no change in the production-pressure 
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relationships, and it should be understood that interpretations based 
upon such assumptions must be supplemented with specific and gen
eral knowledge of the individual wells and of the field in which they 
are located. 

That wells producing from the same sand in a field can have dif
ferent flow characteristics is shown by the relationships (curves 1 
and 2, fig. 29) between the delivery rates and the pressure factors, 
P f 2_P/, for two wells in which the shut-in formation pressure was 
virtually the same. The pressure-flow relationship applicable to the 
combination of the two wells is shown in curve 3 (fig. 29), this rela
tionship having been obtained by adding the gas volumes correspond-
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ing to any particular pressure conditions from curves 1 and 2 and 
plotting the volumes against the respective pressure conditions. 

The relationships shown in figure 29 give some interesting in
formation regarding the delivery capacities of the combination of 
the two wells. If, for example, a total peak rate of 20,000,000 cubic 
feet of gas per 24 hours is required from the wells for a period of 
time the relationships (fig. 29) show that the well represented by 
curve 1 can produce gas at the peak delivery rate when the differ
ence of the squares of the formation and back pressures is 111,000; 
the well represented by curve 2 can produce the gas when the dif
ference in the squares of the pressures is 80,000; and the two wells 
together, when the difference of the squares of the pressures' is 
49,000. The deduction for the two wells together is made on the 
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assumption that the delivery of gas from either well has no effect 
on the interpretation of back-pressure data relating to the other. 
The relationship between the back pressure at the sand and the 
formation pressure for a delivery of 20,000,000 cubic feet of gas per 
24 hours is shown in figure 30, where it may be seen that when the 
formation pressure in the sand has decreased to 400 pounds per 
square inch the back pressure on the well of curve 1 will have to 
be decreased to 217 pounds per sqUfl.re inch, on the well of curve 2 
to 282 pounds per square inch, and if the two wells are produced 
together to 333 pounds per square inch. 
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The same sort of reasoning can be applied to an entire field for 
the general purpose of estimating gas deliveries. The relative back 
pressures plotted for 23 individual wells in a particular field (fig. 
31) show that there is wide variation in delivery rates under the 
same pressure conditions for different wells, although the shut-in 
formation pressure in all of the wells was approximately the same. 
The first glance at figure 31 indicates only a conglomeration of 
straight lines, but on closer inspection some interesting deductions 
of delivery capacities of the wells in the field may be made. For ex
ample, the relationship between delivery rate and pressures for 
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gas production from all of the wells in the field (based on fig. 31) 
is shown in curve 1 (fig. 32). As shown, the 23 wells have the 
capacity to deliver 1,100,000,000 cubic feet of gas per 24 hours 
when the formation pressure is 710 pounds per square inch, pro
vided that no back pressure is imposed on the face of the sand in 
the well. Although several wells capable of producing gas at a high 
delivery rate are included in the 23 wells the back pressure on the 
formation imposed by the producing strings limits the actual total 
open flow to 650,000,000 cubic feet of gas per 24 hours, as designated 
by A, curve 1 (fig. 32). Twenty-five percent of the open flow is 
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approximately 160,000,000 cubic feet of gas per 24 hours as desig
nated by B, curve 1, and that volume of gas can be produced from 
the formation when the pressure is 710 pounds per square inch 
and the back pressure 656 pounds per square inch (92.4 percent of 
the formation pressure). 

The relationship between delivery rate and pressure conditions 
for five of the large wells selected from figure 31 (wells represented 
by curves .4, 11, }.5, 21, and 23) is shown in curve 2 (fig. 32). A 
comparison of the back pressures required for corresponding forma
tion pressures to produce peak flows of 40,000,000 and 100,000,000 
cubic feet of gas per 24 hours from all of the wells in the field and 
from the five wells is shown in figure 33. Curve 1 illustrates the 
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relationship between the back pressure at the sand and the forma
tion pressure for a delivery of 40,000,000 cubic feet of gas per 24 
hours for the entire field; curve 2, for a delivery of 40,000,000 cubic 
feet per 24 hours from the five wells; curve 3, for a delivery of 
100,000,000 cubic feet of gas per 24 hours from the entire field; 
and curve 4, for a delivery of 100,000,000 cubic feet of gas per 24 
hours from the five wells. When the formation pressure has de
creased to 400 pounds per square inch a back pressure at the sand 
of 380 pounds per square inch is required to produce 40,000,000 
cubic feet of gas per 24 hours from the entire field, and of 360 
pounds per square inch if the gas is produced from the five large 
wells. If the peak-production demand is 100,000,000 cubic feet of 
gas per 24 hours when the formation pressure is 400 pounds per 
square inch the back pressure to be held at the sand is 340 pounds 
per square inch, and if the gas is produced from the five large wells 
the back pressure will be 300 pounds per square inch. Similar de
ductions can be made for any desired conditions of operation of 
the wells. 

A gas field should be operated with the highest back pressure 
that can be held economically on the sand. The back pressure on 
the sand is greater than the pressure at the inlet of the gathering 
line by the pressure due to the weight of the column of gas and 
the friction drop between the sand and the inlet to the pipe line. 
The capacity of a section of the pipe line, in turn, is approximately 
proportional to the inlet pressure, provided the outlet pressure is 
less than half the inlet pressure. Therefore, operation of gas wells 
at high back pressure increases the capacities of the pipe lines under 
peak-load conditions, especially where the lines carry gas to distant 
markets. There is, however, an economic balance between the 
amount of drilling that may be done in a gas field to maintain a 
large reserve availability of gas at high pressure and the installa
tion of pumping facilities to increase the pipe-line capacities while 
gas is actually being taken from the field at lower pressure. 

The fluctuations in the quantities of gas transmitted through pipe
line systems are of course related to the quantity of gas being pro
duced from gas fields. When compressors on the pipe lines are 
increasing the quantity of gas flowing through the pipe lines more 
gas necessarily is being produced from the gas fields, and if no 
additional gas wells are used to supply the added demand for gas 
the average inlet pressure to the transmission system is decreased. 
For practical purposes the capacities of pipe lines directly con
nected with the gas fields are approximately proportional to the 
inlet pressure to the lines, provided the discharge pressure on 
the pipe lines before they connect with other parts of a gas-trans
mission system is less than half the inlet pressure. Therefore, if 
the demand on a transmission system increases suddenly and an 
attempt is made to take the additional gas required to meet the 
temporary demand from one field without using any additional 
gas wells the back pressure on the wells may decrease as much as 
20 percent, resulting in a decrease of 20 percent in the capacity 
of the line from the field which actually should be carrying more 
gas to meet the peak demand. Three methods then are used to 
get the required volume of gas to the market: (1) More compres-
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sors are operated on the transmission system; (2) more wells are 
tied into the system to increase the back pressure that is being held 
on the field and increase the inlet pressure to the pipe line, which 
in turn requires fewer compressors on the pipe line than in (1); 
and (3) the pressure of the gas at the inlet end of the pipe line 
is increased by pumping the gas between the fields and the pipe 
line. There are times, of course, when either one, a combination 
of two, or all three methods have to be used. 

Since knowledge of the availability of gas from various wells in 
different gas fields influences the operation of gas-transmission sys
tems a complete record of the pressure and other flow data of the 
gas wells is essential for efficient operation of gas-transmission sys
tems. If the records are supplemented by results of specially con
ducted back-pressure tests it is possible to solve many of the prob
lems that arise during the productive life of wells and gas fields and 
to operate the wells and gas-transmission systems efficiently and 
economically to meet every demand that may arise. 

SUlttMARY OF RESULTS OF STUDY OF BACK-PRESSURE DATA ON 
NATURAL-GAS WELLS AND THEIR APPLICATION 

TO PRODUCTION PRACTICES 

The capacity of a natural-gas well to produce gas usually is de
termined by measuring the open-flow· delivery of the well and the 
shut-in pressure at the wellhead. The open-flow delivery is measured 
with a Pitot tube while the well is flowing" wide open," and there 
necessarily is a loss of a large volume of gas to the atmosphere, 
especially for those wells where the rate of stabilization of the im
pact pressure as indicated by the Pitot tube is slow and a long 
" blowing" period is required to obtain equilibrium conditions. 
Furthermore, subjecting gas wells to extreme conditions of flow, 
such as occur when open-flow tests are made, causes sand and lime 
formations in the well to cave, aggravates water" coning," arid 
increases the possibility of trapping gas permanently by water in 
the underground reservoir. Also, under such conditions of flow as 
obtain when wells are gaged by the open-flow method abrasive 
materials often are carried with the gas from the well at high 
velocity, damaging well equipment and creating an operating hazard. 

Pressure and flow data obtained on gas wells under open-flow 
conditions only do not indicate the delivery capacity of the wells 
under normal operating conditions, are not a reliable basis for 
controlling production, and are not adequate for studying the gas
production problems created by the presence of liquids in the sand, 
sand caving, shooting, clogging of sand face, and unsuccessful com
pletion jobs. 

Analyses of data obtained while the producing characteristics of 
582 gas wells in the principal gas-producing areas of the United 
States were being studied have shown that there is a consistent 
relationship between the rate of delivery of gas and corresponding 
pressure differentials between the formation pressure and the pres
sure at the sand face in the well bore throughout the producing 
range of a gas well. When rates of delivery of gas are plotted· on 
logarithmic paper against P/-P8".!-the respective differences of 
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the squares of the formation pressure P t, and the pressure at the 
sand face Ps-the relationship is represented by a straight line 
which may be expressed mathematically by the formula 

Q=C (Pt2
_ P /') n, 

where Q =rate of flow, cubic feet per 24 hours; 
C = coefficient ; 

Pr=shut-in formation pressure, pounds per square inch absolute; 
P s = back pressure at the face of the sand in the well bore, pounds per 

square inch absolute; 
n=exponent, correspondini to the slope of the straight-line relationship 

between Q and Pt'-Ps plotted on logarithmic paper. 

Rates of delivery of gas corresponding to various back pressures 
can be ascertained from the plotted relationship established from 
a limited range of pressure-flow data obtained under relatively high 
operating pressures and the straight line can be extended to the 
pressure factor p t2_p82 that would exist under open-flow conditions 
and the open-flow delivery of gas read directly from the plotted 
relationship. 

Obtaining pressure and flow data on gas wells when the back 
pressures are relatively high for determining the relationship be
tween Q and p t2_Ps2 is called the back-pressure method of gaging 
gas-well deliveries. In contrast to the open-flow method of gaging 
gas-well capacities gas wastage is kept at a minimum, accurate 
measurement of delivery rates usually can be obtained, chances of 
water encroachment are decreased, and the data not only furnish 
a method for calculating the open-flow volume of a well but indicate 
the delivery capacity of the well under normal operating conditions, 
provide a reliable basis for controlling production, and are more 
adequate for studying gas-production problems caused by the pres
ence of liquids in the sand, sand caving, shooting, clogging of sand 
face, and unsuccessful completion jobs. 

It is common practice in the gas fields to measure pressure at the 
wellhead, and under normal conditions shut-in formation pressures 
and back pressures at the face of the sand can be calculated from 
the wellhead data, provided the specific gravity of the gas, the depth 
of the producing stratum, and the diameter of the producing string 
in the well are known. A bottom-hole pressure gage can be used to 
measure reservoir pressure in gas wells when it is not possible to 
calculate correctly the shut-in formation pressure or back pressure 
at the face of the sand due to liquid conditions in the well. 

In gaging the delivery capacity of normal gas wells by the back
pressure method the well to be tested first is shut in at the wellhead, 
and after the pressure in the well and reservoir sand becomes stabil
ized the shut-in wellhead pressure is observed. The well then is al
lowed to produce gas at a high back pressure, and after flow condi
tions become stabilized again observations are made of the pres
sure at the wellhead and the rate of delivery of gas from the well. 
The back pressure then is decreased, and another set of observa
tions of the pressure at the wellhead and the rate of delivery of 
gas from the well is made. Four sets of observations for back pres
sures ranging from about 95 or 96 percent to 70 or 75 percent of 
the shut-in pressure usually furnish enough data to establish the 
relationship between Q and p t2_P8 2 and determine rates of delivery 
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of gas at lower back pressures, including the absolute open flow of 
the well (rate of flow of gas that would be obtained if the absolute 
back pressure at the face of the sand were atmospheric pressure). 

Abnormal conditions in some gas wells are reflected by apparent 
inconsistencies when Q is plotted against p t 2_Ps2 on logarithmic 
paper. Often the relationship cannot be represented by a straight 
line, and sometimes the plotted points are spaced too irregularly 
to permit a curve to be drawn through them. The back-pressure 
data then must be supplemented by extending the range of pressure 
and gas-delivery rates of the test, by obtaining two or more series 
of back-pressure data by alternating the sequence of pressure and 
flow observations in different series of back-pressure data, by ob
serving the behavior of the wellhead pressure following adjustment 
in the gas-delivery rate and pressure, and by observing the stabilized 
shut-in pressure on the well before and after back-pressure tests. 

The degree of accuracy of the wellhead pressure determination 
is an important factor in a back-pressure test of a gas well. Error 
in wellhead pressure is reflected directly in the calculated values 
of pressure in the r,eservoir, and a small error in one of the pres
sures in the factor p t 2_Ps2 is reflected as a large-percentage error 
in the difference of the squares of the two pressures, particularly 
when the difference between the values of Pt and Ps is small. 

Pressure can be measured with dead-weight gages or with spring 
gages if there is ho appreciable lost motion in the mechanism of 
the gages and negligible variations in observed pressures during 
consecutive tests when checked against a dead-weight gage tester. 

An orifice meter usually is provided in the gathering line from 
a gas well and can be used to measure the rate of delivery of gas 
during a back-pressure test if the relation of the pressure on the 
well to the pressure on the gathering system and of the delivery 
capacity of the well to the capacity of the gathering system is 
such that the desired range of back-presure data can be obtained 
and the gas produced from the well during the back-pressure test 
can be delivered into the pipe line. The range of pressure-flow data 
obtainable if the orifice in the orifice meter is not changed and the 
static pressure on the meter remains approximately constant is 
limited by the differential pressure range of the meter. If the back 
pressure on the well is high compared with the pressure on the 
orifice meter the range of pressure-flow data may be increased by 
controlling the pressure on the meter. The range of pressure-flow 
data obtainable also can be increased by changing the size of orifice 
in the orifice meter. 

At some wells it is not practicable to deliver the gas into the 
pipe-line system while a back-pressure test is being made and it 
is necessary to vent the gas delivered during the back-pressure test 
to the atmosphere. However, the gas is delivered at relatively high 
back pressures, and the rates of delivery are low compared to rates 
that occur when the well is wide open to the atmosphere (open flow 
of well). The relatively high back pressures maintained during a 
back-pressure test eliminate many underground losses of gas and 
reduce water hazards considerably compared with conditions of 
open-flow delivery rates. A critical-flow prover generally is better 
adapted for measuring the delivery of gas vented to the atmosphere 
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from a gas well under relatively high back pressure than a choke 
nipple or Pitot tube. However, choke nipples can be used advan
tageously for measuring gas delivery during a back-pressure test 
on a gas well if the gas stream carries sand or abrasive materials, 
or for conducting back-pressure tests on wells where the pressure is 
so high that a critical-flow prover of adequate strength would be 
heavy and cumbersome. The delivery of gas during a back-pressure 
test on a low-pressure well can be measured with an orifice well 
tester or a funnel meter. 

Computations of the results of a back-pressure test of a natural
gas involve the following steps: 

1. Computing pressures at the sand based on pressure and volume observa
tions made at the wellhead. 

2. Determining the value of pressure factor p f2_p82 (absolute shut-in forma
tion pressure squared minus back pressure at the sand face squared) and the 
rate of delivery corresponding to these pressure factors. 

3. Plotting on logarithmic coordinate paper values of Q (rate of delivery) 
against corresponding values of the pressure factor p f2_PB2

• 

4. Determining either the absolute open flow or the rate of delivery from 
the well under any desired pressure condition from the plotted relationship. 

5. Comparing the absolute open flow with maximum delivery that could be pro
duced through different sizes of producing strings (for special interpretations). 

6. Determining the values of exponent n and coefficient C of the flow equa
tion, Q=C(P f2-P8

2 )n (for special interpretations). 

The absolute formation pressure P f in a well is determined under 
static conditions and equals the observed absolute pressure P ll at 
the wellhead plus the pressure due to the weight of the column of 
gas in the well. The absolute back pressure P B 'at the face of the 
sand is determined under flow conditions ar:d is equal to the ob
served absolute pressure Pw at the wellhead plus the pressure drop 
due to flow through the producing string, plus the pressure due to 
the weight of the column of gas in the well. If a well is equipped 
with tubing carrying no perforations above the level of the produc
ing stratum and is packed off at the wellhead so the gas can be 
produced through the tubing or the annular space between the 
tubing and casing the pressure may be gaged on the string through 
which there is no flow, and P B equals the observed absolute pressure 
on this string at the wellhead plus the pressure due to the weight of 
i:he static column of gas. 

Six tables have been prepared by the authors which are readily 
adaptable for routine computation of the results of back-pressure 
tests of gas wells (appendix 5) . 

Back-pressure data generally include the range of pressure and 
flow conditions under which the well operates, and if correct as
sumptions are used in computing pressure at the sand from pressure 
indications at the wellhead results are indicative of the ability of 
the well to produce gas under its operating pressure and flow condi
tions. The results of back-pressure tests therefore show whether 
a more thorough study of a well and more data to analyze the pro
ducing characteristics of the well throughout a wide range of pres
sure and flow conditions are needed. The information gained from 
back-pressure tests can be applied to the solution of such natural
gas production problems as the effect on delivery capacities of liquid 
in the well bore and in the producing formation, the rate at which 
gas should be produced, the variation in gas availability due to the 
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variation in rate of flow stabilization, the effect of treating gas 
wells with acid, the possible effect of shooting, the accumulation of 
cavings in the well bore, the changes in producing characteristics 
of a well during its producing life, and the storage of natural gas 
in depleted reservoirs. In fact, the application of back-pressure 
data to the solution of natural-gas production problems and to 
the interpretation of operating pressure, flow, and reservoir condi
tions of gas wells is the main field of usefulness of the back-pressure 
method of gaging gas-well deliveries. 

The results of back-pressure tests on gas wells affected by liquid 
show the advisability of obtaining as many data as possible during 
a series of back-pressure tests. Obtaining flow and pressure data 
for different liquid conditions in the well, frequent observations 
of shut-in pressures, observations of the wellhead pressures dur
ing periods of stabilization, changing the sequence of pressure-flow 
conditions to which wells are subjected during back-pressure tests, 
and taking more observations than usually are made on back-pres
sure tests on normal gas wells are necessary for complete study of 
the behavior of a gas well with liquid in the well bore and the ad
jacent producing formation, and the data can be used to determine 
the operating condition of the well where the gas-delivery capacity 
is least affected by the accumulation of liquid in the well bore or 
by liquid in the producing formation. For example, the informa
tion gained from back-pressure tests shows that tubing and siphon 
installations are not always the best and most economical remedial 
measures for solving operating problems due to liquid in gas wells 
and that liquid conditions often can be controlled and regulated 
better by producing the gas under proper pressure control. 

Many operators use a string of tubing in gas wells to facilitate 
removal of water. However, wellhead pressures corresponding to 
the same delivery rates through tubing and casing differ widely 
because of the greater velocity and pressure drop due to friction 
for flow through tubing compared with flow through casing. The 
pressures that can be maintained at the wellhead for different rates 
of gas delivery into a pipe-line system are important operating con
siderations and therefore should be considered in designing tubing 
installations and planning programs for future operation of wells. 
The results of back-pressure tests can be interpreted to give pres
sures corresponding to required delivery rates that would be ob
tained at the wellhead with gas delivery through tubing of different 
sizes. Comparative back-pressure data obtained before and after 
the installation of tubing also are exceedingly helpful in studying 
the producing characteristics of the well and in determining the 
effect on delivery capacity and operating efficiency of the tubing 
installation. In general, the results of back-pressure tests on gas 
wells with liquid in the well show that the bottom-hole data calcu
lated from observations at the wellhead of tubed wells are more 
reliable than those computed for wells that are not tubed and that 
tubing facilitates the removal of water, permits more efficient opera
tion and, in some wells, actually leads to an increase in the delivery 
capacity. 

The delivery capacities of gas wells in which beds of shale and 
lenticular limestone strata are included in the open hole often are 
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affected by the formation of hardened cores in the well bore. Back
pressure data are particularly valuable in studying the problem of 
accumulation of cavings in the well bore since the effect of cavings 
on the delivery capacity of a well is much more pronounced, before 
the cavings become a hardened core, throughout a high back-pres
sure range of operating conditions than during gas deliveries under 
open-flow conditions. Often the practical limits of pressure and 
flow conditions under which wells producing from friable or un
bonded formations should be operated can be established by means 
of back-pressure tests. The results of the interpretation of back
pressure data from wells subject to the accumulation of cavings 
in the well bore show that in many gas wells cavings affect the 
delivery capacities of the wells by decreasing the rate of flow of 
gas throughout the range of pressure conditions to which the well 
can be subj ected and by causing abrupt changes in the delivery 
capacities under certain conditions of pressure. Also the cavings 
may be of such a nature that there is no appreciable effect on the 
delivery capacity of the gas well. Liners often are used to protect 
gas wells subject to cavings in the well bore, and back-pressure 
tests can be used as a means for determining the need for and the 
benefit of the liners. 

Back-pressure tests of gas wells characterized by slow stabiliza
tion of pressure-flow conditions are affected in two ways: (1) The 
time required for an accurate back-pressure test often is excessively 
long, and (2) unless conditions of slow stabilization are recognized 
calculations based on observations taken under conditions of un
stabilized flow may cause erroneous interpretations of gas-delivery 
capacity. Relationships between delivery rates and pressure factors, 
P f2_P/, obtained on wells from such erroneous calculations often 
are inconsistent with relationships obtained on normal gas wells; 
and even if the relationships apparently are consistent, results of 
calculations based on unstabilized flows may indicate an erroneous 
n of the flow equation, Q=C (Pf2_Ps2) n. The conditions of slow 
stabilization of pressure flow which were experienced during some 
back-pressure tests also prevail during normal operation of many 
gas wells in delivering gas into pipe-line systems. Slow stabilization 
of pressure-flow conditions also has been noticed when open flows 
of gas wells are gaged with Pitot tubes, and the deliveries of gas 
calculated from observed impact pressures on Pitot tubes were found 
to be greater for unstabilized than for stabilized flows. 

Where gas wells are subject to very slow rates of stabilization of 
pressure-flow conditions after adjustment of the delivery rate it 
is not always possible to wait for absolute stabilization of condi
tions in the well while a back-pressure test is being conducted. 
Approximate interpretations of the delivery capacities of such wells 
can be made, however, from observations after limited periods of 
flow stabilization if the sequences of delivery rate and pressure ob
served during the back-pressure tests allow comparisons to be made 
between the results computed for increasing the rate of flow during 
a series of readings and those obtained for decreasing the rate of 
flow during a series of readings. The average relationship between 
Q and P/-P./' is based on the fact that for stabilized pressure-flow 
conditions computed values of Q corresponding to values of PI'!. - P.~"!. 

8 
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will fall on a straight line when plotted on logarithmic paper, regard
less of the sequence in which observations are obtained in the test 
series. An approximate analysis of the delivery capacity of a well 
under stabilized pressure-flow conditions can be made from data 
obtained when pressure-flow conditions are not stabilized by (1) 
determining graphically an average relationship between Q and 
P,2_P82 (representing stabilized pressure-flow conditions) from 
several relationships established when pressure-flow conditions are 
not stabilized and when the observations are made for different 
sequences of delivery rates and pressures or (2) observing the be
havior of wellhead pressures during stabilization of pressure-flow 
conditions and determining the stabilized pressures by extending 
the' curves obtained when pressure is plotted against time on co-
ordinate paper. I 

There are many natural and common factors that tend to change 
the delivery capacities of gas wells at different times in their pro
ductive life which must be considered in interpreting results of 
back-pressure tests. Back-pressure tests at different times in the 
productive life of some gas wells have indicated negligible varia
tions in the producing characteristics of the wells; that is, the rela
tionships between flow rates Q and pressure factors P,2 - P 8 2 re
mained practically the same. When this is true, results of early tests 
can be used as a basis for determining probable deliveries at later 
dates, but nevertheless occasional back-pressure tests' should be 
made on all gas wells. Because back-pressure tests conducted at 
'different times in the productive life of some gas wells indicate the 
same relationships between Q and P,2 - P 82 it should not be taken 
for granted that the relationships will be the same at all times-tests 
conducted when conditions are different may result in widely vary
ing relationships between Q and P,2 - P 82

• 

The delivery capacities of gas wells indicated by the results of 
back-pressure tests conducted at different times in the productive 
life of the wells generally change as the reservoir sands are depleted 
of gas. Decrease in delivery capacity is caused by liquid or cavings 
in the well, and there may be other influences on delivery capacity 
of gas wells that were not apparent from the studies made while the 
survey upon which this report is based was conducted. However, 
back-pressure tests frequently suggest remedial measures that 
should be adopted, and in any event results of back-pressure tests 
always can be used as a guide for a study and interpretation of con
ditions in gas wells where the changes during the productive life 
of the wells are appreciable and seriously affect normal producing 
operations. Remedial measures tending to increase the operating 
efficiency of gas wells often involve a "cut-and-try" procedure, at 
which time the results of back-pressure tests will reveal the effects 
of the remedial measures. 

One operating condition of maj or importance that affects the 
delivery capacities of gas wells as interpreted from results of back
pressure tests is the" pull" that has been made on the well just 
before the back-pressure test; in other words, it must be ascertained 
whether the well has been delivering gas at an appreciable rate 
into a pipe-line system, delivering gas at a fairly low rate, or 
shut in for some time. The operating conditions of wells in the 
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vicinity of the one being studied both at the time of and before 
the test also affect the delivery capacity. In general, back-pressure 
tests should be conducted under conditions that will reveal the 
operating delivery capacities of gas wells. 

Although a definite relationship between the delivery rate Q and 
pressure factor P,2_P,2 which can be made to apply rigidly for 
interpretation of future operations of gas wells under all operating 
conditions cannot be established from one back-pressure test thor
ough understanding of the characteristics of an individual gas well 
and the conditions under which it is operated often permits inter
pretation of back-pressure data from which relationships can be 
established that will be applicable to most efficient operating con
ditions. Such interpretation of back-pressure data and considera
tion of the possibilities of factors that can change producing charac
teristics permit using back-pressure data from one test or from 
a series of tests to forecast future conditions of operation. Curves 
expressing graphically the relationship between absolute open flow 
of a gas well expressed as a percentage of basic absolute open flow 
and the absolute formation pressure in the sand expressed as a 
percentage of basic absolute formation pressure are included in this 
report (fig. 26). The curves apply strictly to conditions of no change 
in the producing characteristics of a gas well as expressed by the 
formula Q=C(Pl_p,2)n, and usually this condition is not found 
in most gas wells. However, if the curves are used in combination 
with results of a series of back-pressure tests and with knowledge 
of the manner in which different factors influence certain gas wells 
they will be found helpful in solving many gas-production problems, 
such as forecasting drilling requirements, estimating future produc
tion rates, and planning compressor and pipe-line installations. 
However, in using the data for such studies the back-pressure tests 
should be conducted under conditions representative of those under 
which gas wells operate. 

The producing formations of gas wells are treated with acid and 
gas wells are shot to stimulate the flow of gas through the forma
tion to the wells and to increase the delivery capacities of gas wells. 
Back pressure data can be used advantageously to determine the 
effect of acid treating and shooting on the delivery capacities of 
gas wells and on the ultimate recovery of gas from underground 
reservoirs. 

It is believed that the principles evolved during the study of 
gaging gas-well deliveries can be used advantageously to furnish 
basic data upon which to plan gas-storage projects. For example, 
the gas-delivery capacity of a well or group of wells in an area that 
is being considered for a gas-storage project can be determined 
from back-pressure tests. It then is possible to obtain basic pres
sure and flow data when gas is put into the producing formation. 
Interpretation of such data can be used as a basis for estimating 
the number of wells that should be operated and the compressor 
capacity required to make the project an economic success. 

Results of back-pressure tests on gas wells not only can be in
terpreted to give the open-flow delivery and gas-delivery capacity 
of individual wells but can be applied to a group of wells in a gas 
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field for the formulation of development programs to determine the 
rate of availability of gas at different operating pressures for pipe
line requirements; also for determining the shut-in formation pres
sure corresponding to the minimum wellhead pressure and rate of 
delivery at which a number of wells can be operated economically. 
The data from back-pressure tests of gas wells also provide a 
basis for the study of problems involving the efficiency of natural
pressure utilization in the operation of gathering and transporta
tion systems. For example, gas-operating companies usually con
duct careful annual surveys of their gas systems to determine the 
economic balance between the gas-delivery capacities from their gas 
reserves, the capacities of their gathering and transmission systems 
to deliver the gas from the gas fields to the markets, and their 
market requirements; back-pressure data obtained from the gas 
wells can be made an important source of information in deciding 
how the gas wells should be operated, how the natural pressure can 
best be utilized, whether additional gas-compressing facilities are 
needed, whether additions should be made to gathering and trans
mission pipe-line facilities, and whether additional gas wells should 
be drilled. 

APPENDIX 1. MEASUREMENT OF DELIVERY RATES WITH 
ORIFICE METERS DURING BACK-PRESSURE TESTS 

OF GAS WELLS 

The following example illustrates certain factors that must be 
considered in measuring delivery rates of gas with an orifice meter 
during back-pressure tests of gas wells when there is a constant 

TABLE 21.-Description of gas wells and measuring facilities illustrating use of orifice 
meters under constant static pressure conditions during back-pressure tests of gas wells 

Descriptive items Well I Well II 

1,000 1,000 
30,000 30,000 
3,000 3,000 

6 6 

Shut-in formation pressure .................................. .lb. per sq. in. abEolute 
Absolute open flow ......................................... M cu. ft. per 24 hours 
Depth of well .............................................................. feet 
Nominal diameter of flow string ............................................ inches 
Specific gravity of gas (air = 1.(0). . . . . . . . . . . . . . .. . ............................. . 0.6 0.6 
Value of exponent n1 •••••••••••••••..••.•••••.•...••••••••••••••••.••••••••••••• .55 .90 
Diameter of meter run ................................................... .inches 6 6 
Type of connection on meter .................................................... . Pipe2 Pipe2 

6 X 23 6 X 23 

6 X 3~{ 6 X 3\4 
Size of orifice plate in meter. . ............................................. inches 

Static pressure range of orifice meter .................................. lb. per sq. in. o to 500 o to 500 
Differential pressure range of orifice meter. . . . . . . . . . . . . . . . . .. . ...... inches of water o to.50 o to 50 

o to 100 o to 100 

I From pressure-flow relationship, Q = (P,! _ P.2)." 
2 Pressure connections at distance of 21/z-pipe diameters upstream and 8 pipe diameters downstream from orifice plate. 
3 Diameter of meter run, 6 inches; diameter of orifice, 2 inches. 

pressure on the meters. Assume that back-pressure tests are to be 
made on two gas wells from which gas is being delivered into gather
ing systems operating at a constant pressure of 475 pounds per 
square inch absolute and that delivery rates are to be measured 
with orifice meters rated to operate at a maximum working pressure 
not to exceed 500 pounds per square inch absolute. Descriptions of 
the wells and measuring facilities are shown in table 21. 

The range of delivery rates Q and the corresponding back pressure 
at the sand P R , for a range of differential pressure from 5 to 45 and 
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from 10 to 90 inches of water, that can be measured with a 2-inch 
orifice in the 6-inch meter run are described in table 22 and ilius
trated in figure 34. The delivery rate from well I (n = 0.55) ranges 
from 1,367,000 to 4,100,000 cubic feet of gas per 24 hours, corre
sponding to a differential pressure range on the orifice meter of 
5 to 45 inches of water, with a 2-inch orifice in the meter" run." 
The corresponding pressure at the sand P s, ranges from 998 to 
986 pounds per square inch absolute as illustrated by C, well I 
(fig. 34). With the same size of orifice in the meter run, the de
livery rate from the well ranges from 1,930,000 to 5,780,000 cubic 
feet of gas per 24 hours, corresponding to a differential-pressure 
range on the orifice meter of 10 to 90 inches of water, as illustrated 
by A, well I (fig. 34). The corresponding pressure at the sand Px, 
ranges from 996 to 974 pounds per square inch absolute. In com
parison, the delivery rate from well II (n= 0.90) ranges from 
1,367,000 to 4,100,000 cubic feet of gas per 24 hours corresponding 
to a differential-pressure range of 5 to 45 inches of water, while the 

TABLE 22.-Range of back-pressure data for gas deliveries from gas wells against constant 
pipe-line pressures1 

12-inch 07ifice in 6-inch linel 

Range of differential pressures on orifice meter 

o to 50 inches of water2 
Data 

Differential 
pressure of 
5 inches of 

water 

WeU I, n = 0.55 
Rate of flow Q . .. . " ...... ...... . .. M cu. ft. per 24 hO'Jrs 1,367 
Corresponding back preil8ure at sand P •. .lb. per sq. in. absolute 998 

Well II. n = 0.90 
Rate of flow Q . ......... . ........ M cu. ft. per 24 hO'Jrs 1,367 
Corresponding back pressure at sand P •. . lb. per sq. in. absolute 983 

I Description of gas wells and measuring facilities is given in table 21. 
2 Designated by C (fig. 34), on respective wells. 
3 Designated by A (fig. 34), on respective wells. 

Differential 
pressure of 
45 inches of 

water 

4,100 
986 

4,100 
943 

o to 100 inches of water3 

Diff erential Differential 
pressure of 
10 inches of 

pressure of 
90 inches of 

water water 

1,930 5,760 
996 974 

1,930 5,780 
975 916 

back pressure at the sand P s, ranges from 983 to 943 pounds per 
square inch absolute, as illustrated by C, well II (fig. 34). The 
delivery rate from well II ranges from 1,930,000 to 5,780,000 cubic 
feet of gas per 24 hours, corresponding to a differential pressure 
range on the meter of 10 to 90 inches of water, while back pressure 
at the sand ranges from 975 to 916 pounds per square inch absolute, 
as illustrated by A, well II (fig. 34). The above illustration em
phasizes that the character of flow from gas wells as defined by the 
relationship between delivery rate Q and pressure factor P,2_Ps2 is 
an important consideration in back-pressure tests of gas wells. 

If the 2-inch orifice in the 6-inch meter run is replaced with a 
3t-inch orifice the additional back-pressure data shown in table 23 
can be obtained. 

The variation in pressure-flow data that can be obtained in back
pressure tests of gas wells where there is a controllable static pres
sure on the orifice meter is illustrated by the following example: 
Assume that back-pressure tests are to be made on the same two 
gas wells described in table 21, except that the gas normally is de-
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TABLE 23.-Range of back-pressure data for gas deliveries from gas wells against constant 
pipe-line pressures l 

[3~-inch orifice in 6-inch line] 

Range of differential pressure on orifice meter 

... o to 50 inches of water2 
Data 

Differential 
pressure of 
5 inches of 

water 

weU I, n = 0.55 
Rate of flow Q . .•••••••••••••••....••. M cu. ft. per 24 homa 4,250 
Corresponding back pressure at sand P, . .lb. per sq. in. absolute 985 

weU II, n = 0.90 
Rate of flow Q ........................ M ell. ft. per 24 homa 4,250 
Corresponding back pressure at sand P, . .lb. per sq. in. absolute 940 

I Description of gas wells and mea.suring facilities is given in table 21. 
I Designated by D (fig. 34) on respective wells. 
I Designated by B (fig. 34) on respective wells. 

Differential 
pressure of 
45 inches of 

water 

12,750 
887 

12,750 
781 

o to 100 inches of water3 

Differential Differential 
pressure of pressure of 
10 inches of 90 inches of 

water water 

5,990 17,980 
973 778 

5,990 17,980 
918 661 
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livered into a gathering system against a pressure of 100 pounds per 
square inch absolute. If the capacity of the pipe-line system can 
absorb the increased delivery rates the range of pressure and flow 
data given in table 24 and illustrated in figure 34 can be obtained 
with a 3i-inch orifice in the 6-inch line. 

As shown in table 24, a delivery rate ranging from 1,944,000 to 
13,040,000 cubic feet of gas per 24 hours, corresponding to a differ
ential-pressure range of 5 to 45 inches of water, can be obtained 
on well I if the 3i-inch orifice is used under the assumed conditions 
of flow. The corresponding back pressures at the sand P a range 
from 996 to 878 pounds per square inch (see E, well I, fig. 34). Also 
delivery rates ranging from 1,944,000 to 13,040,000 cubic feet of 
gas per 24 hours corresponding to a differential-pressure range of 
5 to 45 inches of water, can be obtained on well II if the 3i-inch 
orifice is used under the assumed conditions of flow, and the corre
sponding pressures at the sand P8 will range from 975 to 775 pounds 
per square inch absolute. The advantage of using orifice meters 
under conditions of controllable static pressure in back-pressure 

TABLE 24.-Range of back-pressure data for gas deliveries from gas weUs against controllable 
pipe-line pressures1 

[3!4'-inch orifice in 6-inch line] 

Static pressure Differential 
Well no. on orifice meter, pressure on 

lb. per sq. in. orifice meter. 
absolute inches of water 

I--n = 0.55 ........................... 100 5 
500 45 

I1-n = 0.90 .......................... 100 5 
500 45 

1 Description of gas wells and measuring facilities is given in table 21. 
S Designated by E (fig. 34) on respective wells. 

Rate of flow, Back pressure 

M cu. ft. per at sand P., 
24 hours2 lb. per sq. in. 

absolute2 

1,944 996 
13,040 878 
1,944 975 

13,040 775 

tests of gas wells is that desired ranges of data can be obtained with
out frequent changes in the size of orifice plates used for measuring 
the rates of gas delivery, 

Charts similar to that illustrated in figure 34 can be constructed 
for other types of wells and other conditions of flow, and used to 
facilitate the planning of back-pressure testing programs. 

APPENDIX 2. DESIGN AND USE OF CRITICAL-FLOW PROVERS TO 
MEASURE DELIVERY RATES OF NATURAL GAS 

The essential features of 2-inch and 4-inch internal-diameter 
provers are shown in detail in figures 35 and 36. 

The 2-inch prover (fig. 35) consists essentially of a cylindrical 
steel bar 12 inches long with a 2-inch-diameter bore. The upstream 
end of the bar is threaded on the outside with a standard pipe thread 
and the downstream end with a special thread. A i-inch recess 
21 inches in diameter at the downstream end of the bar accommo
dates an orifice plate. A gasket is placed between the orifice plate and 
the face of the recess, and the orifice plate is held in the recess by 
the cap on the head (downstream end) of the prover. A spanner 
wrench is used to tighten the cap against the face of the prover and 
thus prevent leakage of gas. The connection for measuring the pres-
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sure in the prover is made by drilling a hole in its head, tapping 
the hole for a i-inch pipe thread, and using a -l-inch nipple and 
gate valve. The temperature of the gas passing through the prover 
is found by reading a thermometer inserted in a thermometer well 
welded into the pipe. An additional connection to relieve pressures 
that might accumulate when orifice plates are changed due to leak
age of gas through the valves on wellhead connections is made by 
drilling and tapping a i-inch standard pipe-thread hole in the prover 
into which a i-inch nipple fitted with a i-inch valve is screwed. The 
i-inch valve is closed when pressure and temperature observations 
are made. This construction feature (see B, fig. 2) is especially 
helpful when small orifices are used in the prover. 

The 4-inch prover illustrated ih figure 36 consists essentially of 
a heavy, seamless steel nipple 12 inches long, with an inside diameter 
of approximately 4 inches. The upstream end is threaded outside 
with a standard pipe thread; the other end is tapered and threaded 
on the outside for a specially constructed steel head, which is re
cessed and faced so that an orifice plate 4i inches in outside diameter 
can be fitted in the recess. A gasket is placed between the orifice 
plate and the face of the recess, and the orifice plate is held in posi
tion securely by a cap threaded on the outside to fit the threads inside 
the prover head. Special holes are drilled in the cap so that a span
ner wrench can be used to tighten the cap in the prover head. The up
stream pressure on the orifice is obtained at the i-inch pressure con
nection, and the up-stream temperature is observed with a mercurial 
thermometer inserted in the thermometer well which is screwed 
into a i-inch pipe collar welded into the pipe at an angle of 15° 
from the horizontal. A pressure release-a I-inch hole drilled and 
tapped for a I-inch nipple fitted with a I-inch valve-is provided to 
facilitate changing of orifice plates. 

Measurement of the rate of delivering natural gas through criti
cal-flow provers is based upon the fundamentals of gas flow through 
orifices under critical conditions.41 Delivery rates are governed by 
the upstream pressure on the orifice and are not affected by the 
downstream pressure throughout a definite range of pressure con
ditions. Under the conditions the flow is "critical"; that is, the 
velocity has reached a maximum and remains constant, and the de
livery rate is governed by the density of the gas. Therefore the 
rate of flow is <yrectly proportional to the absolute upstream pres
sure and does not change so long as the upstream pressure remains 
constant, regardless of any change in the downstream pressure. 

Theoretically the flow of air through an orifice under conditions 
of adiabatic and frictionless flow is critical when the ratio between 
the downstream and upstream pressures is less than 0.528 (where 
ratio of specific heats is 1.4 and ratio of orifice to' pipe diameter 
approaches zero). However the flow of natural gas through small 
straight-edge orifices with diameters less than 0.6 pipe diameter 
is critical for ratios of absolute downstream pressure to absolute 
upstream pressure less than values varying with conditions from 
approximately 0.56 to 0.58. Therefore, if the pressure of the gas 
on the upstream side of an orifice is 500 and on the downstream 

U Rawlins. E. L. (Bureau of Mines), Flow of Air and Gas Through Small Orifices: on 
and Gas ,ToUl'., May 10, 1928, p. Ill, 
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side 200 pounds per square inch absolute the ratio of the down
stream to upstream pressure is 0.40. The flow is then critical, and 
as long as the pressure on the upstream side of the orifice remains 
500 pounds per square inch the downstream pressure can range 
from 15 to 280 pounds per square inch without affecting the up
stream pressure or changing the rate of flow of gas. The formula 
used for computing rates of flow of gas through an orifice under 
conditions of critical flow is: 

CP 
Q= VGT ' 

where Q=rate of flow, M cubic feet per 24 hours at a pressure of 14.4 pounds 
per square inch and a temperature base of 60° F.; 

C = coefficient; 
P=upstream pressure, pounds per square inch absolute; 
G=specific gravity of the gas (air=1.00); 
T=temperature of flowing gas, of. absolute. 

The above formula does not take account of the effect of deviation 
of the gas from Boyle's law. 

CALIBRATION OF ORIFICES FOR 4-INCH CRITICAL-FLOW PROVER 

Four sets of orifices to use with the 4-inch prover were made at 
the Petroleum Experiment Station of the Bureau of Mines, Bartles
ville, Okla. The orifices were machined carefully, but no special 
precautions were taken to make each set conform exactly to the 
others. Coefficients then were determined by calibrating the orifices 
to determine the average variation in coefficients for the same size 
of orifices due to small variations in the diameter and conditions of 
the upstream edges. The orifices for each set had the following 
diameters: 1, i, i, i, i, I, 1, Ii, 11, Ii, Ii, Ii, 2, 21, 2i, 2i, and 3 
inches. 

The gas used for the calibration tests was taken from a gas well 
having a shut-in wellhead pressure of approximately 420 pounds 
per square inch gage and an open-flow volume of approximately 
80,000,000 cubic feet of gas per 24 hours. The delivery capacities 
of the well at high back pressures were large enough to obtain steady 
conditions of flow, even for the delivery rates required for the 
calibration of the larger sizes of orifices. The gas was measured 
through two parallel 6-inch orifice-meter settings with a header 
at each end of the meter settings. The distance from the upstream 
header to the orifice meters was approximately 60 feet, equivalent 
to 120 pipe diameters, and that from the orifice meters to the down
stream header approximately 40 feet (80 pipe diameters). The 4-
inch prover was connected to the end of a j oint of 4-inch pipe leading 
from the downstream header. 

Examples of the data (table 25) obtained during the tests on dif
ferent sizes of the orifices show a variation of only a fraction of 1 
percent in the coefficient of the critical-flow formula for each ori
fice throughout an appreciable range in absolute upstream pressures 
on the orifice. The data also give information on the effect of the 
deviation of natural gas from Boyle's law on calculations of delivery 
rates through orifices under critical-flow conditions. Practically the 
same pressures were observed on the orifiCe meter and on the critical
flow prover for each test, and the deviation of natural gas from 
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Boyle's law was not considered in the orifice-meter formula or in
cluded in the formula written for the flow through the prover ori
fices under critical-flow conditions. The coefficients of the prover 
orifices were obtained by equating the orifice-meter formula to 
critical-flow formula. Therefore, the correction for deviation of 
natural gas from Boyle's law should be made in the critical-flow 
formula in the same manner as in the orifice-meter formula 42; that 
is the rate of flow before correcting for deviation of natural gas 

from Boyle's law should be multiplied by the factor V 1 + l~O' where 

N is the percent deviation 43 of natural gas from Boyle's law. 

TABLE 25.-Examples of data obtained in calibrating orifices under critical-flow conditions 

Static pressure Upstream pressure Coefficient I Maximum 
on critical-Bow in critical-flow variation of Size of orifice in prover on orifice meter, prover, formula, coefficient, lb. per sq. in. aba. lb. per sq. in. aba. (calculated)l percent 

Ys-inch No.4 .............. .......... 169.07 168.87 305.1 
117.37 117.17 304.2 0.33 
83.87 83.87 304.1 

~-inch No.3 ......................... 279.1 278.8 223.5 
188.6 188.6 223.3 .13 
140.4 140.3 223.6 

~inch No.4 ......................... 326.9 326.6 156.8 
257.6 257.5 156.5 .38 
208.7 208.7 156.2 

1Ys-inch No.2 ........................ 209.0 208.1 499.6 
156.7 156.2 499.8 .04 
125.1 124.6 499.6 

l~inch No.4 ........................ 192.5 190.5 741.0 
155.1 153.5 741.6 .08 
127.6 126.3 741.6 

172-inch No.4 ........................ 130.1 128.2 885.9 
110.6 109.1 885.4 .35 
95.0 93.7 882.8 

l~-inch No.2 ........................ 137.1 135.0 1,209 
119.2 117.4 1,208 .08 
99.7 98.2 1,208 

2-inch No.3 .......................... 194.6 189.1 1,596 
169.8 165.0 1,593 .19 
148.6 144.3 1,596 

~inch No.1 ........•................ 295.0 295.0 157.0 
216.9 216.8 156.9 .19 
140.1 140.2 156.7 

72-inch No.4 .......................•. 284.4 284.2 99.74 
256.0 255.9 99.64 .10 
213.3 213.2 99.69 

1 Deviation of natural gas from Boyle's law not considered. 

Coefficients for all of the orifices made for the 4-inch critical-flow 
prover are shown in table 26, together with their maximum varia
tion for the four different orifices of each size and the average 
coefficient for each size of orifice. The variation in the coefficient 
is comparatively small for orifices having a diameter of i inch or 
more; it is believed that such orifices can be machined carefully to 
size, and the average coefficients shown in table 26 can be used for 
routine computations, thereby obviating the necessity of calibrating 
each particular orifice used in conducting back-pressure tests on 

U American Gas Association, Natural Gas Department: Gas Measurement Committee 
ReDt. I, p. 12. 

6lI Johnson. T. W., and Berwald, W. B. Deviation of Natural Gas from Boyle's Law: Tech. 
Paper 1539, Bureau of Mines, 1932, pp. 25-26. Johnson and Berwald use symbol n to denote 
percent deviation from BoYle's law at a given pressure, P. In this report the symbol N 
is used instead, to avoid confusion with the exponent n of equation Q == O(P,2 _ P.2)". 
This use of N to designate percent deviation conforms to the notation in Gas-Measurement 
Committee Report I, Natural-Gas Department, American Gas Association. 
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gas wells. There is some question as to whether coefficients should 
be established by actual calibration for the -!-inch and smaller sizes 
of orifices or whether duplicate orifices can be machined and the 
average coefficients shown in table 26 used for routine computations. 
For accurate measurements, the best practice doubtless would re
quire the establishment of a coefficient by actual calibration for each 
orifice with a diameter of less than i inch. 

CALIBRATION OF ORIFICES FOR 2-INCH CRITICAL-FLOW PROVER 

Calibration tests were made on four sets of orifices for the 2-inch 
prover. The sizes of orifices for which coefficients were established 
are 110' ;i\, i, i8' :l"'J.' i, {'rr, i, 1

7
8' i, ~, ~, ~, 1, 1]-, It, Ii, and Ii inches. 

The equipment and experimental procedure used for the calibration 
tests were similar to those used for the 4-inch prover. 

TABLE 26.-Coefficients1 of orifices for 4-inch critical-flow prover 

N umber of orifice set Maximum Size of orifice, variation, Average 
incbes coefficient 

1 2 3 4 percent 

~ ................ - 24.73 24.74 25.37 24.83 2.59 24.92 
~ ................. 56.00 55.88 56.07 56.07 .34 56.01 
~ ................. 100.8 100.1 100.3 99.69 1.11 100.2 
~ ................. 156.9 155.9 155.5 156.1 .90 156.1 
~ ................. 224.5 233 .5 223.5 223.2 .58 223.7 
~ ................. 303.9 304.4 303.8 304.5 .23 304.2 

1 ................. 396.5 396.3 396.0 396.4 .12 396.3 
1~ ................. 500.2 499.7 498.5 498.5 .34 499.2 
1~ ................. 616.0 619.2 615.6 615.0 .68 616.4 
1~ ................. 743.4 741.3 742.4 741.4 .28 742.1 
1~ ................. 884.7 883.5 884.2 884.7 .14 884.3 
1~ ................. 1,209 1,208 1,207 1,208 .17 1,208 
2 1,595 1,601 1,595 1,595 .38 1,596 
2~::::::::::::::::: 2,049 2,044 2,047 2,043 .39 2,046 
2~ ................. 2,569 2,562 2,564 2,569 .27 2,566 
2~ .•............... 3,177 3,175 3,180 3,177 .16 3,177 
3 a •••••••••••••••• 3,911 3,906 3,903 3,897 .36 3,904 

1 Coefficients obtained from tbe formula. 
CP J 

Q""v'W' 
where Q "" rate of How, M cubic feet per 24 bours, at pressure base of 14,4 pounds per square inch, and temperature base 

of 6O"F.; 
C "" coefficient for prover orifice; 
P "" upstream pressure on orifice, pounds per square inch absolute; 
G = specific gravity of gas (air = l.oo); 
T = absolute Howing temperature, OF. 

Deviation of natural gas from Boyle's law not considered . 

. Coefficients of the orifices calibrated for the 2-inch critical-flow 
prover are shown in table 27 together with their maximum varia
tion for the four different orifices of each size and the average co
efficient for each size of orifice. 

ADVANTAGES OF MEASURING DELIVERY RATES OF NATURAL GAS WITH 
CRITICAL-FLOW PROVERS 

Critical-flow provers are particularly well-adapted for measuring 
delivery rates during back-pressure tests on gas wells, especially 
where the gas is vented to the atmosphere. Since the downstream 
pressure is atmospheric and the upstream pressure usually is com
paratively high the ratio between the downstream and upstream 
pressures is very low and critical-flow assumptions are applicable. 
Furthermore, under conditions of critical-flow measurement diffi
culties due to turbulence are eliminated. The American Gas As-
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sociation H has pointed out the difficulties of measuring flows of gas 
with orifice meters when the flow is turbulent and when there:are 
obstructions to the gas flow. When gas is measured with orlfice 
meters measurements are made under conditions of noncritical flow, 
and the calculations are based on differential pressure (usually in 
inches of water) across the orifice and the upstream or downstream 
static pressure. Accordingly, any disturbance in the gas stream 
that may affect the differential pressure across the orifice also 
affects the accuracy with which the rate of flow of gas is measured. 
The same argument applies to noncritical flow of gas through 
orifices where the flow is vented to the atm.osphere. Disturbances 
in the gas stream, however, do not have an appreciable effect on 
measurement of gas flows under critical conditions because the 
measurement depends only upon the upstream pressure on the 
orifice and is not affected by the differential pressures across the 
orifice. These facts are important considerations that should be 

TABLE 27.-Coefficients1 of orifices for 2-inch critical-flow prover 

N umber of orifice Bet Maximum Size of orifice, variation, Average 
inches coefficient 

1 2 3 4 percent 

lie ................. .. 1.498 1.521 1.552 3.61 1.524 
~ ................. .. 3.374 3.336 3.354 1.14 3.355 
Ys ................. .. 6.221 6.361 6.322 2.25 6.301 
~ ................. .. 14.17 14.72 14.53 3.88 14.47 
~ ................. .. 19.97 19.60 20.33 3.82 19.97 
~ ................. .. 26.04 25.56 25.99 1.88 25.86 
~ ................. .. 39.48 39.50 40.32 2.13 39.77 
~ ................. .. 56.40 55.90 57.43 2.74 56.58-' 
lie· ................ .. 80.23 80.93 82.10 2.33 81.09 
72 ................. .. 100.6 . 101.8 102.9 2.29 101.8 
~ ................. 153.2 153.2 155.6 1.56 154.0 
~ ................. 22a.4 225.5 223.2 225.5 1.03 224.9 
~ ................. 307.4 308.4 307.2 314.2 2.31 309.3 

1 405.4 409.0 402.0 410.4 2.09 406.7 
lYs:::::::::::::::: : 516.7 520.1 523.0 523.2 1.26 520.8 
IJ.i ................. 653.3 650.9 651.4 674.4 3.61 657.5 
1~ ................. 799.4 805.9 815.8 810.2 2.05 807.8 
1~ ................. 979.7 994.1 993.8 1,041.6 6.32 1,002.0 

Bee footnote 1. table 26. 

taken into account in testing gas wells by the back-pressure method 
when measurement of gas deliveries is made at the wellhead, where 
turbulence in the flow often is created by wellhead fittings. The 
authors found that at many wells where it was desired to use a 
4-inch critical-flow prover for measuring the gas deliveries the only 
connection on the wellhead to which the back-pressure measuring 
equipment could be attached was a 2-inch opening, swedged from 
a 6-inch fitting. Removal of the 6- by 2-inch swedges increased the 
labor costs and time required for conducting the back-pressure tests. 
Accordingly, a series of special tests was made to determine what 
effect, if any, the swedged connections had on measurement of gas 
deliveries under critical-flow conditions. The experimental set-up 
employed in calibrating the orifices for the critical-flow provers was 
used for these tests. Two 4- by 2-inch swedges and a 2-inch nipple 
were connected in series and installed in the set-up just upstream 
from the 4-inch prover. Observations then were made for flows 

«American Gas Association, Natural Gus Department: Gas Measurement Committee 
Rept. 1, 13 pp. 
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through several of the orifices under different pressures. Coeffi
cients determined for the orifices with and without the swedged con
nection in the set-up are given in table 28. The maximum difference 
between the coefficients with the swedged connection and those 
without the swedge in the set-up is less than 1 percent, which is 
within the accuracy of gas-delivery measurements required for back
pressure tests of gas wells. 

A critical-flow prover with a series of orifices can be used in either 
of two ways to obtain data for a back-pressure test on a gas well. 
A different size of orifice can be used to measure each flow rate in 
a series of 4 or 5 determinations with the orifice the only means 
of regulating the wellhead pressure and the gas-delivery rate; or, 
if desired, the wellhead pressure and the delivery rate can be regu
lated by one of the valves on the wellhead and the delivery rate 

TABLE 28.-Effect of swedge connection on critical-flow coefficients of orifices for a 4-inch 
critical-flow prover 

Critical-How coefficients 
Differential Variation in 

Bize of orifice pressure acr058 
With swedge coefficient, 8wedge, Without 8wedge 

lb. per 8q. in. connection connection percent 

in set-up in set-up! 

l~inch, No.2 ................................ 16.7 879.9 883.5 -0.41 
13.6 877.4 883.5 - .69 
12.9 878.1 883.5 - .61 

2-inch, No.2 .................................. 53.9 1,588.0 1,601 - .81 
47.5 1,589.0 1,601 - .75 
37.9 1,587.0 1,601 - .87 
60.7 1,590.0 1,601 - .69 
42.7 1,587.0 1,601 - .87 
28.1 1,588.0 1,601 - .81 

2~inch, No.2 ................................ 143.5 2,567.0 2,550 + .67 
111.6 2,534.0 2,560 -.63 
76.4 2,549.0 2,550 - .04 

I-inch, No.2 .................•................ 1.1 394.7 396.3 -.40 
1.5 394.9 396.3 - .35 
2.8 397.8 396.3 + .38 

40.5 395.1 396.3 - .30 
91.1 394.2 396.3 - .53 

119.9 395.0 396.3 - .33 

I Obtained from. table 26. 

measured with any suitable orifice in the critical-flow prover. This 
last procedure permits more than one delivery rate to be measured 
in the series of observations with one size of orifice, but it is . believed 
that best results can be obtained by regulating wellhead pressures 
and delivery rates with the orifices and using only one size of orifice 
for each observation. Regulating pressures and flow rates with 
orifices often eliminates difficulties due to freezing and minimizes 
wear on the valves; and more reliable data on the temperatures of 
the flowing gas at the wellhead can be obtained than when regulating 
by other means. 

Figure 37 shows the relationships between pressure and delivery 
rate for flow of gas through different sizes of orifices in a 4-inch 
prover, and figure 38 shows the corresponding data for the flow 
of gas through different sizes of orifices in a 2-inch prover. The 
charts in figures 37 and 38 will be found helpful in selecting sizes 
of orifices for regulating and measuring deliveries in back-pressure 
tests of gas wells. . 
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APPENDIX 3. MEASUREMENT OF GAS-DELIVERY RATES WITH 
CHOKE NIPPLES 

Back-pressure tests were made on two types of gas wells where 
the gas was vented to the atmosphere, and attempts to measure the 
delivery rate with orifices in a critical-flow prover were unsatisfac
tory. Abrasive sand particles carried with the gas flow in one type 
of wells distorted and chipped the soft steel orifices used by the 
authors 45 and made them unfit for accurate measurement of gas 
delivery. Back-pressure tests on gas wells of the second type having 
extremely high formation pressure showed that the critical-flow 
prover and orifices required to withstand high pressure were so 
heavy that they were cumbersome to handle. Consequently, choke 
nipples were used to measure and regulate the delivery of gas during 
back-pressure tests on these two types of wells. The slight enlarge
ment of the opening of choke nipples during the time required for 
seven back-pressure tests where the gas flows were accompanied by 
highly abrasive sand which previously had ruined a number of 
the soft-steel orifice plates for the critical-flow prover apparently 
had little effect on the measurement of gas delivery. At certain 

~ _______________ ,~H ______________ ~ 
t----- 6 H

------... 

FIGURE ..a9.-0ne design of choke nipple for regulation and 
measurement of deliveries of gas from gas wells 

wells, however, even choke nipples would not long withstand the 
abrasive action of sand moving at high velocity. 

The design of one type of choke nipple 4{1 is shown in figure 39. 
The nipple is threaded on the outside with a standard pipe thread to 
permit direct connection to wellhead fittings. The same principles 
of flow apply to choke nipples and orifices when the flow is critical; 
that is, under conditions of relatively high pressure on the upstream 
and atmospheric pressure on the downstream end of the choke nipple 
the delivery rate depends upon the upstream pressure and the spe
cific gravity and absolute flowing temperature of the gas, or 

CP 
Q=-=, 

yGT 

where Q=rate of flow, M cubic feet per 24 hours at a pressure of 14.4 pounds 
per square inch and a temperature base of 60° F.; 

C = coefficient; 
P=upstream pressure, pounds per square inch absolute; 
G=specific gravity of gas (air=1.00); 
T=temperature of flowing gas, OF. absolute 

Coefficients 41 for the different sizes of flow passages in a 2-inch 
outside-diameter choke nipple are shown in table 29. The coefficients 

.a See footnote 15 • 

.. Diehl. John C •• Natural-Gas Handbook: Metric Metal Works, Erie, Pa., 1927, p. 295. 
H Based on calculations from Diehl, John C., Natural-Gas Handbook: Metric Metal Works, 

Erie, PD., 1927, p. 294. 
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are higher for choke nipples than for corresponding sizes of straight
edged orifices; that is, the " efficiency" of gas flow through a choke 
nipple is higher than through a straight-edged orifice of the same 
diameter. 

TABLE 29.--Coe.ificients1 for choke nipples when 
me.asuring delivery rates under conditions of critical 

flow 

Size of choke, Coefficient' Bize of choke, Coefficient' in. in. 

!1 6.25 ~ 85.13 
~ 14.44 112.72 
~ 26.51 ~ 179.74 
~s 43.64 ~ 260.99 
% 61.21 .. .. 

1 Based on data from Diehl, John C., Natural-Gaa Handbook: 
Metric Metal Works, Erie, Pa., 1927. p. 294. 

. CP 
I CoeffiCIent C in formula. Q ... _ J- • 

-vaT 
where Q ... rate of Bow, M co. ft. per 24 hours at prel!ll1lre base of 

14.4 lb. per sq. in. and temperature base of 60 OF 
C ... coefficient; 
P ... upstream pressure, lb. per sq. in. absolute; 
a == specific gravity of gas (air ... 1.00); 
T ... temperature of flowing gas, OF. absolute. 

APPENDIX 4. MEASUREMENT OF GAS-DELIVERY RATES 
WITH PITOT TUBES 

The Pitot tube is used for determining the velocity of fluids in 
motion. It is simply an instrument that measures the static pressure 
of the gas stream and at the same time the static pressure plus the 
dynamic pressure of the flow-the difference between these pres
sures being the impact pressure of the flow. The impact pressure 
element is a small bent tube, the short leg of which is inserted in 
the gas stream at the desired point with the plane of the opening in 
the tip perpendicular to the direction of the flow of gas. The planes 
of the openings through which the static pressure is determined 
parallel the direction of flow. With noncompressible fluids and gases 
on which the static pressure in the plane of the opening in the Pitot
tube tip is equivalent to that of the atmosphere the approximate 
velocity of flow is calculated from the specific gravity and tempera
ture of the fluid, the diameter of the gas stream, and the impact 
pressure, if the velocity distribution in the stream is normal. Any 
difference between the static pressure and atmospheric pressure 
has to be considered in calculating the velocity of flow of compres-
sible fluids. . 

It is common practice throughout the natural-gas industry to use 
only the impact pressure element of the Pitot tube when the open
flow deliveries from natural-gas wells are measured, and only two 
observations are made when an open-flow test of a gas well is 
made-the pressure registered by the impact element of the Pitot 
tube and the diameter of the pipe or flow nipple through which the 
gas is discharged. 

It was the practice for some time to hold the tip of the impact 
pressure element in the plane of the opening of the flow nipple at 

9 
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a distance from the inner wall of the nipple equal to one third the 
diameter of the opening when impact pressure was observed, and 
the rate of flow then was interpreted from. published tables 48 which 
apparently had been calculated from a formula derived in a manner 
similar to that first suggested by Robinsori. 49 Generally the in
terpreted values obtained from the published tables were recorded 
as the open-flow capacities of gas wells without further correction. 
Although Robinson published a formula for computing gas deliv
eries measured with Pitot tubes that took into account differences 
between static and atmospheric pressures the formula was used 
rarely in calculating the open-flow deliveries from natural-gas wells. 

Reid (;0 discusses the results of some experimental tests on measur
ing gas deliveries with Pitot tubes which led him to find some seri
ous errors in the published tables calculated from the adiabatic 
formula for flow of gas, with the assumption that the static pres
sure of the gas stream as it leaves the pipe is equal to atmospheric 
pressure. Obviously such conditions are not applicable because the 
static pressure is greater than atmospheric when the impact pres
sure is more than 12 fo 14 pounds per square inch. Reid found that 
when the velocity of the gas flowing from a pipe is equivalent to the 
velocity of sound in gas-a condition comparable to the critical flow 
of gases through orifices-there is a definite ratio between the ab
solute static pressure of the jet and the absolute impact pressu:'e; 
he also found that the rate of flow is directly proportional to the 
absolute impact pressure. 

Reid published the following formulas, based upon experimental 
observations, for calculating gas delivery rates measured with a 
Pitot tube. 

Formula 1. Where the impact pressure is less than 15 pounds per square 
inch gage the formula is: 

Q=34.69 crv'W, 
or Q=128.0 crv' M, 
or Q=182.6 crv' P, 

where Q=rate of flow, M cubic feet per 24 hours, for a pressure base of 14.7 
pounds per square inch, a temperature of 60° F., and a specific 
gravity of 0.6; 

d=internal diameter of discharge pipe, inches; 
W=impact pressure, inches of water gage, at center of pipe; 
M = impact pressure, inches of mercury gage, at center of pipe; 
P=impact pressure, pounds per square inch gage, at center of pipe. 

Formula 2. When the impact pressure is greater than 15 pounds per square 
inch gage the critical-velocity equation is applicable, and the formula is: 

Q=23.81 d2 (P+14.7), 
where Q=rate of flow, M cubic feet per 24 hours, for a pressure base of 14.7 

pounds per square inch, a temperature of 60° F., and a specific 
gravity of 0.6; 

P=impact pressure, pounds per square inch gage, at center of pipe . 

.a Lichty, L. C., Measurement, Compl·ession. and Transmission of Natural Gas: John 
Wiley & Sons, New York. 1924, pp. 77-78. 

Diehl, .Tohn C., Natural-Gas Handbook: Metric Metal Works, Erie, Pa., 1927, pp. 291-292. 
49 Robinson, S .. W., Measurement of Gas Wells and other Gas Streams: Van Nostrand's 

Eng. Mag., August 1886, PP. 89-102; Measurement of Gas Wells and Other Gas Streams 
and the Piping of Natural Gas: Rept. of Geol. Survey of Ohio, vol. 6, 1888, pp. 548-594. 

Weymouth, 'r. R., Measurement of Natural Gas: Trans. Am. Soc. Mech. Eng., vol. 34, 
1912. p. 1092. 

ISO Reid, "ralter, Open-Flow Determination of Gas Wells: Western Gas, November 
1029, p. 15. 
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Reid also found that for critical-flow conditions the absolute static 
pressure on the pipe 4 diameters from the outlet (side static pres
sure) is approximately 58 percent of the absolute-center impact 
pressure and that the rate of flow varies directly with the absolute 
static pressure. The formula recommended by Reid to calculate 
rates of flow from observations of side static pressure is as follows: 

Q=20.12 d'(M+30), 
or Q=41.05 r:f(P+14.7), 

where Q=rate of flow, M cubic feet per 24 hours, for a pressure base of 14.7 
pounds per square inch, a temperature of 60° F., and a specific 
gravity of 0.6; 

d=internal diameter of pipe, inches; 
M = side static pressure, inches of mercury gage; 
P=side static pressure, pounds per square inch gage. 

Delivery rates corresponding respectively to different impact pres
sures obtained with a Pitot tube and to side static pressures observed 
at a distance of 4 pipe diameters upstream from the discharge end 
of the pipe are given in tables 30, 31, and 32. These tables are de
rived from the formulas recommended by Reid in which the delivery 
rates are based on a pressure of 14.7 pounds per square inch, a 
temperature of 60 0 F., and a specific gravity of the gas of 0.6 
(air=l.OO) . 

It was necessary in the study of gaging gas-well deliveries to 
compare the open-flow capacities of gas wells as interpreted from 
back-pressure data with the open-flow capacities measured with 
Pitot tubes. Accordingly, a study was made to supplement the data 
described by Reid. The same equipment which was used to calibrate 
the orifices for the 4-inch critical-flow prover ~l was used for the 
calibration tests on Pitot tubes, except that the Pitot-tube equipment 
was substituted for the critical-flow prover. 

The Pitot-tube equipment, as shown in figure 40, consists mainly of 
a 4-inch pipe nipple 42 inches long to which two steel supporting 
arms A are welded. A hole is drilled in each of the supports to hold 
the Pitot tube securely in position, and a notched semicircular sheet 
of tin plate, B, is fastened to the upper support. Handle H is welded 
to the Pitot tube. The tip of the Pitot tube is in the plane of the 
opening of the 4-inch nipple, and can be placed at any desired point 
in the opening by moving handle H through a horizontal plane. This 
equipment was designed particularly to obtain data at distances of 
~, 1, -?I, ~~, and i pipe diameters from the inner wall of the 4-inch 
pipe. Positions on each side of the center position are designated 
by X and Y (fig. 40). The position of the tip of the Pitot tube is kept 
the same under definite flow conditions by locking the pin on the 
handle H in the notches of the semicircular sheet of tin plate B. 
The side-static pressure connection at a distance of 4 pipe diameters 
from the end of the nipple is designated by S in figure 40. 

A manifold of two 6-inch orifice-meter settings was used for 
measurement, and the gas was discharged from the orifice-meter 
manifold into a 4-inch pipe approximately 20 feet long. The Pitot
tube installation was connected to the discharge of this 4-inch pipe. 
Impact and side-static pressures on the Pitot-tube installation were 
observed with dead-weight gages and mercury and water mano
meters, depending upon the magnitude of these pressures. Static 
~ See appendix: 2. 
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and differential pressures on the orifice meters were observed with 
dead-weight gages and water manometers, respectively. Prelimi
nary tests were conducted throughout an appreciable range of pres
sure-flow conditions to establish the relationship between rate of 

TABLE 301.-Delivery rates2 corresponding to different impact pressures3 measured with a 
Pitot tube. Impact-pressure values greater than 15 pounds per square inch gage 

Impact 
Diameter of opening, inches 

pressure, 

\ I I I I I I I lb. per 1 2 3 4 5 6 8 10 12 
SQ. in. 
gage 

Open dow, M cubic feet per day 

15 ....... 707 2,830 6,360 11,300 17,700 25,500 45,200 70,700 102,000 
16 .•..... 731 2,930 6,580 11,700 18,300 26,300 46,800 73,100 105,000 
17 ....... 755 3,020 6,800 12,100 18,900 27,200 48,300 75,500 109,000 
18 ....... 779 3,120 7,010 12.500 19,500 28,000 49,900 77,900 112,000 
19 ....... 802 3,210 7,220 12,800 20,100 28,900 51,300 80,200 115,000 

20 ....... 826 3.310 7,440 13,200 20,700 29,700 52,900 82,600 119,000 
21. ...... 850 3,400 7,650 13,600 21,300 30,600 54,400 85,000 122,000 
22 ....... 874 3,500 7,870 14,000 21,900 31,500 55,900 87,400 126,000 
23 ....... 898 3,590 8,080 14,400 22,500 32,300 57,500 89,800 129,000 
24 ....... 922 3,690 8,300 14,800 23,100 33,200 59,000 92,200 133,000 

25 ....... 946 3,780 8,520 15,100 23,700 34,100 60,500 94,600 136,000 
26 ....... 969 3,880 8.720 15,500 24,200 34,900 62,000 96,900 140,000 
27 ..•.... 993 3,970 8,940 15,900 24,800 35,700 63,500 99,300 143,000 
28 ....... 1,017 4,070 9,150 16,300 25,400 36,600 65,100 102,000 146,000 
29 ..•.... 1,040 4,160 9,360 16,600 26,200 37,400 66,600 104,000 150,000 

30 ..•.... 1,064 4,260 9,580 17,000 26,600 38,300 68,100 106,000 153,000 
32 .... _ .. 1.112 4,450 10,000 17;800 27,800 40,100 71,200 111,000 160,000 
34 .•..... 1,159 4,640 ]0,400 18,600 29,000 41,700 74,200 116,000 167,000 
36 ....... 1,207 4,830 10,900 19,300 30,200 43,500 77,300 121,000 174,000 
38 ....... 1,255 5,020 11,300 20,100 31,400 45,200 80,300 126,000 181,000 

40 ....... 1,302 5,210 11,700 20,800 32,600 46,900 83,400 130,000 188,000 
45 ....... 1,421 5,690 12,800 22,800 35,500 51,200 91,000 142,000 205,000 
50 ....... 1,540 6,160 13,900 24,700 38,500 55,400 98,600 IM,OOO 222,000 
55 ....... 1,660 6,640 15,000 26,600 41,500 59,800 106,000 166,000 239,000 
60 ..•.... 1,778 7,120 16,000 28,500 44,500 64,000 114,000 178,000 256,000 

65 ....... 1,898 7,600 17,100 30,400 47,500 68,400 122,000 190,000 273,000 
70 ....... 2,017 8,060 18,200 32,300 50,400 72,600 129,000 202,000 290,000 
75 ....... 2,136 8,840 19,200 34,200 53,400 76,800 137,000 214,000 308,000 
80 ....... 2,252 9,010 20,300 36,000 56,400 81,100 144,000 225,000 324,000 
90 ....... 2,492 9,980 22.400 39,900 62.400 89,800 160,000 249,000 359,000 

100 ....... 2,732 10,900 24,600 43,700 68,400 98,400 175,000 273,000 394,000 
110 ....... 2,970 11,900 26.700 47.500 74,200 107.000 190.000 297,000 428,000 
120 ....... 3,208 12,800 28,900 51,300 80,200 116,000 205,000 321,000 462,000 
130 ....... 3,445 13.800 31,000 55.100 86,200 124,000 221,000 345,000 496,000 
140 ....... 3,681 14,700 33,100 58,900 92,000 133,000 236,000 368,000 530,000 

150 ....... 3,921 15,700 35,300 62,800 98,000 141,000 251,000 392,000 565,000 
160 ....... 4,160 16,700 37,500 66,600 104,000 150,000 266,000 416,000 599,000 
170 ....... 4,399 17,600 39.600 70,400 110,000 158,000 282,000 440,000 634,000 
180 ....... 4,635 18,600 41. 700 74,200 116.000 167,000 297,000 464,000 6"68,000 
190 ....... 4,870 19,500 43,900 78,000 122,000 175,000 312,000 487,000 702,000 
200 ....... 5,108 20,500 46,000 81,800 128,000 185,000 327,000 511,000 736,000 

1 Based on Reid'sformula. See Reid, Walter. Open-Flow Determination of Gas Wells: Western GIIII, November. 1929, p. 15. 
2 Rates of Bow in this table expressed in M cu. ft. per 24 hours. based on a pressure of 14.7 lb. per sq. in .• a temperature 

of 60"F •• and a specific gravity of 0.6. 
3 Impact pressure at center of pipe. 

flow and impact pressure when the tip of the Pitot tube was at 
the center of the discharge opening of the pipe. Tests then were 
conducted to establish a similar relationship when the tip of the 
Pitot tube was on either side of the center position at a distance from 
the inside wall e<iuivalent to one third of the internal diameter of 
the pipe. Tests also were conducted at three different rates of flow 
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TABLE 311.-Delivery rates2 corresponding to different impact pressures3 measured with a 

Pitot tube. Impact-pressure values less than 15 pounds per square inch gage 

Impact pressure Diameter of opening, inches 

I Pounds 1 I 2 I 3 I 4 I 5 I 6 I 8 I 10 I 12 

Water, Mercury, I 
inches inches 

per square 
inch Open flow, M cubic feet per day 

0.1 .. .. 10.97 44 99 176 274 395 I 702 1, 100 1,580 

.2 

I 

., .. 15.52 62 140 248 388 559 994 1,550 2,240 

.3 .. 
I 

.. 19.00 76 171 304 475 684 I 1,220 1,900 2,740 

.4 . . .. 21.95 88 198 351 549 790 1,410 2,200 3,160 

.5 .. .. 24.53 98 221 392 613 882 1,570 2,450 3,530 

------ ------
.6 .. .. 26.89 108 242 430 672 968 1,720 2,690 3,870 

.7 .. .. 29.03 116 261 464 726 1,050 1,860 2,900 4,180 

.8 .. .. 3L02 124 279 497 776 1,120 1,990 3,100 4,470 

.9 .. .. 32.92 132 296 526 823 1,180 2,110 3,290 4,740 

1.0 .. .. 34.69 139 312 555 867 1,250 2,220 3,470 5,000 

--- ---------
1.25 .. 38.78 155 349 620 969 1,400 2,480 3,880 5,580 

1.36 0.10 .. 40.45 162 364 648 1,010 1,460 2,590 4,050 5,820 

1.6 .12 .. 43.89 175 395 702 1,100 1,580 2,810 4,390 6,320 

1.8 .13 .. 46.56 186 419 744 1,160 1,680 2,980 4,660 6, 700 

2.0 .15 .. 49.00 196 441 784 1,230 1,760 3,140 4,900 7,060 
---I ------------

2.2 .16 .. 51.45 206 463 823 1,290 1,850 3,290 5,150 7,410 

2.4 .18 .. 53.74 214 483 860 1,340 1,930 3,440 5,370 7,740 

2.7 .20 .. 57.20 228 515 915 1,430 2,060 3,660 5,720 8,230 

3.0 .22 .. 60.02 240 540 961 1,500 2,160 3,840 6,000 8,640 

3.5 .26 .. 64.91 260 584 1,040 1,620 2,340 4,160 6,490 9,340 

---------------
4.1 .30 .. 70.01 280 630 1,120 1,750 2,520 4,480 7,000 10,100 

4.5 .33 ., 73.60 295 662 1,180 1,840 2,650 4,710 7,360 10,600 

5.0 .37 .. 77.57 310 698 1,240 1,940 2, 790 4,960 7,760 11,200 

5.4 .40 .. 80.90 324 728 1,300 2,020 2,910 5,180 8,000 11,700 

6.0 .44 .. 84.91 340 764 1,360 2,120 3,060 5,430 8,490 12,200 

------------------------
6.8 .50 .. 90.48 362 814 1,450 2,260 3,260 5,790 9,050 13,000 

8.2 .60 .. 99.20 396 892 1,590 2,480 3,570 6,350 9,920 14,300 

9.0 .66 .. 104.0 416 936 1,670 2,600 3,750 6,660 10,400 15,000 

9.5 .70 .. 107.0 428 962 1,710 2,680 3,850 6,850 10,700 15,400 

10.0 .74 .. 109.7 439 987 1,760 2,740 3,950 7,020 11,000 15,800 

--- ------------
10.9 .80 .. 114.5 458 1,030 1,830 2,860 4,120 7,330 11,500 16,500 

12.0 .88 .. 120.1 481 1,080 1,920 3,000 4,330 7,690 12,000 17,300 

12.2 .90 121.4 486 1,090 1,940 3,040 4,370 7,770 12,100 17,500 

13.9 1.02 0.5 129.2 517 1,160 2,070 3,230 4,650 8,270 12,900 18,600 

15.0 1.1 .. 134.2 537 1,210 2,150 3,360 4,830 8,590 13,400 19,300 

------------------
16.3 1.2 .. 140.1 560 1,260 2,240 3,500 5,040 8,960 14,000 20,200 

17.7 1.3 .. 145.8 584 1,310 2,330 3,650 5,250 9,330 14,600 21,000 

19.0 1.4 .. 151.4 606 1,360 2,420 3,790 5,450 9,680 15,100 21,900 

20.4 1.5 ,. 156.7 627 1,410 2,510 3,920 5,640 10,000 15,700 22,600 

21.8 1.6 .. 161.8 648 1,460 2,590 4,050 5,820 10,400 16,200 23,300 

--- ---
24.5 1.8 171. 7 686 1,550 2,750 4,290 6,180 11,100 17,200 24,700 

27.2 2.0 1.0 180.9 734 1,630 2,890 4,520 6,510 11,600 18,100 26,000 

29.9 2.2 .. 189.7 768 1,710 3,040 4,740 6,830 12,100 19,000 27,300 

32.6 2.4 .. 198.0 802 1,780 3,170 4,950 7,130 12,700 19,800 28,500 

.. 2.6 .. 206.1 824 1,860 3,300 5,150 7,420 13,200 20,600 29,700 

--- ---------------
.. 2.8 214.0 857 1,930 3,420 5,350 7,700 13,700 21,400 30,800 

.. 3.0 1.5 221.6 887 2,000 3,550 5,540 7,980 14,200 22,200 31,900 

.. 3.2 .. 228.9 917 2,060 3,660 5,720 8,240 14,600 22,900 32,900 

.. 3.4 .. 235.8 943 2,120 3,770 5,900 8,480 15,100 23,600 34,000 

.. 3.6 .. 242.8 971 2,180 3,880 6,070 8,740 15,500 24,300 35,000 

------------------------
.. 3.8 249.4 998 2,240 3,990 6,230 8,980 16,000 24,900 35,900 

.. 4.0 2.0 255.9 1,020 2,300 4,090 6,400 9,210 16,400 25,600 36,800 

.. 4.2 ,. 262.0 1,050 2,360 4,190 6,550 9,430 16,800 26,200 37,700 

.. 4.4 .. 268.4 1,070 2,410 4,290 6,710 9,650 17,200 26,800 38,600 

.. 4.6 .. 274.5 1,100 2,470 4,390 6,860 9,880 17,600 27,500 39,500 

Il,i2O ---------------------
.. 4.8 280.3 2,520 4,490 7,010 to, 100 18,000 28,000 40,400 

., 5.0 2.5 286.1 1,140 2,570 4,580 7,150 10,300 18,300 28,600 41,200 

.. 5.2 .. 291.8 1,170 2,630 4,670 7,300 10,500 18,700 29,200 42,000 

'. 5.4 .. 297.4 1,190 2,680 4,760 7,440 10,700 19,000 29,700 42,800 

.. 5.6 .. 302.7 1,210 2,720 4,840 7,560 10,900 19,400 30,300 43.600 
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TABLE 311.-Delivery rates2 corresponding to different impact pressuress measured with a 
Pitot tube. I mpaci-pressure values less than 15 pounds per square inch gage-Continued 

Impact pressure Diameter of opening, inches 

Poands 1 I 2 I 3 I 4 I 5 I 6 I 8 I 10 I 12 
Water, Mercury, 
inches inches per square 

inch Open flow, M cubic feet per day 
_. 

.. 5.8 3011".1 1,230 2,770 4,920 7,700 11,100 19,700 30,800 44,300 

.. 6.0 3.0 313.4 1.250 2,820 5,010 7,830 11,300 20,000 31,300 45,100 

.. 6.5 326.0 1,300 2,930 5,220 8,150 11,700 20,900 32,600 47,000 

.. 7.0 3.5 338.6 1,350 3,050 5,420 8,460 12,200 21,700 33,900 48,800 

.. 7.5 .. 350.0 1,400 3,150 5,600 8,760 12,600 22,400 35,000 50,400 
--

.. 8.0 4.0 361.5 1,450 3,250 5,780 9,040 13,000 23,100 36,200 52,100 

.. 8.5 372.9 1,500 3,370 5,980 9,340 13,400 23.900 37,400 53,700 

.. 9.0 4.5 383.9 1,540 3,460 6,140 9,600 13,800 24,600 38,400 55,300 

.. 9.5 .. 394.2 1.580 3,550 6,310 9,860 14,200 25,200 39,400 56,800 

.. 10.0 .. 404.6 1,620 3,640 6,470 10,100 14,600 25,900 40,500 58,200 

.. 10.2 5.0 408.1 1,630 3,680 6,540 10,200 14,700 26,100 40,800 58,800 

.. 11.2 5.5 428.0 1,710 3,850 6,850 10,700 15,400 27,400 42,800 61,600 

.. 12.2 6.0 447.0 1,790 4,030 7,150 11,200 16,100 28,600 44,700 64,400 

.. 13.2 6.5 465.5 1,860 4,190 7,450 11,600 16,800 29,800 . 46,600 67,000 

.. 14.3 7.0 483.0 1,930 4,350 7,730 12,100 17,400 30,900 48,300 69,600 

.. 15.3 7.5 500.0 2,000 4,500 8,000 12,500 18,000 32,000 50,000 72,000 

.. 16.3 8.0 516.0 2,060 4,650 8,260 12,900 18,600 33,000 51,600 74,300 

.. 17.3 8.5 532.1 2,130 4,790 8,520 13,300 19,200 34,100 53,200 76,600 

.. 18.3 9.0 548.0 2,190 4,930 8,770 13,700 19,700 35,100 54,800 78,900 

.. 19.3 9.5 563.0 2,250 5,070 9,000 14,100 20,300 36,000 56,300 81,100 
-- --

.. 20.4 10.0 577.6 2,310 5,200 9,240 14,400 20,800 37,000 57,800 83.200 

.. 22.4 11 605.6 2,420 5,450 9,680 15,100 21,800 38,800 60,600 87,200 

.. 24.4 12 632.5 2,530 5,700 10,100 15,800 22,800 40,500 63,300 91,200 
26.5 13 658.0 2,630 5,920 10,500 16,500 23,700 42,100 65,800 94,800 

.. 28.S 14 683.8 2,740 6,150 10,900 17,100 24,600 43,800 68,400 98,600 

I, 2 and s. See footnotes I, 2, and 3, table 30. 

to determine the variation in impact pressure across the face of the 
opening of the discharge pipe. These pressure traverses were estab
lished from observations made at distances from the inside wall 
equivalent to -1, :1, 1, ii, and ~ of the inside diameter of the pipe. 

The relationship between rate of flow and impact pressure under 
conditions of critical flow when the tip of the Pitot tUbe was at the 
center of the discharge opening of th~ pipe is shown by A (fig. 41). 
The rate of flow is expressed in cubic feet of gas per 24 hours using 
pressure and temperature bases of 14.7 pounds per square inch and 
60° F., respectively, and a specific gravity of 0.7 (air= 1.00). The 
rate of flow was approximately proportional to the absolute impact 
pressure for the higher impact pressures. The results obtained by 
Reid for flow through a 4-inch discharge opening are shown by 
B (fig. 41). The relationship between rate of flow and impact pres
sure under conditions of critical flow when impact pressures were 
observed at distances from the wall equivalent to one third the in
ternal diameter of the pipe is shown by A and B (fig. 42). Curves 
A and B represent the relationships obtained on the two sides of 
the center position in the discharge opening of the pipe, designated 
by X and Y (fig. 40), and the rate of flow was found to be propor
tional to thaabsolute impact pressure for the higher values of impact 
pressures. Rates of flow corresponding to different impact pressures 
as obtained from commonly used Pitot-tube tables are shown by C 
(fig. 42), and as indicated there is an appreciable difference, espe
cially at high impact pressures, between results shown by curve C 
and those illustrated by curves A and B. 
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The relationship between rate of ft.ow and impact pressure where 
the ft.ow was not critical and when the tip of the Pitot tube was 
at the center of the discharge opening of the pipe is shown by 
figure 43. The relationship when the impact pressure was observed 

TABLE 321.-DcUl'cry ratcs2 corresponding to different side static pressures at a distance of 
4 pipe diameters from opening of pipe 

Side-static pressure Diameter of opening, inches 

Pounds 1 2 3 4 5 6 8 10 12 
Mercury, 
inches per Bquare 

inch Open flow, M cubic feet per day 

5 .. 704 2,820 6,340 11,300 17,600 25,300 45,100 70,400 101,000 
5.5 714 2,860 6,430 11,400 17,900 25,700 45,700 71,400 103,000 
6 3 725 2,900 6,530 11,600 18,100 26,100 46,400 72,600 104,000 
6.5 .. 735 2,940 6,620 11,800 18,400 26,500 47,000 73,500 106,000 
7 .. 745 2,980 6,710 11,900 18,600 26,800 47,700 74,500 107,000 

7.5 754 3,020 6,790 12,100 18,900 27,100 48,300 75,400 109,000 
8 4 764 3,060 6,880 12,200 19,100 27,500 48,900 76,400 110,000 
8.5 .. 775 3,100 6,980 12,400 19,400 27,900 49,600 77,500 112,000 
9 

" 
784 3,140 7,060 12,500 19,600 28,200 50,200 78,400 113,000 

9.5 .. 795 3,180 7,160 12,700 19,900 28;600 50,900 79,500 114,000 

10 5 805 3,220 7,250 12,900 20,100 29,000 51,500 80,500 116,000 
11 825 3,300 7,430 13,200 20,600 29,700 52,800 82,500 119,000 
12 6 845 3,380 7,610 13,500 21,100 30,400 54,100 84,500 122,000 
13 865 3,460 7,790 13,800 21,600 31,100 55,400 86,500 125,000 
14 7 885 3,540 7,970 14,200 22,100 31,900 56,600 88,500 127,000 

15 906 3,630 8,160 14,500 22,700 32,600 58,000 90,600 130,000 
16 8 926 3,710 8,340 14,800 23,200 33,300 59,300 92,600 133,000 
17 945 3,780 8,510 15,100 23,600 34,000 60,500 94,500 136,000 
18 9 966 3,870 8,700 15,500 24,200 34,800 61,800 96,600 139,000 
19 986 3,950 8,880 15,800 24,700 35,500 63,100 98,600 142,000 

20 10 1,013 4,050 9,120 16,200 25,300 36,500 64,800 101,000 146,000 
22 11 1,055 4,220 9,500 16,900 26,400 38,000 67,500 106,000 152,000 
24 12 1,095 4,380 9,860 17,500 27,400 39,400 70,100 110,000 158,000 
26 13 1,137 4,550 10,200 18,200 28,400 40,900 72,800 114,000 164,000 
28 14 1,178 4,710 10,600 18,800 29,500 42,400 75,400 118,000 170,000 

30 15 1,218 4,870 11,000 19,500 30,500 43,800 78,000 123,000 175,000 
.. 16 1,260 5,040 11,300 20,200 31,500 45,400 80,600 126,000 181,000 
.. 18 1,343 5,370 12,100 21,500 33,600 48,300 86,000 134,000 193,000 
.. 20 1,424 5,700 12,800 22,800 35.600 51,300 91.100 142,000 205,000 
.. 25 1,629 6,520 14,700 26,100 40,700 58,600 104,000 163.000 235,000 

.. 30 1,834 7,340 16,500 29,300 45,900 66,000 117,000 183,000 .. 

.. 35 2,041 8,170 18,400 32,700 51,000 73,500 131,000 204,000 .. 

.. 40 2,245 8,980 20,200 35,900 56,100 80,800 144,000 225,000 .. 

.. 45 2,450 9,800 22,100 39,200 61,300 88,200 157,000 245,000 .. 

.. 50 2,657 10,600 23,900 42,500 66.400 95,700 170,000 .. .. 

.. 60 3,067 12,300 27,600 49,100 76,700 110,000 196,000 .. .. .. 70 3,476 13,900 31,300 55,600 86,900 125.000 222,000 I .. .. 

.. 80 3,887 15,500 35.000 62,200 97,200 140.000 249:,~ I .. .. .. 90 4.298 17.200 38,700 68,800 107.000 155,000 .. .. 

.. 100 4,708 18,800 42,400 75,300 118,000 169,000 .. ., 

.. 120 5,531 22,100 49.800 88,500 138,000 199,000 o • 

I 
.. .. 

.. 150 6,762 27,000 60,900 108 000 169,000 .. .. .. .. 

.. 200 8,810 35,200 79,300 141,000 220,000 I .. .. . . .. 

1 Based on Reid's formula. See Reid, Walter, Open-Flow Determinations of Gas Wells: Western Gas, Novpmher 1929, 
p.15. 

2 Rates of flow in this table expressed in M cu. ft. per 24 hours based on a pressure of 14.7 lb. per sq. in., a temperature of 
5O"F., and a specific gravity of 0.6. 

at a distance from the wall equivalent to one third the internal 
diameter of the pipe is shown by A and B (fig. 44). Curves A and B 
indicate variation in pressures on the two sides of the center position 
in the discharge opening of the pipe. Rates of ft.ow corresponding 
to different impact pressures as obtained from the commonly used 
Pitot-tube tables are shown by C (fig. 44). 
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measure gas-delivery rates 



APPENDIX 4.-MEASUREMENT WITH PITOT TUBES 

s 
~SOrr++~~~~++~~~~++~~-r~++~~~~++~~-r~++~~ 

~ ~HH~++++~~hHHH++++~~Hd~~++++~HHHH~+++H 
.40~~~r+~~++~~++~~++~-r~~~++~~++~~++~~++~~++~ 

.!J 

°0 2,000 4,000 6.000 8,000 10,000 12,000 14.000 16,000 18,000 20,000 npoo 24,000 Z6,OOO 
Rate of flow, M cu. ft per 24 hra. 

Gas volumes at pressure of 14.7 lb. pel'" aq. in absolute, temperature of GO "1"., 
",nol specific gravIty of 0·70 (air.1.00) 

A, Results of experi,.,.,ental testa 
B, Results of si,.,.,ilsr experiment..1 tests conolucteol by Wslter Reiol 

-- Range of oIelivery rates for critical-flow cor'l"lition& 
--- Projection +0 show proportionality between rate of flow .nol sb .. olute impact p,.eswre 

.!<'IGURE 41.-Relationship between impact pressure and delivery rate of gas for 
critical flow with tip of Pitot tube at center of discharge opening of pipe 

eo 

! 70 
:J 

] 60 
II 

.~ 

150 
t. 
!. 
.li40 

U 
L. 

~ 30 
III 
U 
L. 
a. 1 zo 
E 
- 10 

C ...... R 
B 

'" 

""" 

00 Z,OOO 4,000 6,000 8,000 10,000 12,000 14,000 16,000 18.000 20,000 22,000 24,000 
Rate of flow, M cu ft. pel" 24 hrs 

Gil!!> volumes at preS6ure of 14.7 lb. pel" sq. in absolute, temper.ture of 60·1"., 
anol specific grllvity of 0.70 (ail" .\.00) 

A SM B-, Result!!> obtsineol on two sioles of center position in discharge 
opening of pipe 

C, rrom commonly -'useci Pi tot - tube tables 
- Ran~e of oIelivery rates for critieal-flow conciitions 
----- PrOjection to show Proportionality between rate of flow lind 

absolute impact pressure 

FroURFl 42.-Relationshlp between impact pressure and delivery rate of gas 
for critical flow with tip of Pitot tube at distance from inside wall 
equivalent to one-third internal diameter of pipe 

135 



136 

QI 
In 
III 

G> 
In 

28 

~24 ,.., 
L 
:l 
u 
L '20 
II 

E 
III 

116 
u 
c 
-
~ 1'2 
:l 
III 
III 

" L 
a. 8 

1:; 
III 
Q. 

E 4 

BACK-PRESSURE DATA ON GAS WELLS 

IL 

I!. 
rl': 

IT 
V 

Ll' 
.9/ 

0 

0 

!.;' 

~ 
!"" 

~ 
).l ..., 

0 0 1,000 ,,000 3.000 4,000 5,000 6,000 7,000 S,oOO 9,000 10,000 

28 

Rate of flow, M cu. ft. pe .... '24 h .... s. 

Gas volumes at to .... essu .... e of 14.7 lb. pe .... sq. In. absolute, 
tempe .... atu .... e of SO°F.,ana specific gravity of 0.70 (ai ..... 1.00) 

FIGURE 43.-Relationship between impact pressure and delivery rate of 
gas for noncrUical flow with tip of Pitot tube at center of discharge 
opening of pipe 

J. 
I.~ 
I~ 

C1I 24 I~ 1': 
» 
L 
:l 
u 
L 
III 

E 
en 
III 
L-
(J 

.£ -
QI 
L 
J 
III 
ell 
QI 
L 
Do 

.... 
u 
m 
Do 

! 

B 

20 
I • I 

L'R~ . , 1-1-
I 

" ,,~ 

Ia 
16 ~. 

,a l.>: 
j} / 

~ / 

12 ~ [/ 

lot' 

8 ttl; " ~ 
~ , 

1.11' 1/ 
10' 

4 .... ~ ... ... .' I"'"~ 

~t::=I'" 

0 0 1,000 2,000 3,000 4,000 5,000 _ 6,000 7,000 8,000 9,000 10,000 

Rate of flow. M cu. ft. pe .... 24 h .... !.. 

Gas volume!. at pressure of 14.7 I b. per- sq. in absolute, 
temperature of 60 0 F.,anol specific g .... avity of 0.70 (air -LOa) 

A anol B, Results obhlined on two !oiales of center position in 
disch ..... ge opening of pipe 

C. F" .... om commonly· useal Pi+ot -tube tables 

FIGURE 44.-:-Relationship between impact pressure and d~livery rate of gas 
for noncritical flow with tip of Pitot tube at a distance from inside wall 
equivalent to one-third internal diameter of pipe 



.J 
·1 t 

APPENDIX 4.-MEASUREMENT WITH PITOT TUBES 137 

S2 

51 

SO 

49 

48 

47 

46 
Q) 

~45 
OJ 
. 44 c 

cr- 43 
(() 

@ 42 
n. 

.a 
~ 21 

Q) 

t. 
:J 
(() 
fIl 
Q) 

L 
n. 

...... u 
[ 
E 

20 

19 

IB 

17 

16 

15 

5 

4 

3 

2 

I 

I 

I 
L i"'""'"- I 

I ~ 
I I 
I 

Ll I 

1 \ f3' I I ~~ 
I I 1\ 
I \ I 

I I \ 
.1 1 \ 
1 I , 
1 I 

~ I \ I 

\ 
I \ I 
I I 

! I 

:01 
I 

4.026 In. "', 
.1 

.1 I 

.1 I 
I i./ ~ I 

/ ) 

l -'- ~ ..12' I I , ~;.J 
I I 
I \ 
~ \ .1 

i 
, 

-.l 1\ i 
1 \ I 
I I 

!--Inside wall of pipe ---i 
I I {X' I Jy I I .J 
! '-:.~ \....-/ I i 
! ~ I 
I .,..,. --.. \.1,./ .i 

~ ~ ~ I 
! V" ~ 

! 
! 

I I I 13 I 13 I I I I 
"8 "4"3 32 2' 3f 3" 4 '8 zo 

Distance of Pitot -tube tip from 
inside 'Nail of pipe 1 diameters 

Gas volumes at pressure of' 14.7 lb. per sq. in. 
absolute, temperature of 60°F., and specific 
gravity of 0.70 (air-I.OO) 
X and '{ 1 Positions each side of center 
position in discharge opening of pipe 

I, Delivery rate of 5,000 M cu. f't. per '24 hrs. 
2, ~ ". 11,600 M " " • 
3,· ". 21,000 M"" • 

FIGURE 45.-Pressure-traverse curves showing variation of 
impact pressures across plane of opening of discharge pipe 
for different gas-delivery rates 



138 BACK-PRESSURE DATA ON GAS WELLS 

A study of the data and comparisons shown in figures 41; 42, 43, 
and 44 emphasizes possible discrepancies in interpreting the delivery 
rate from natural-gas wells if the factors governing the measure
ment of gas deliveries with Pitot tubes are not thoroughly under
stood. The data show that if the gage pressure measured by the 
impact ·element of a Pitot tube is greater than 15 pounds per square 
inch the rate of flow is approximately directly proportional to the 
impact pressure, expressed in terms of absolute pressure; or, the 
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A, Results of experimental teat. 
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- Range of delivery rates for critical -flow conditions 
--- Projection to show proportionality between ret. of' flow and 

absolute side static preasure 

Pr-eaeure connection at dist.nce of four pipe diameters from 
r.jischar~e end of pipe 

FIGURE 46.-Relationship between side-static pressure and delivery rate for 
flow of gas through 4-inch pipe 

rate .of flow is approximately proportional to the absolute static 
pressure of the flow plus the velocity pressure of the gas stream. 

Comparison of the relationships between the rate of flow and the 
impact pressure under critical and noncritical flow conditions for 
the one-third pipe-diameter position of the Pitot-tube tip on each 
side of the c~nter position showed a variation between rates of flow 
corresponding to different impact pressures, as illustrated in figures 
42 and 44. Although it is possible that some discrepancy in experi
mental observations could result from inability to locate the Pitot
tube tip at an exact predetermined distance from the inside wall 
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of the pipe it is believed that variations such as those illustrated in 

figures 42 and 44 were caused by the sensitivity of velocity distribu

tion in the gas stream to conditions upstream from the Pitot-tube 

installation. The influence of the sensitivity of velocity also is 

shown by the variation in pressures registered at different points 

in the plane of the opening of the discharge pipe and equidistant 

from the wall of the pipe at any definite delivery rate. Pressure

traverse curves showing the variation in impact pressure for de

livery rates of 21,000,000, 11,600,000 and 5,000,000 cubic feet of 

gas per 24 hours are given in figure 45. The maximum impact pres

sure for each delivery rate was approximately at the center of the 

discharge opening of the pipe. The pressure-traverse curves In 

20,000 40,000 60,000 BO,OOO 100,000 120,000 

Rate of flow, M cu ft per '24 hrs. 

Gas volumes at pressure of 14.4 Ib per sq. in absolute, temperature of 60' F.,and 

specific gravity of O.iO (airoLOO) 

Tip of Pitot tube at center of' discharge opening of' p'pe 

I, 4-incn tUbing 
2, 5 3!1&-inch casing 

3, G-inch casing 
4, G'f4-inch casing 
5, GSfe-inch casing 

6, B'/",-inch casing 
i, 10 -,nch casing 

FIGURE 47.-Relationship between impact pressure and rate of gas delivery thr~)Ugh 

differen t sizes of casing alld tubing under conditions of critical flow 

figure 45 also illustrate changes between pressure at different points 

in the plane of the opening that occurred for the different delivery 
rates. 

The relationship between rate of flow and side-static pressure 

obtained from the special tests on the 4-inch pipe is shown by A 

(fig. 46). The rate of flow was directly proportional (approxi

mately) to the absolute static pressure throughout a large part of 

the measurement range. Comparative results obtained by Reid are 

shown by B and agree fairly well with the results of the authors' 

special study. 
Charts to facilitate calculation of gas-delivery rates from observa

tions with Pitot tubes are given in figures 47 and 48. Delivery rates 

corresponding to different impact pressures for various sizes of 
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pipe, based upon the special tests with the 4-inch pipe and upon 
the assumption that the rate of flow is directly proportional to the 
square of the diameter of the discharge opening through which the 
gas flows, are given graphically for critical-flow conditions in figure 
47 and for noncritical flow conditions in figure 48. The tubing and 
casing sizes indicated in figures 47 and 48 refer to pipes with internal 
diameter as given in table 39. In using the charts, differences in 
internal diameter of pipes of the same nominal size but of different 
weight should be taken into account. 
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FIGURE 48.-Relationship between impact pressure and rate of gas delivery through 
ditl.'erent sizes of casing and tubing under conditions ot noncritical flow 

APPENDIX 5. COMPUTING PRESSURES AT THE SAND 
IN A GAS WELL 

Experimental observations during back-pressure tests of gas wells 
are obtained at the wellhead, and the absolute shut-in pressures in 
the sand and the absolute back pressures at the sand in the well 
bore are computed from the wellhead observations to interpret 
delivery capacities of gas wells under different pressure conditions. 
Routine computations of back-pressure test data can be facilitated 
by using charts or tables covering a wide range of pressure-flow 
conditions. Charts that can be used in calculations of back-pressure 
test data are given by Pierce and Rawlins. 52 Since the publication 
of the charts tables have been devised by the authors for use in rou
tine calculations from back-pressure data and generally are pref
erable to the charts. 

U Pierce. H. R .• and Rawlins, E. L., The Study of a Fundamental Basis for Controlling 
and Gaging Natural-Gas Wl'lls; Part I. Computing the Pressure at the Sand in a Gas Well: 
Rept. of Investigations 2929, Bureau of Mines, 1929, 13 pp. 
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The notation used in the formUlas for computing pressures at the 
sand in a gas well from volume and pressure observations at the 
wellhead is : 

Fw=pressure at the wellhead when a well is flowing, pounds per square 
inch absolute; 

F c = pressure at the wellhead when a well is shut in, pounds per square 
inch absolute; 

F,=pressure at the wellhead plus the pressure drop in the producing 
string due to friction, pounds per square inch absolute; 

Fs=pressure at the sand, pounds per square inch absolute (absolute pres
sure a~ the wellhead, plus the pressure drop due to friction, plus the 
pressure due to the weight of the gas column) ; 

Pf=formation or " shut-in" pressure in the sand, pounds per square inch 
absolute (absolute pressure at the wellhead when the well is shut in, 
plus the pressure due to the weight of the gas column) ; 

Q = delivery rate, cubic feet per 24 hours. at 14.4 pounds per sauare inC!h 
and 60° F., assuming an average flowing temperature of 80° F. in the 
producing "string" of casing or tubing (it is assumed that 80 0 F. 
represents an average temperature in the producing string; the actual 
variation from this assumed condition will not create any considerable 
error in computation of pressures) ; 

d=internal diameter of the producing string, inches; 
G= specific gravity of gas (air= 1.00) ; 
L=average length of gas column, feet; 
R=combined factor selected from Weymouth's formula 53 for flow of gas 

through pipe= Vp~2"::'-p~2 (this factor is discussed later in this ap
pendix) ; 

e=base of Napierian logarithms =2.71828 ; 
F=correction factor for density due to pressure variation in the flowing 

column of gas (this factor is explained later in this appendix). 

PRESSURE CONDITIONS IN GAS WELLS 

WELL SHUT IN 

If a well is shut in and no gas is flowing the absolute shut-in pres
sure in the sand (P f) equals the absolute pressure at the wellhead 
(Pc) plus the pressure due to the weight of the gas column. If there 
is no flow from the well there is no pressure drop due to friction in 
the producing string; consequently, P1 =Pc• Thus, if a well is shut 
in the only factors to be considered in determining the absolute 
" shut-in" pressure in the sand are the absolute pressure at the 
wellhead and the pressure due to the weight of the static column of 
gas from the sand to the wellhead. 

WELL PRODUCING 

If a gas well is equipped with tubing so installed that the annular 
space in the casing string is open from the gas formation to the well
head there is a static column of gas in the tubing and a static column 
of gas between the tubing and the casing when the respective strings 
are closed at the wellhead. If gas is being produced from the casing 
there is a static column of gas in the closed tubing and the absolute 
working pressure or back pressure at the sand P s equals the absolute 
pressure in the closed tubing at the wellhead plus the pressure due 
to the weight of the static column of gas in the tubing. If gas is 

153 Weymouth, '1'. R .• Problems in Natural-Gas Engineering: Trans. Am. Soc. Mech. Eng., 
vol. 34, 1912, pp. 185-231. 
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being produced from the tubing there is a static column of gas in 
the annular space between the tubing and the casing, and the abso
lute working pres'sure at the sand Ps equals the absolute pressure 
in the closed casing at the wellhead plus the pressure due to the 
weight of the static column of gas in the annular space. 

When gas is being produced from a well that is not equipped with 
tubing, or from one in which a packer is installed on the lower end 
of .the tubing, the above-described method of computing P s cannot 
be used because there is no continuous column of static gas from the 
sand to the wellhead. It then becomes necessary to use the relation 
that the absolute working pressure at the sand equals the absolute 
pressure on the producing string at the wellhead Pw , plus the fric
tion drop in the producing string, plus the pressure due to the weight 
of the moving gas column between the sand and the wellhead. There
fore, Pw+friction drop in the producing string=Pu and PI + pres
sure due to the weight of the gas column=Ps • 

Thus, if a well is so equipped that two strings are open between 
the sand and the wellhead and gas is flowing through only one 
string, the only factors required for determining the absolute work
ing pressure at the sand P 8 are the absolute pressure in the closed 
string at the wellhead and the pressure due to the weight of the 
static column of gas in the closed string. The factors to be con
sidered in determining the pressures at the sand if working pres
sures are gaged only on the flow string at the wellhead are the ab
solute working pressure at the wellhead, the friction drop in the 
string due to flow, and the pressure due to the weight of the moving 
column of gas. In computations the friction drop in the pipe due 
to flow, expressed in pounds per square inch, is considered first and 
added to the absolute pressure at the top of the producing string 
Pw ,' thus, Pw+friction drop in producing string=PI. The pressure 
due to the weight of the column of gas, expressed in pounds per 
square inch, is determined next and is added to PI to give the abso
lute pressure at the sand P 8 ; that is, PI + pressure due to the weight 
of the column of gas=P8 • 

DETERMINING PRESSURES AT THE SAND IN A GAS WELL FROM TABLES 

SAMPLE CALCULATIONS 

Tables 33, 34, 35, 36, 37, and 38 have been prepared to facilitate 
calculation of pressures at the 'sand in a gas well from pressure and 
volume observations made at the wellhead. Tables, formulas, and 
conditions are explained in detail later in this appendix in the sec
tion entitled" Discussion of tables." Methods of using the tables 
to calculate results of back-pressure tests are illustrated by the fol
lowing examples in which the data are: 

Depth of well=3,000 feet. 
Specific gravity of gas=0.6 (air=1.00). 
Casing, 6i inches in diameter (6.652 inches I. D.) and set 2,990 feet below 
the surface of the ground. 
Flow string, 3,000 feet of 4-inch tubing (4.026 inches I. D.) packed off at 
the wellhead. 
" Shut-in" pressure at the wellhead, 940 pounds per square inch absolute. 
Operating pressure at the wellhead on the static 6ft-inch casing when gas 
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TABLE 33.-Equivalent GL of producing string (GL for l-inch tubing equivalent to GL of producing string) 

Nominal size and internal diameter or pro:lucing string. inches 

GL of producing Hi 

I 
IJ,i 

I 
2 

I 
2J,i 

I 
3 

I 
3J,i 

I 
4 

I 
5~ 

I 
6 

I 
6}i 

string 1.380 1.610 2.041 2.469 3.068 3.548 4.026 5.192 6.065 6.287 

Equivalent GL or producing 8tring 

600 ................... 139 " 61 17 I 6.2 2.0 0.90 0.46 0.12 0.05 0.04 
700 ..•.•.............. 162 71 20 7.3 2.3 1.10 .54 .14 .06 .05 
800 ................... 185 81 23 8.3 2.6 1.2 .61 .16 .07 .06 
900 •••••.••••••••..••. 208 92 26 9.4 2.9 1.4 .69 .18 .08 .06 

1,000 ................... 232 102 29 10 3.3 1.5 .77 .20 .09 .07 
1.100 .......••.......... 255 112 32 11 3.6 1.7 .84 .22 .09 .08 
1.200 ................... 278 122 34 12 3.9 1.8 .92 .24 .10 .09 
1.300 ................... 301 132 37 14 4.2 2.0 1.0 .26 .11 .09 
1.400 ................... 324 143 40 15 4.6 2.1 1.1 ,28 .12 .10 
1.500 ................... 347 153 43 16 4.9 2.3 1.2 .30 .13 .11 
1.600 ................... 371 163 46 17 5.2 2.4 1.2 .32 .14 .11 
1.700 ..•.•...•.•.•...... 394 173 49 18 5.6 2.6 1.3 .34 .15 .12 
1.800 ................... 417 183 52 19 5.9 2.7 1.4 .36 .16 .13 
1.900 ................... 440 193 55 20 6.2 2.9 1.5 .38 .16 .14 
2.000 ................... 463 204 57 21 6.5 3.0 1.5 .40 .17 .14 
2.100 ..........•........ 486 214 60 22 6.9 3.2 1.6 .42 .18 .15 
2.200 ................... 510 224 63 23 7.2 3.3 1.7 .43 .19 .16 
2.300 ................... 533 234 66 24 7.5 3.5 1.8 .45 .20 .16 
2.400 ................... 556 244 69 25 7.8 3.6 1.8 .47 .21 .17 
2.500 ................... 579 255 72 26 8.2 3.8 1.9 .49 .22 .18 
2,600 ................... 602 265 75 27 8.5 3.9 2.0 .51 .22 .19 
2.700 ........•.......... 625 275 78 28 8.8 4.1 2.1 .53 .23 .19 
2,800 ................... 649 285 80 29 9.2 4.2 2.1 .55 .24 .20 
2.900 ................... 672 295 83 30 9.5 4.4 2.2 .1i7 .25 .21 
3. 000 ................... 695 305 86 31 9.8 4.5 2.3 .59 .26 .21 
3.100 ...............•... 718 316 89 32 10 4.7 2.4 .61 .27 .22 
3.200 ................... 741 326 92 33 10 4.8 2.1i .63 .28 .23 
3.300 ................... 764 336 95 34 11 5.0 2.1i .65 .28 .24 
3.400 ................... 788 346 98 35 11 5.1 2.6 ".117 .29 .24 
3.500 ................... 811 356 101 36 11 5.3 2.7 .69 .30 .25 
3,600 ..•..••.....•... ; .. 834 367 103 37 12 5.4 2.8 .71 .31 .26 
3,700 ..........•...•.•.. 857 377 106 39 12 1i.6 2.8 .73. .32 .26 
3.800 ................... 880 387 109 . 40 12 5.7 2.9 .75 .33 .27 
3.900 ................... 903 397 112 I 41 13 1i.9 3.0 .77 .34 .28 
4.000 ......•••••••.••••. 927 407 111i 42 13 6.0 3.1 .79 .31i .28 
--~ .. --~- ....... --... -......... ~ 

Internal diameter of I-inch tubi~ == 1.049 inches. 
\ 
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TABLE 34.-Valucs ofvP 12 - P",2 or R corresponding to equivalent GL of producing strings 

Rate of Bow, M cubic feet per 24 hours 

Equivalent GL 
100 I 150 I 200" 250 I 300 I 350 I 400 of producing 

string I 450 I 500 I 550 I 600 I 650 I 700 I 750 I 
R= "';P1J_p",S 

0.01. ........... 0.18 0.27 0.36 0.45 0.54 0.63 0.72 0.81 0.90 0.99 1.08 1.17 1.26 1.35 .02 .......•.... .25 .38 .51 .63 .76 .89 1.01 1.14 1.27 1.40 1.52 1.65 1.78 1.90 .03 ............ .31 .47 .62 .78 .93 1.09 1.24 1.40 1.55 1.71 1.86 2.02 2.18 2.33 .04 .........•.. .36 .54 .72 .90 1.08 1.26 1.44 1.62 1.80 1.98 2.16 2.34 2.52 2.70 .05 .•.......•.. .40 .60 .80 1.00 1.20 1.41 1.61 1.81 2.01 2.21 2.41 2.61 2.81 3.02 .06 .........•.. .44 :66 .88 1.10 1.32 1.54 1.76 1.98 2.20 2.42 2.64 2.86 3.08 3.30 .07 ............ .48 .71 .95 1.19 1.42 1.66 1.90 2.14 2.38 2.61 2.85 3.09 3.33 3.56 .08 ......••.... .51 .76 1.01 1.27 1.52 1. 78 2.03 2.28 2.54 2.79 3.04 3.30 3.55 3.80 .09 ............ .54 .81 1.08 1.35 1.62 1.89 2.16 2.42 2.70 2.96 3.24 3.50 3.77 4.04 .10 ............ .57 .85 1.14 1.42 1.70 1.98 2.27 2.55 2.84 3.12 3.41 3.69 3.97 4.26 .11 ............ .60 .89 1.19 1.49 1.78 2.08 2.38 2.68 2.98 3.27 3.57 3.87 4.17 4.46 .12 ............ .62 .93 1.24 1.55 1.87 2.18 2.49 2.80 3.11 3.42 3.73 4.04 4.36 4.67 .13 ............ .65 .97 1.29 1.62 1.94 2.26 2.59 2.91 3.23 3.56 3.88 4.20 4.53 4.85 .14 .......•.•.. .67 1.00 1.34 1.67 2.01 2.35 2.68 3.03 3.35 3.69 4.02 4.36 4.71 5.03 .15 ............ .69 1.04 1.39 1.73 2.08 2.43 2.78 3.12 3.47 3.82 4.18 4.53 4.86 5.21 .16 ............ .72 1.08 1.43 1.80 2.15 2.51 2.87 3.23 3.59 3.95 4.30 4.66 5.02 5.38 .17 ............ .74 1.11 1.48 1.85 2.22 2.59 2.96 3.33 3.70 4.07 4.44 4.81 5.19 5.56 .18 ............ .76 1.14 1.52 1.90 2.28 2.66 3.05 3.43 3.81 4.19 4.57 4.95 5.33 5.71 .19 ............ .78 1.18 1.57 1.96 2.35 2.74 3.14 3.52 3.92 4.31 4.70 5.09 5.48 5.88 .20 ............ .80 1.20 1.61 2.01 2.41 2.81 3.22 3.62 4.02 4.42 4.82 5.22 5.63 6.03 .22 ............ .84 1.26 1.68 2.10 2.52 2.95 3.37 3.79 4.21 4.63 5.06 5.47 5.90 6.32 .24 ............ .88 1 32 1.76 2.20 2.64 3.07 3.51 3.95 4.39 4.83 5.27 5.71 6.17 6.61 .26 .....•..•... .92 1.37 1.83 2.29 2.75 3.20 3.66 4.12 4.58 5.03 5.49 6.95 6.41 6.87 .28 ............ .95 1.43 1. 91 2.38 2.85 3.32 3.80 4.27 4.75 5.23 5.70 6.18 6.66 7.13 .30 .....•.•••.. .98 1.47 1.97 2.46 2.95 3.44 3.93 4.42 4.91 5.41 5.90 6.39 6.88 7.39 .32 ............ 1.02 1.52 2.03 2.54 3.05 3.56 4.07 4.57 5.08 5.58 6.09 6.60 7.11 7.63 .34 .....•.•.... 1.05 1.57 2.10 2.62 3.15 3.67 4.19 4.72 5.24 5.76 6.29 6.81 7.33 7.86 .36 ............ 1.08 1.62 2.16 2.69 3.23 3.77 4.31 4.85 5.38 5.93 6.47 7.00 7.54 8.OS .38. '" ........ 1.11 1.66 2.22 2.77 3.32 3.87 4.43 4.98 5.53 6.09 6.65 7.19 7.75 8.30 .40 ............ 1.14 1. 70 2.27 2.84 3.41 3.97 4.54 5.11 5.68 6.25 6.81 7.39 7.95 8.52 .45 .......•.... 1.20 1.81 2.41 3.01 3.62 4.21 4.81 5.42 6.02 6.62 7.24 7.83 8.43 9.05 .50 .....•...... 1.27 1.91 2.54 3.18 3.81 4.45 5.08 5.72 6.35 6.99 7.62 8.26 8.90 9.53 .55 ............ 1.33 2.00 . 2.67 3.34 4.00 4.67 <"'5.34 '6.01 ' 6.67 ' 7.34 " 8.01 8.68 9.33 10.0 .60 .........•.. 1.39 2.09 2.79 3.48 4.18 4.87 5.57 6.27 6.97 7.66 8.35 9.05 9.75 10.4 .65 ............ 1.45 2.17 2.90 3.62 4.35 5.07 5.80 6.52 7.24 7.97 8.70 9.42 10.1 10.9 .70 ............ 1.50 2.26 3.00 3.76 4.50 5.26 6.01 6.76 7.52 8.26 9.02 9.77 10.5 11.3 .75 ............ 1.56 2.34 "'3.12 a~90 4.68 5.45 6.22 7.01 7.79 8.56 9.35 10.1 10.9 11'.7 .80 ............ 1.61 2.41 3.21 4.01 4.81 5.62 6.42 7.24 8.04 8.84 9.65 10.4 11.2 12.0 .85 ............ 1.66 2.48 3.31 4.14 4.97 5.80 6.63 7.45 8.28 9.12 9.95 10.7 11.6 12.4 .90 ............ PI 2.56 3.41 4.26 5.11 5.97 6.82 7.67 8.53 9.38 10.2 11.1 11.9 12.8 .95 ............ 1. 75 2.63 3.50 4.38 5.l!5 6.12 7.00 7.88 8.76 9.64 10.5 11.4 12.2 13.1 1.00 ............ 1.80 2.69 3.59 4.49 5.38 6.28 7.19 8.08 8.98 9.88 10.8 11.7 12.6 13.5 

<t'" 

800 I 850 I 

1.44 1.53 
2.03 2.16 
2.49 2.64 
2.88 3.06 
3.22 3.42 
3.52 3.74 
3.80 4.04 
4.06 4.31 
4.31 4.58 
4.54 4.82 
4.77 5.06 
4.98 5.29 
5.18 6.50 
5.38 5.72 
5.57 5.92 
5.74 6.10 
5.92 6.29 
6.09 6.47 
6.27 6.66 
6.43 6.83 
6.74 7.16 
7.05 7.49 
7.33 7.78 
7.60 8.08 
7.87 8.36 
8.14 8.63 
8.38 8.91 
8.62 9.16 
8.87 9.42 
9.09 9.67 
9.65 10.2 

10.2 10.8 
10;7 11.3 
11.1 11.8 
11.6 12.3 
12.0 12.8 
12.5 13.2 
12.8 13.6 
13.2 14.1 
13.6 14.5 
14.0 14.9 
14.3 15.2 

900 I 

1.62 
2.28 
2.80 
3.24 
3.62 
3.96 
4.27 
4.57 
4.85 
5.11 
5.36 
5.60 
5.83 
6.05 
6.27 
6.46 
6.67 
6.85 
7.05 
7.23 
7.58 
7.93 
8.24 
8.56 
8.86 
9.14 
9.43 
9.70 
9.97 

10.2 
10.8 
11.4 
12.0 
12.5 
13.0 
13.5 
14.0 
14.4 
14.9 
15.3 
15.7 
16.2 

950 

1.71 
2.41 
2.95 
3.42 
3.82 
4.18 
4.51 
4.82 
5.12 
5.40 
5.66 
5.91 
6.15 
6.39 
6.60 
6.82 
7.03 
7.25 
7.45 
7.63 
8.00 
8.37 
8.70 
9.03 
9.35 
9.65 
9.96 

10.2 
10.6 
10.8 
11.4 
12.1 
12.7 
13.2 
13.7 
14.3 
14.8 
15.2 
15.7 
16.2 
16.6 
17.0 
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• 

Equivalent GL 
of producing 

string 

1.10 .......... .. 
1.2 .......... .. 
1.3 .......... .. 
1.4 .......... .. 
1.5 ........... . 
1.6 ........... . 
1.7 .......... .. 
1.8 ........... . 
1-.9 ........... . 
2.0 ........... . 
2.2 ........... . 
2.4 ........... . 
2.6 ........... . 
2.8 ........... . 
3.0 ........... . 
3.2 ........... . 
3.4 ........... . 
3.6 ........... . 
3.8 ........... . 
4.0 ........... . 
4.2 ........... . 
4..4 ........... . 
4.6 ........... . 
4.8 ........... . 
5.0 ........... . 
5.5 ........... . 
6.0 ........... . 
6.5 ........... . 
7.0 ........... . 
7.5 ........... . 
8.0 ........... . 
8.5 ........... . 
9.0 ........... . 
9.5 ........... . 

10 ........... . 
11 ........... . 
12 ........... . 
13 ........... . 
14 ........... . 
15 ........... . 
16 ........... . 
17 ........... . 

" 

TABLE 34.--Values of ..;pl-Pw2 or R corresponding to equivalent GL of producing strings-Continued 

100 I 150 I 200 I 250 I 300 I 350 I 400 

1.88 
1.96 
2.05 
2.12 
2.20 
2.27 
2.34 
2.41 
2.47 
2.54 
2.66 
2.78 
2.90 
3.00 
3.11 
3.22 
3.32 
3.41 
3.50 
3.59 
3.68 
3.77 
3.85 
3.93 
4.02 
4.21 
4.40 
4.59 
4.76 
4.92 
5.08 
5.23 
5.39 
5.53 
5.69 
5.93 
6.22 
6.49 
6.73 
6.96 
7.20 
7.40 

2.82 
2.94 
3.08 
3.18 
3.30 
3.40 
3.51 
3.62 
3.71 
3.80 
4.00 
4.17 
4.35 
4.51 
4.67 
4.82 
4.97 
5.11 
5.25 
5.40 
5.52 
5.66 
5.78 
5.90 
6.02 
6.32 
6.60 
6.88 
7.13 
7.38 
7.62 
7.85 
8.09 
8.31 
8.52 
8.89 
9.33 
9.73 

10.1 
10.4 
10.8 
11.1 

3.76 
3.94 
4.10 
4.24 
4.40 
4.54 
4.68 
4.82 
4.96 
5.09 
5.32 
5.56 
5.80 
6.01 
6.23 
6.43 
6.63 
6.81 
7.00 
7.19 
7.36 
7.54 
7.71 
7.88 
8.03 
8.43 
8.80 
9.17 
9.51 
9.84 

10.1 
10.4 
10.8 
11.0 
11.4 
11.9 
12.4 
13.0 
13.5 
13.9 
14.4 
14.8 

4.70 
4.91 
5.13 
5.32 
5.50 
5.69 
5.85 
6.03 
6.20 
6.36 
6.66 
6.95 
7.25 
7.52 
7.78 
8.04 
8.28 
8.52 
8.75 
8.98 
9.21 
9.42 
9.63 
9.85 

10.1 
10.5 
11.0 
11.5 
11.9 
12.3 
12.7 
13 1 
13.5 
13.8 
14.2 
14.9 
15.5 
16.2 
16.8 
17.4 
18.0 
18.5 

5.66 
5.90 
6.15 
6.37 
6.60 
6.82 
7.02 
7.23 
7.43 
7.63 
8.00 
8.36 
8.70 
9.02 
9.33 
9.64 
9.94 

10.2 
10.5 
10.8 
11.0 
11.3 
11.5 
11.8 
12.0 
12.6 
13.2 
13.7 
14.3 
14.7 
15.2 
15.7 
16.2 
16.6 
17.0 
17.8 
18.6 
19.5 
20.2 
20.9 
21.6 
22.2 

6.60 
6.88 
7.17 
7.45 
7.70 
7.96 
8.19 
8.43 
8.66 
8.90 
9.32 
9.75 

10.1 
10.5 
10.9 
11.2 
11.6 
11.9 
12.2 
12.6 
12.9 
13.2 
13.5 
13.7 
14.0 
14.7 
15.4 
16.0 
16.7 
17.2 
17.8 
18.3 
18.8 
19.4 
19.8 
20.8 
21.8 
22.7 
23.5 
24.4 
25.2 
25.9 

7.54 
7.80 
8.20 
8.51 
8.80 
9.10 
9.38 
9.64 
9.91 

10.1 
10.6 
11.1 
11.6 
12.0 
12.4 
12.8 
13.3 
13.6 
14.0 
14.4 
14.7 
15.1 
15.4 
15.7 
16.1 
16.8 
17.6 
18.3 
19.0 
19.7 
20.4 
20.9 
21.6 
22.1 
22.7 
23.8 
24.9 
26.0 
26.9 
27.8 
28.8 
29.6 

-----------
Rate of flow, M cubic feet per 24 hours 

I 450 I 500 I 550 I 600 I 650 I 700 I 750 850 I 900 I 950 

8.49 
8.86 
9.22 
9.57 
9.90 

10.2 
10.5 
10.8 
11.1 
11.4 
12.0 
12.5 
13.0 
13.5 
14.0 
14.5 
14.9 
15.3 
15.7 
16.2 
16.6 
17.0 
17.4 
17.7 
18.1 
18.9 
19.8 
20.6 
21.4 
22.1 
22.9 
23.5 
24.3 
24.9 
25.6 
26.8 
28.0 
29.2 
30.3 
31.3 
32.4 
33.3 

R= "';p\2_p,v 2 

9.43 
9.85 

10.2 
10.6 
11.0 
11.3 
11.7 
12.0 
12.3 
12.7 
13.3 
13.9 
14.5 
15.0 
15.5 
16.1 
16.6 
17.0 
17.5 
18.0 
18.4 
18.8 
19.3 
19.7 
20.1 
21.1 
22.0 
22.9 
23.8 
24.6 
25.4 
26.2 
26.9 
27.7 
28.4 
29.6 
31.1 
32.4 
33.7 
34.8 
36.0 
37.0 

10.3 
10.8 
11.3 
11.7 
12.1 
12.5 
12.9 
13.2 
13.6 
13.9 
14.6 
15.3 
15.9 
16.5 
17.1 
17.7 
18.2 
18.7 
19.2 
19.7 
20.2 
20.8 
21.2 
21.6 
22.1 
23.2 
24.2 
25.2 
26.2 
27.1 
27.9 
28.8 
29.6 
30.4 
31.2 
32.7 
34.2 
35.7 
37.0 
38.3 
39.6 
40.7 

11.3 
11.8 
12.3 
12.7 
13.2 
13.6 
14.0 
14.5 
14.8 
15.2 
16.0 
16.7 
17.4 
18.0 
18.7 
19.3 
19.8 
20.4 
21.0 
21.6 
22.1 
22.6 
23.2 
23.6 
24.1 
25.3 
26.4 
27.5 
28.6 
29.5 
30.5 
31.4 
32.3 
33.2 
34 1 
35.7 
37.3 
38.9 
40.3 
41.7 
43.1 
44.4 

12.2 
12.8 
13.3 
13.8 
14.3 
14.7 
15.2 
15.7 
16.1 
16.5 
17.3 
18.0 
18.8 
19.5 
20.2 
20.9 
21.5 
22.2 
22.8 
23.4 
23.9 
24.5 
25.0 
25.6 
26.1 
27.4 
28.6 
29.8 
30.9 
32.0 
33.0 
34.0 
35.0 
36.0 
36.9 
38.5 
40.4 
42.1 
43.7 
45.2 
46.8 
48.1 

13.2 
13.7 
14.3 
14 .8 
15.4 
15.9 
16.4 
16.9 
17.3 
17.7 
18.6 
19.5 
20.3 
21.0 
21.8 
22.5 
23.2 
23.8 
24.5 
25.2 
25.8 
26.4 
27.0 
27.5 
28.1 
29.5 
30.8 
32.1 
33.3 
34.4 
35.6 
36.6 
37.7 
38.7 
39.7 
41.5 
43.5 
45.4 
47 .1 
48.7 
50.3 
51.8 

14.1 
14.7 
15.4 
15.9 
16.5 
17.0 
17.5 
18.1 
18.5 
19.0 
20.0 
20.8 
21. 7 
22.5 
23.4 
24.1 
24.9 
25.6 
26.3 
27.0 
27.6 
28.3 
28.9 
29.5 
30.1 
31.6 
33.0 
34.4 
35.7 
36.9 
38.1 
39.2 
40.4 
41.5 
42.6 
44.5 
46.6 
48.6 
50.4 
52.1 
54.0 
55.6 

15.0 
15.7 
16.4 
17.0 
17.6 
18.1 
18.7 
19.3 
19.8 
20.3 
21.3 
22.2 
23.2 
24.1 
24.9 
25.7 
26.5 
27.3 
28.0 
28.8 
29.4 
30.1 
30.8 
31.5 
32.2 
33.7 
35.2 
36.7 
38.1 
39.3 
40.6 
41.9 
43.1 
44.3 
45.4 
47.4 
49.7 
51.9 
53.8 
55.7 
57.5 
59.2 

16.0 
16.7 
17.4 
18.0 
18.7 
19.3 
19.9 
20.5 
21.0 
21.5 
22.6 
23.6 
24.6 
25.6 
26.5 
27.3 
28.2 
29.0 
29.8 
30.6 
31.3 
32.1 
32.7 
33.4 
34.2 
35.8 
37.4 
39.0 
40.5 
41.8 
43.1 
44.5 
45.8 
47.1 
48.3 
50.4 
52.8 
55.1 
57.2 
59.1 
61.1 
63.0 

16.9 
17.7 
18.4 
19.1 
19.8 
20.4 
21.1 
21.7 
22.3 
22.8 
24.0 
25.0 
26.1 
27.1 
28.0 
28.9 
29.8 
30.7 
31.5 
32.4 
33.1 
33.9 
34.7 
35.4 
36.2 
37.9 
39.6 
41.3 
42.8 
44.3 
45.7 
47.1 
48.6 
49.8 
51.1 
53.4 
56.0 
58.4 
60.6 
62.6 
64.8 
66.6 

17.9 
18.7 
19.5 
20.2 
20.9 
21.5 
22.2 
22.9 
23.5 
24.1 
25.3 
26.4 
27.5 
28.5 
29.6 
30.6 
31.5 
32.4 
33.3 
34.2 
35.0 
35.8 
36.6 
37.4 
38.2 
40.0 
41.8 
43.6 
45.2 
46.7 
48.2 
49.7 
51.2 
52.6 
54.0 
56.3 
59.0 
61.6 
64.0 
66.1 
68.3 
70.3 
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TABLE 34.-Values of VF12= F~2 or R corresponding to equivalent GL of producing strings-Continued 

Rate of flow, M cubio feet per 24 hours 

Equivalent GL 
100 I 150 I 200 I 250 I 300 

1 
350 I 400 I 450 I 500 I 5/iO I 600 I 650 I 700 I 750 I 800 I of producing 

string 
~ 

R = ";P11- P",I 

18 ............ 7.62 11.4 15.3 19.0 22.9 26.7 30.5 34.3 38.1 41.9 45.7 49.5 53.3 57.2 61.0 
19 ............ 4' .83 11.7 15.6 19.6 23.5 27.4 31.3 35.2 39.1 43.1 47.0 50.8 54.8 58.7 62.7 
20 ............ 8.03 12.0 16.0 20.1 24.1 28.1 32.1 36.1 40.1 44.1 48.1 52.2 56.2 60.3 64.3 
22 ............ 8.43 12.6 16.9 21.0 25.3 29.5 33.7 37.9 42.1 46.3 50.6 54.8 59.0 63.2 67.4 
24 ............ 8.80 13.2 17.6 22.0 26.4 30.8 35.3 39.6 44.0 48.4 52.8 57.2 61.6 66.0 70.5 
26 ............ 9.16 13.7 18.3 22.9 27.5 32.1 36.7 41.2 45.8 50.4 55.0 59.6 64.1 68.7 73.3 
28 ............. 9.51 14.3 19.0 23.8 28.5 33.3 38.1 42.8 47.6 52.3 57.1 61.8 66.6 71.3 76.1 
30 ............. 9.85 14.7 19.7 24.6 29.5 34.4 39.3 44.2 49.1 54.2 59.0 63.9 68.8 73.9 78.8 
32 ............ 10.2 15.2 20.3 25.4 30.5 35.6 40.6 45.7 50.8 55.9 61.0 66.0 71.1 76.2 81.3 
34 ............ 10.5 15.7 21.0 26.2 31.5 36.7 42.0 47.2 52.4 57.7 62.9 68.2 73.4 78.7 83.8 
36 ............ 10.8 16.2 21.6 2(\.9 32.3 37.7 43.1 48.5 53.9 59.3 64.6 70.0 75.4 80.8 86.3 
38 ............. 11.1 16.6 22.2 27.7 33.2 38.7 44.3 49.8 55.3 60.9 66.4 72.0 77.5 83.0 88.7 
40 •• 1 ••••••••• 11.4 17.0 22.7 28.4 34.1 39.7 45.4 51.1 56.8 62.5 68.1 73.8 79.5 85.2 90.9 
45 ............. 12.0 18.1 24.1 30.1 36.1 42.1 48.1 54.2 60.2 66.2 72.3 78.3 84.3 90.5 96.5 
50 ............ 12.7 19.1 25.4 31.8 38.1 44.5 50.8 57.2 63.5 70.0 76.3 82.6 89.0 95.3 102 
55 ............ 13.3 20.0 26.6 33.3 39.9 46.7 53.3 59.9 66.6 73.3 79.9 86.6 93.2 99.9 106 
60 ............ 13.9 20.9 27.9 34.8 41.8· 48.8 55.7 62.7 69.7 76.6 83.5 90.6 97.5 104 111 
65 " ........... 14.5 21.7 29.0 36.2 43.4 50.7 58.0 65.2 72.4 79.7 86.9 114.2 101 109 116 
70 ............. 15.0 22.6 30.1 37.6 45.1 52.7 60.2 67.7 75.2 82.8 90.3 97.8 105 113 120 
75 ............ 15.6 23.4 31.1 38.9 46.7 54.5 62.3 70.1 77.8 85.6 93.3 101 109 117 124 
SO ............ 16.1 24.1 32.2 40.2 48.2 56.3 64.3 72.3 SO.3 88.3 96.5 104 112 120 128 
85 ............ 16.6 24.9 33.1 41.4 49.7 58.0 66.2 14.5 82.8 91.2 99.5 lOS 116 124 132 
90 ............ 17.0 25.6 34.1 42.6 51.1 59.7 68.1 76.7 85.3 93.8 102 111 119 128 136 
95 ............. 17.5 26.3 35.0 43.7 52.5 61.3 70.0 78.8 87.5 96.3 105 114 122 131 140 

100 ............. 18.0 27..fj 36.0" 45.0 54,0. 63.0 72.0 80.9 89.8 98.9 lOS 117 126 135 144 
110 ............ 18.8 28.3 '37.7 47.1 56.5 65.9 75.3 84.9 94.3 103 113 122 132 141 150 
120 ............ 19.7 29.5 • 39.4 49.1 59.0 68.9 78.7 88.5 98.5 lOS 118 128 138 148 157 
130 ............ 20.5 30.7 41.0 51.2 61.4 71.7 82.0 92.2 102 113 123 133 143 1M 164 
140 ............ 21.2 31.8 42.4 53.2 63.7 74.5 85.0 95.7 106 117 127 138 148 159 170 
150 ............. 22.0 33.0 44.0 55.0 66.0 77.0 88.0 99.0 110 121 132 143 154 165 176 
160 ............ 22.7 34.1 45.5 56.8 68.1 79.6 90.9 102 114 125 136 147 159 170 182 
170 ............ 23.4 35.1 46.9 58.5 70.3 81.9 93.8 105 117 129 140 152 164 175 187 
ISO ............ 24.1 36.1 48.1 60.3 72.4 84.4 96.5 108 120 132 144 156 168 ISO 193 
190 ............. 24.8 37.2 49.6 62.0 74.2 86.7 99.1 111 124 136 149 161 173 186 198 
200 ............. 25.4 38.1 50.8 63.5 76.3 88.9 101 114 127 140 152 165 178 190 203 
225 ............ 27.0 40.4 53.9 67.3 80.8 114.4 108 121 135 148 162 175 189 202 216 
250 ............ 28.4 42.7 56.8 71.0 85.2 99.5 114 128 142 156 170 185 199 213 228 
275 ......... \ ... 29.8 44.7 59.6 74.4 89.3 104 119 134 149 164 179 193 208 224 238 
300 ............ 31.1 46.7 62.3 77.7 93.3 109 124 140 I1i5 171 187 202 218 233 249 
325 ............ 32.4 48.6 64.8 80.9 97.1 113 130 145 162 178 194 210 226 243 259 
350 ............ 33.6 50.4 67.2 84.1 101 118 135 lIB 168 185 202 219 236 252 269 
375 ............ 34.8 52.3 69.7 87.1 104 122 139 157 174 191 209 226 244 261 279 

850 I 900 

64.8 68.6 
66.5 70.5 
68.2 72.3 
71.7 75.8 
74.9 79.2 
77.8 82.4 
80.8 85.7 
83.7 88.6 
86.3 91.4 
89.1 94.3 
91.7 97.0 
94.2 99.6 
96.7 102 

102 108 
108 114 
113 120 
118 125 
123 130 
128 135 
132 140 
137 145 
141 149 
145 153 
149 157 
153 162 
160 170 
167 177 
174 184 
ISO 191 
187 198 
193 205 
199 211 
205 217 
211 223 
216 229 
229 242 
241 256 
253 268 
264 2SO 
275 291 
286 303 
296 314 

I 950 

72.4 
74.3 
76.3 
SO.1 
83.6 
87.1 
90.4 
93.5 
96.5 
99.6 

102 
105 
108 
114 
121 
126 
132 
138 
143 
148 
153 
157 
162 
166 
171 
179 
187 
195 
202 
~ 
216 
222 
229 
236 
242 
256 m 
295 
308 
320 
331 

'"'""' ~ 
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~ 
fIl 
fIl 
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Equivalent GL 
or producing 

string 

400 
423 
450 
475 
500 
550 
600 
650 
700 
750 
800 
850 
900 
950 

1,000 
1,100 
1,200 
1,300 
1,400 
1,500 
1,600 
1,700 
1,800 
1,900 
2,000 
2,100 
2,200 
2,300 
2,400 
2,500 
2,600 
2,700 
2,800 
2,900 
3,000 
3,200 
3,400 
3,600 
3.800 
4.om 

'-

TABLE 34.-Values of Vp j 2 - Pw2 or R corresponding to equivalent GL of producing strings--Continued 

100 I 150 I 200 I 250 I 300 I 350 I 400 

35.9 
37.0 
38.1 
39.1 
40.2 
42.1 
44.0 
45.8 
47.6 
49.2 
50.9 
52.4 
53.9 
55.3 
56.8 
59.5 
62.2 
64.8 
67.3 
69.5 
71.8 
74.0 
76.3 
78.3 
80.3 
82.4 
84.3 
86.1 
88.0 
89.8 
91. 7 
93.3 
95.1 
96.8 
98.5 

102 
105 
108 
111 
113 

54.0 
55.5 
57.2 
58.7 
60.3 
63.2 
66.0 
68.8 
71.3 
73.9 
76.3 
78.5 
80.8 
83.0 
85.2 
89.3 
93.3 
97.1 

101 
104 
107 
111 
114 
117 
120 
123 
126 
129 
132 
135 
138 
140 
143 
145 
147 
153 
157 
162 
16& 
170 

71.9 
74.0 
76.2 
78.3 
80.4 
84.2 
88.0 
91.7 
95.2 
98.5 

102 
105 
108 
111 
114 
119 
124 
129 
135 
139 
143 
148 
152 
157 
160 
164 
168 
172 
176 
180 
183 
187 
190 
194 
197 
204 
209 
216 
222 
227 

89.8 108 
92.6 111 
95.3 114 
98.0 117 

100 120 
105 126 
110 132 
115 138 
119 143 
123 • 148 
127 152 
131 157 
135 162 
138 166 
142 171 
149 179 
155 187 
162 194 
168 202 
174 209 
179 215 
185 222 
190 228 
196 235 
200 241 
206 247 
210 252 
215 259 
220 264 
225 269 
229 275 
233 280 
238 285 
242 290 
246 295 
254 305 
262 314 
270 324 
277 332 
284 340 

126 
130 
133 
137 
140 
147 
154 
160 
167 
172 
178 
183 
188 
193 
199 
209 
218 
227 
235 
244 
251 
259 
267 
274 
281 
288 
295 
301 
308 
314 
321 
326 
333 
339 
345 
356 
366 
377 
387 
397 

144 
148 
152 
156 
161 
168 
176 
183 
190 
197 
203 
209 
215 
221 
228 
238 
249 
259 
269 
278 
287 
296 
305 
313 
321 
330 
337 
345 
352 
359 
367 
373 
381 
387 
394 
407 
419 
431 
443 
456 

Rate of flow, M cubic feet per 24 bours 

I 450 I 500 I 550 I 600 I 650 I 700 I 750-~~- I 850 I 900 -T 950 

R = ,.jP12 - Pw J 

162 
167 
172 
176 
181 
189 
198 
206 
214 
222 
229 
237 
242 
249 
256 
268 
280 
291 
303 
313 
323 
333 
342 
352 
361 
371 
379 
388 
396 
404 
412 
420 
428 
436 
443 
458 
471 
485 
496 
512 

180 
185 
190 
196 
201 
210 
220 
229 
238 
246 
254 
262 
269 
277 
285 
298 
311 
324 
337 
347 
359 
370 
381 
392 
401 
412 
421 
431 
440 
449 
459 
466 
476 
483 
492 
508 
524 
539 
553 
568 

197 
204 
210 
215 
221 
232 
242 
252 
262 
271 
280 
28S 
296 
304 
313 
328 
342 
356 
370 
383 
395 
407 
420 
430 
441 
453 
463 
473 
484 
494 
503 
513 
523 
532 
541 
560 
576 
593 
609 
625 

216 
222 
229 
235 
241 
253 
264 
275 
285 
295 
305 
314 
323 
332 
341 
357 
373 
389 
403 
417 
431 
444 
457 
470 
481 
495 
506 
517 
529 
540 
550 
560 
571 
581 
590 
610 
629 
648 
664 
681 

234 
240 
248 
254 
261 
274 
286 
298 
309 
320 
331 
340 
350 
359 
369 
387 
404 
421 
437 
452 
467 
481 
495 
509 
523 
535 
547 
560 
572 
583 
596 
606 
619 
629 
640 
661 
680 
702 
720 
738 

252 
259 
267 
274 
281 
295 
308 
321 
333 
344 
356 
366 
377 
387 
398 
417 
436 
453 
471 
487 
502 
518 
533 
548 
563 
677 
589 
603 
616 
629 
642 
653 
666 
677 
688 
712 
733 
755 
775 
795 

270 
278 
286 
293 
302 
316 
330 
344 
357 
369 
381 
392 
404 
415 
427 
447 
466 
486 
505 
522 
538 
555 
571 
587 
603 
618 
632 
647 
660 
673 
688 
701 
713 
726 
738 
763 
785 
810 
830 
853 

287 
296 
305 
313 
322 
337 
352 
366 
381 
394 
406 
419 
431 
443 
455 
477 
498 
518 
538 
557 
574 
593 
609 
626 
643 
660 
675 
689 
705 
718 
733 
746 
762 
774 
787 
813 
838 
863 
887 
910 

306 
315 
324 
333 
342 
358 
374 
390 
404 
418 
432 
445 
458 
470 
483 
506 
528 
550 
572 
591 
610 
629 
648 
666 
682 
701 
716 
732 
748 
763 
779 
793 
808 
823 
836 
865 
890 
917 
942 
967 

324 
333 
343 
352 
362 
379 
396 
413 
429 
443 
458 
471 
485 
498 
512 
636 
560 
583 
606 
627 
646 
666 
686 
705 
724 
742 
758 
776 
792 
808 
826 
840 
856 
872 
887 
915 
942 
971 
997 

1,023 

341 
352 
362 
372 
382 
400 
418 
436 
452 
468 
483 
497 
512 
526 
540 
566 
591 
615 
639 
661 
683 
703 
725 
743 
763 
783 
800 
818 
838 
853 
872 
887 
904 
920 
936 
967 
995 

1,025 
1,053 
1,080 
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TABLE 35.-Pressure drop in producing string due to friction corresponding to different values of R 

PresRure at wellhead, P ,." pounds per square inch absolute 

-Vp,l- P",I 

I I I I I I I I I I I I I I or 15 25 50 75 100 125 150 175 200 225 250 275 300 325 350 
R 

Pressure drop in producing string due to friction, lb. per sq. in. 

5 ................. 1 .. .. .. .. .. .. . . . , .. .. .. 
10 ................. 3 2 1 1 1 .. .. .. .. .. .. .. 
15 ................. 6 4 2 2 1 1 1 1 1 .. .. 
20 ................. 10 6 4 3 2 2 1 1 1 1 1 1 1 
25 ................. 14 10 6 4 3 2 2 2 2 1 1 1 1 1 1 
30 .............. , .. 19 14 8 6 4 4 3 2 2 2 2 1 1 1 1 
35 ................. 23 18 11 8 6 5 4 3 3 3 2 2 2 2 1 
40 ................. 28 22 14 10 8 6 5 4 4 3 3 3 3 2 2 
45 ................. 32 27 17 13 10 8 7 6 5 4 4 4 3 3 3 
50 ................. 37 31 21 15 12 10 8 7 6 5 5 4 4 4 3 
60 ................. 47 40 28 21 17 14 12 10 9 8 7 6 6 5 5 
70 ................. 57 49 36 28 22 18 15 13 12 10 9 9 8 7 7 
SO •••.•••••••••.••• 66 59 44 35 28 23 20 17 15 14 12 11 10 9 9 
90 .••••••••....•••. 76 68 53 42 35 29 25 22 19 17 16 14 13 12 11 

100 ................. 86 78 62 50 41 35 30 26 24 21 19 17 16 15 14 
llO ..•.•............ 96 88 71 58 49 41 36 32 28 25 23 21 19 18 17 
120 ..•.............. 106 98 80 67 56 48 42 37 33 30 27 25 23 21 20 
130 ................. 116 107 89 75 64 55 48 43 38 35 32 29 27 25 23 
140 ....•............ 126 117 99 84 72 62 55 49 44 40 36 33 31 29 27 
150 ................. 136 127 lOS 93 80 70 62 55 50 45 41 38 35 33 31 
160 ................. 146 137 lI8 102 88 78 69 62 56 51 47 43 40 37 35 
170 ................. 156 147 127 III 97 86 77 69 62 57 52 48 45 42 39 
180 ................. 166 157 137 120 106 94 84 76 69 63 58 53 50 46 43 
190 ................. 176 167 146 129 115 102 92 83 76 69 64 59 55 51 48 
200 ................. 186 177 156 139 124 III 100 91 83 76 70 65 60 56 53 
210 ................. 196 186 166 148 133 119 108 98 90 83 76 71 66 62 58 
220 ................. 206 196 176 157 142 128 lI6 106 97 90 82 77 72 67 63 
230 ................. 216 206 185 167 151 137 125 114 105 97 89 83 78 73 69 
240 ................. 226 216 195 177 160 146 134 122 112 104 96 90 84 78 75 
250 ................. 235 226 205 186 169 155 142 131 120 III 104 97 90 85 80 

I 375 I 400 

.. .. 

.. .. 

. . .. 
1 1 
1 1 
1 1 
2 2 
2 2 
3 3 
5 4 
6 6 
8 8 

10 10 
13 12 
16 15 
19 18 
22 20 
25 24 
29 27 
32 30 
36 34 
41 38 
45 43 
50 47 
55 52 
60 57 
65 62 
70 66 
75 71 

I 450 

.. 

.. 

.. 
1 
1 
1 
2 
2 
3 
4 
5 
7 
9 

11 
13 
16 
18 
21 
24 
28 
31 
35 
38 
43 
47 
51 
56 
60 
65 
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TABLE 35.-Pressure drop in producing string due to friction corresponding to different values of R--Continued 

Pressure at weUhead. P w. pounds per square inch absolute 

..Jp,2_P",2 
or 500 550 600 650 700 750 800 850 900 950 1.000 1,100 1,200 1 ,300 1.400 1,500 
R 

Pressure drop in producing string due to friction, lb. per sq. in. 

5 ................. .. . , .. .. .. .. .. .. . . .. .. . . .. . . .. . . 
10 ......•.......... .. .. . , .. .. .. .. .. . . .. .. .. .. .. .. . . 
15 ................ ; .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. . . 
20 ................. .. . , .. .. .. .. .. .. . . .. .. .. .. .. . . . . 
25 ...••.•••.•..•••• . i .. .. .. .. .. .. .. .. .. .. .. .. .. . . 
30 ................. 1 .. .. .. .. .. .. . . 
35 ..•.............. 1 1 1 1 1 1 1 1 1 .. .. .. 
40 ................. 1 1 1 1 1 1 1 1 1 1 1 1 1 
45 ..•.............. 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 
50 ................. 2 2 2 2 2 1 1 1 1 1 1 1 1 1 1 1 
60 ................. 3 3 3 2 2 2 2 2 2 2 2 2 1 1 1 1 
70 ................. 5 4 4 4 3 3 2 2 2 2 2 2 2 2 2 2 
80 ..•.......•...... 6 6 5 4 4 4 4 3 3 3 2 2 2 2 2 2 
90 ................. 8 7 7 6 6 6 4 4 4 4 4 3 3 3 3 3 

100 ................. 10 9 8 7 7 6 6 6 5 5 5 4 4 4 4 3 
110 ......•.......... 12 11 10 9 8 8 7 6 6 5 5 5 5 5 4 4 
120 ................. 14 13 12 11 10 9 9 8 8 7 7 6 6 6 5 5 
130 ................. 16 15 14 13 12 10 11 9 8 8 8 6 7 6 5 6 
140 ................. 19 18 16 15 14 13 12 II 10 10 10 8 8 7 6 7 
150 ......... , ....... 22 20 18 17 16 15 14 13 12 11 11 10 9 9 8 8 
160 ......•...•...... 24 22 20 19 18 16 16 14 14 13 13 11 10 10 9 9 
170 ................. 28 25 23 22 20 18 17 16 16 15 15 13 11 11 10 10 
180 ..•.............. 32 28 26 24 22 20 20 18 18 16 16 14 13 12 11 11 
190 ..............•.. 35 31 29 27 26 23 22 20 20 18 17 16 14 14 12 12 
200 ................. 38 34 32 30 28 26 24 23 22 20 19 18 16 15 14 13 
210 ................. 42 38 36 32 30 28 26 25 24 22 21 20 18 17 16 14 
220 ................. 46 42 39 36 33 31 29 28 26 25 23 22 19 18 17 15 
230 ................. 50 46 42 40 36 34 32 30 28 27 26 24 22 20 18 18 
240 ................. 54 50 46 43 39 38 35 33 31 30 28 26 23 22 20 19 
250 ................. 59 54 50 46 43 42 38 36 34 32 31 28 25 24 22 21 

-- -- --_ .. _-----
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2,000 2,500 
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TABLE 35.-Pressure drop in producing string due to friction corresponding to different values of R-Continued 

Pressure at wellhead. P ID. pounds per square inch absolute 

';Pl'-P",' 

I I I I I I I I I I I I I I I or 15 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375 
R 

Pressure drop in producing string due to friction, lb. per sq. in. 

260 .••••••.••••••••• 245 236 215 196 179 163 150 139 128 119 111 103 96 91 86 81 
270 ....•.••••.•••••• 2M 246 225 205 188 172 159 147 136 126 118 110 103 97 92 87 
280 ................. 265 256 234 215 198 182 166 155 144 134 124 117 110 104 98 93 
290 ................. 275 266 244 224 207 191 176 164 152 142 133 124 117 110 104 99 
300 ................. 285 276 254 234 216 199 186 172 161 150 141 131 124 117 110 105 
310 ................. 295 286 264 243 226 209 194 181 169 158 149 139 131 124 117 112 
320 ................. 305 296 274 253 236 219 203 189 178 166 156 146 139 131 123 118 
330 ................. 315 306 284 263 245 228 212 198 186 174 l64 155 146 138 131 124 
340 ......••••••••••. 325 316 294 273 254 237 222 207 194 183 172 162 153 145 138 131 
350 ................. 335 326 304 283 264 247 231 216 203 191 180 170 161 153 145 138 
360 ................. 345 336 314 292 273 256 240 225 211 199 188 178 168 160 152 145 
370 ................. 355 346 323 302 283 265 249 234 220 208 196 185 176 167 159 151 
380 ................. 365 356 333 312 293 275 258 243 229 216 205 194 184 175 166 159 
390 . 375 366 343 322 303 284 268 252 238 225 213 202 192 183 174 166 
400::::::::::::::::: 385 376 353 331 312 294 277 261 247 234 221 210 200 190 181 173 
410 .••.•••.•.••••••. 395 386 363 341 322 303 286 270 256 243 230 218 208 198 189 180 
420 ................. 405 396 373 351 332 313 296 280 265 251 238 227 216 206 197 188 

::g::::::::::::::::: 415 406 383 361 341 323 306 289 274 260 247 235 223 214 205 195 
425 416 393 371 351 332 '315 298 283 270 256 243 232 222 212 203 

450 .••••••••••.••••• 435 426 403 381 361 342 324 308 292 278 265 252 240 230 220 211 
460 ................. 445 41.3 412 391 370 352 333 317 301 287 273 261 249 238 228 218 
470 ................. 455 446 422 401 380 362 343 326 310 296 281 270 257 246 236 226 

::::::::::::::::::: 465 456 432 410 390 371 353 335 320 305 291 278 266 255 244 234 
475 466 442 420 400 381 362 345 329 314 300 287 275 264 252 242 

500 ................. 485 476 452 430 410 390 371 355 339 323 308 296 283 272 260 250 
510 ................. 495 486 462 440 420 400 381 364 348 332 318 304 292 280 269 258 
520 ................. 505 496 472 450 430 410 391 373 357 342 327 313 300 288 277 266 
530 ................. 515 506 482 460 440 420 400 38~ 366 351 335 322 310 297 285 275 
540 ................. 525 515 492 470 449 429 410 39 376 360 345 331 318 305 294 283 
550 ..••••••••••..•.• 535 525 502 480 459 439 420 402 385 369 354 340 327 314 302 290 

---- ---- .. 

I 400 I 
77 
83 
89 
94 

100 
106 
112 
119 
125 
131 
137 
144 
151 
159 
166 
173 
180 
187 
194 
202 
210 
218 
225 
233 
240 
249 
257 
265 
272 
280 

450 

70 
75 
80 
85 
91 
96 

101 
108 
114 
120 
126 
132 
139 
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152 • 
159 
165 
173 
180 
187 
193 
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208 
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223 
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"';P11- P..,' 
or 
R 

260 ................. 
270 ..••........•.... 
280 ...•............. 
290 •................ 
300 ................. 
310 .•............... 
320 ................. 
330 ................. 
340 ................. 
350 ..........•...... 
360 ................. 
370 ................. 
380 ................. 
390 ................. 
400 ................. 
410 ........•......•. 
420 ........•.....•.. 
430 ................. 
440 ................. 
450 ................. 
460 ............•.... 
470 .•..........••.•. 
480 ................. 
490 ................. 
500 ............•.... 
510 ..•...•.......... 
520 ................. 
530 ................. 
540 ................. 
550 ................. 

TABLE 35.-Pressure drop in producing string due to fridion corresponding to different values of R-Continued 

Pressure at wellhead, P"" pounds per square inch absolute 

500 I 550 I 600 I 650 I 700 I 750 I 800 I 850 I 900 I 950 1 1,000 11,100 1 1,200 \1,300 11,400 \1,500 12,000 12,500 

Pressure drop in producing string due to friction, lb. per sq. in. 

63 59 54 50 46 45 41 39 36 34 33 30 27 25 24 22 16 14 
68 63 58 54 50 48 44 42 39 37 36 32 30 27 25 24 18 15 
73 67 62 58 54 51 47 44 42 40 38 34 32 29 27 25 20 16 
78 71 66 62 58 54 50 47 45 43 40 37 34 31 29 28 21 17 
83 76 70 66 62 58 54 51 48 46 43 40 36 33 31 30 22 18 
88 81 75 70 66 61 58 54 52 49 46 42 38 35 33 31 24 19 
93 86 80 75 70 65 62 57 55 52 49 45 41 38 35 33 25 20 
99 91 85 80 74 70 65 61 58 55 52 48 43 40 38 35 27 22 

105 96 90 84 78 74 69 65 62 58 55 50 46 43 40 38 29 23 
110 101 95 88 83 78 73 69 65 62 59 53 49 46 43 40 30 24 
115 107 100 93 87 82 77 72 68 66 63 56 52 49 45 42 32 26 
122 112 105 97 91 86 81 76 72 69 66 59 55 52 47 45 34 27 
128 118 III 103 96 90 85 80 76 73 70 63 58 54 50 47 36 29 
134 124 116 109 101 95 90 84 80 76 73 66 61 56 52 49 38 30 
140 130 121 114 106 100 94 89 84 80 76 70 64 59 55 51 39 31 
147 136 126 120 III 105 98 94 88 84 81 73 67 62 58 54 42 33 
153 142 131 125 116 110 103 98 92 88 85 76 70 65 62 57 44 35 
159 148 138 130 122 115 108 102 97 91 88 80 74 69 64 60 46 37 
166 154 144 135 127 120 112 107 102 96 92 84 78 72 67 63 48 38 
173 160 150 140 133 125 117 III 106 100 96 88 81 75 70 66 50 40 
180 167 157 146 138 130 122 116 III 105 100 92 85 79 73 69 52 42 
187 174 163 152 144 135 127 121 115 110 105 96 88 82 76 72 54 44 
193 180 169 159 150 141 133 126 119 114 109 99 92 85 80 75 57 46 
200 187 175 165 155 146 138 131 124 119 113 103 95 88 82 77 59 48 
207 194 181 171 161 152 143 136 129 123 117 107 99 92 87 80 61 50 
215 201 188 177 167 157 149 141 134 128 122 112 103 95 90 83 64 51 
222 208 195 183 173 163 154 146 139 133 126 117 107 99 93 86 67 54 
230 215 201 189 179 169 159 151 144 138 131 121 111 103 96 90 69 56 
236 221 208 195 185 175 164 157 149 143 136 125 115 107 100 94 72 58 
243 228 214 201 190 180 170 162 154 147 141 130 120 III 105 97 74 60 
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TABLE 35.-Pressure drop in producing string due to friction corresponding to different values of R-Continued 

Pressure at wellhead, P "'. pounds per square inch absolute 

-VPI' - p .. ' 

I \ I I I I I I I I I I I I I or 15 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375 
R 

Pressure drop in producing string due to friction, lb. per sq. in. 

560 ..•...•........ 545 535 512 490 468 448 430 411 395 378 363 348 335 323 310 298 
570 ....•.......... 555 545 522 500 478 458 439 421 404 388 373 358 344 331 319 308 
580 .....•......... 565 555 532 510 489 468 449 431 414 397 381 367 354 340 327 316 
590 ............... 575 565 542 519 498 478 459 440 423 406 391 376 362 348 336 324 
600 ............... 585 575 552 529 508 488 469 450 432 415 400 385 371 357 344 333 
610 ............... 595 585 562 539 518 497 478 460 442 425 409 394 380 366 353 341 
620 ............... 605 595 572 549 528 507 488 469 451 435 419 404 389 375 363 350 
630 ............... 615 605 582 559 538 517 497 478 461 444 428 413 398 384 371 358 
640 ............... 625 615 592 569 548 527 507 488 470 454 437 421 407 393 380 367 650 ............... 635 625 602 579 558 537 517 498 480 463 446 431 416 402 388 376 
660 ............... 645 635 612 589 568 546 526 508 490 472 456 441 425 411 396 384 
670 ............... 655 645 622 598 577 556 537 517 499 481 466 449 434 420 406 392 
680 ............... 665 655 632 609 587 566 545 528 509 492 475 458 443 428 414 401 
690 ............... 675 665 642 619 597 576 556 537 518 501 483 468 452 438 423 410 
700 ............... 685 675 652 629 607 586 566 546 527 511 493 476 461 447 432 419 
710 ............... 695 685 662 639 617 595 575 556 538 520 502 485 471 455 442 428 720 ............... 705 695 672 649 627 605 586 565 547 529 513 496 480 465 450 437 
730 ............... 715 705 682 659 637 615 595 575 557 539 522 505 490 474 460 446 
740 ............... 725 715 692 669 646 625 606 585 566 548 532 515 499 484 470 455 
750 ............... 735 725 702 678 657 635 615 595 577 558 541 523 508 492 479 464 
775 ............... 760 750 727 703 682 660 640 620 601 582 565 547 531 515 500 486 
800 ............... 785 775 752 728 707 685 664 644 625 607 589 570 554 538 523 509 825 ............... 810 800 777 753 731 709 689 668 650 631 613 594 578 562 546 532 
850 ............... 835 825 801 778 756 734 713 693 673 655 636 618 601 585 569 554 
875 ............... 860 850 826 803 781 759 738 717 697 679 660 642 625 608 592 576 
900 ..•.•••........ 885 875 851 828 805 783 762 741 722 703 685 666 648 631 615 599 925 ............... 910 900 876 853 830 808 787 766 746 726 708 690 672 655 638 622 
950 ............... 935 925 901 877 855 833 812 791 770 751 731 714 696 678 662 646 
975 ............... 960 950 926 902 880 857 837 816 795 775 756 738 720 702 685 670 1,000 ............... 985 975 951 927 905 882 861 840 820 799 781 762 743 725 709 693 

------

I 400 

289 
296 
305 
313 
321 
330 
338 
346 
354 
362 
371 
380 
389 
397 
406 
415 
423 
432 
440 
450 
473 
495 
518 
540 
562 
585 
608 
630 
654 
677 

I 450 

268 
276 
283 
292 
300 
308 
316 
324 
332 
340 
349 
358 
365 
373 
382 
390 
399 
408 
417 
425 
447 
469 
490 
511 
533 
555 
577 
601 
624 
647 
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~Pll- P",I 

or 
R 

560 ............... 
570 ............... 
580 ............... 
590 ............... 
600 ............... 
610 ............... 
620 ............... 
630 ............... 
640 ............... 
650 ..•............ 
660 ............... 
670 ............... 
680 .•..••.•..•.... 
600 ............... 
700 ............... 
710 ............... 
720 ............... 
730 ............... 
740 ............... 
750 ............... 
775 ............... 
800 ............... 
825 ............... 
850 ............... 
875 ............ · ... 
000 ............... 
925 ............... 
950 ............... 
975 ............... 

1,000 ............... 

TABLE 35.-Pressure drop in producing string due to friction corresponding 10 different values (If R--Continued 

500 550 600 650 700 750 

251 235 221 208 196 185 
258 241 228 215 203 192 
265 249 235 222 209 198 
273 257 241 229 215 205 
281 264 248 235 222 211 
289 271 256 241 229 216 
296 278 263 248 235 222 
304 286 270 255 241 229 
312 294 277 262 247 235 
320 301 285 269 255 242 
328 309 292 276 262 248 
335 318 298 283 268 256 
344 325 308 290 276 261 
352 332 314 297 283 268 
360 340 321 305 290 275 
369 347 330 312 296 282 
376 356 336 320 304 289 
385 364 345 327 310 296 
393 372 352 335 319 303 
402 380 360 342 326 310 
423 400 380 362 344 328 
443 420 400 381 363 347 
464 442 420 400 382 366 
486 462 440 420 400 385 
508 484 460 440 420 404 
529 505 480 459 439 423 
550 526 503 481 460 441 
574 548 523 500 479 461 
596 570 545 520 500 480 
618 590 565 641 520 500 

<# 

-

Pressure at wellhead, P 1V, pounds per square inch absolute 

800 850 900 950 1,000 Jl, 100 1,4( 

Pressure drop in producing string due to friction, lb. per sq. in. 
.-------"-~" 

176 167 160 152 146 135 124 115 108 
182 172 165 158 150 139 128 118 III 
188 178 170 162 155 143 132 122 114 
194 184 175 168 160 147 136 128 118 
200 190 181 173 165 152 142 132 122 
206 196 187 178 171 157 145 135 125 
211 201 193 183 176 162 150 139 130 
217 207 198 190 181 167 154 144 134 
223 214 204 194 187 172 160 148 138 
230 220 210 200 192 177 165 152 143 
236 226 215 206 198 182 169 157 147 
242 232 221 212 204 187 174 162 151 
249 238 227 218 209 193 179 167 156 
256 244 233 224 214 198 184 172 160 
262 250 240 230 220 203 188 175 165 
269 256 246 235 226 209 193 180 170 
275 263 252 241 231 214 198 185 174 
282 270 259 247 238 220 204 190 178 
289 277 265 253 243 225 209 195 183 
296 283 271 260 250 231 215 200 187 
314 300 287 276 265 246 229 213 200 
331 317 303 292 280 260 242 225 212 
350 334 320 308 296 275 256 239 225 
367 351 338 324 312 290 271 253 238 
385 370 355 340 328 305 285 266 250 
403 387 372 358 345 320 300 280 263 
422 405 390 375 361 337 314 295 276 
442 424 408 393 379 353 330 310 291 
461 443 427 411 396 370 345 328 305 
480 463 445 430 413 386 361 339 320 

.-------.------~------~--~---,.~-

101 
104 
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126 
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188 
199 
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248 
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275 
288 
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79 
82 
85 
88 
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94 
97 
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173 
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213 
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is being delivered through the 4-inch tubin~ at the rate of 10,000,000 cubic 
feet per 24 hours, 891 pounds per, square. Inch absolute. 
Operating pressure at the wellhead on the flow string corresponding to a 
gas delivery rate of 10,000,000 cubic feet per 24 hours through .the tubing, 
867 pounds per square inch absolute. 

TABLE 36.-Gorrection factors F corresponding to ratios 
of P wI PI to calculate pressure due to weight of moving 

gas column 

Ratio Correction Ratio Correction 
P",/PI factor F P",/Pl factor F 

0 0.67 0.55 0.80 
0.05 .67 .60 .82 

.10 .67 .65 .84 

.15 .68 .70 .86 

.20 .69 .75 .88 

.25 .70 .80 .90 

.30 .71 .85 .93 

.35 .73 .90 .95 

.40 .74, .95 .98 

.45 .76 1.00 1.00 

.50 .78 .. .. 

Calculations are made from the data as follows: 
1. Calculate Pt. 

a. GL=0.6 X 3,000=1,800. ) 
b. From table 37, the pressure due to the weight of a column of gas 

corresponding to a shut-in wellhead pressure of 940 pounds per 
square inch absolute and a GLF of 1,800 is 60 pounds per square 
inch. In this case, F is unity and the pressure drop due to friction 
is zero because there is no gas flow. 

c. P,=940+60=l,OOO pounds per square inch absolute. 
2. Calculate Ps, basing the calculations on data' obtained from the 6S-inch 

casing. The pressure on the static column of gas between the 6S-inch 
casing and the 4-inch tubing can be gaged while gas is flowing through 
the 4-inch tubing. Under such conditions pressure Ps is equivalent to 
the absolute pressure gaged on the static column of gas at the wellhead 
plus the pressure due to the weight of the gas column and is determined 
as follows: 

a. GL=0.6 X 3,000=1,800. 
b. From table 37 (since F is unity and the pressure drop due to 

friction is zero) the pressure due to the weight of the statIc column 
of gas in the annular space between the 6ft-inch casing and the 4,..inch 
tubing corresponding to a GL of 1,800 and a pressure at the wellhead 
of 891 pounds per square inch absolute is 58 pounds per square inch. 

c. Ps=891+58=949 pounds per square inch absolute. 
3. Calculate Ps, basing the calculations on data obtained for the. 4-inch 

producing string. 
a. GL=0.6 X 3,000=1,800. 
b. From table 33, the equivalent GL of the producing string (the GL 

value which will allow a flow through 1-inch tubing equal to that 
through the producing string with its given GL value) is 1.4. 

c. From table 34 the value of R corresponding to a delivery rate of 
10,000,000 cubic feet of gas per 24 hours and an equivalent GL of 
1.4 is 212. Delivery rates in table 34 range from 100,000 to 950,000 
cubic feet of gas per 24 hours. Since, as will be shown later in 
this appendix, the value of R is directly proportional to the delivery 
ratej values of R corresponding to hi~her delivery rates than listed 
in tne table can be obtained by multiplying the value of R in the 
table by the ratio of delivery rates. For example, the ratio of 
10,000,000 to 100,000 cubic feet per 24 hours is 100. Therefore, the 
value of R corresponding to a delivery rate of 10,000,000 cubic feet 
of gas per 24 hours is 100 X 2.12 =212. 
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d. From table 35 the pressure drop in the flow string corresponding 
to an R of 212 and a wellhead pressure of 867 pounds per square 
inch absolute is 25 pounds per square inch. 

e. PI=PW+pressure drop in producing string due to friction, or 
PI=867+25=892 pounds per square inch. 

f. The ratio, P W /P 1= '~:~ =0.97. 
g. From table 36 the value of F corresponding to a pressure ratio of 

0.97 is 0.99. 
h. GLF=1,800 X 0.99=1,782. 
i. From table 37, the pressure due to the weight of a column of gas 

corresponding to a GLF of 1,782 and to a PI of 892 pounds per square 
inch absolute is 57 pounds 'per square inch. 

j. P 8 =PI+pressure due to weight of column of gas, or 
P,=892+57=949 pounds per square inch absolute. 

4. Calculate (Pf~-P8~). 
a. From table 38, Pl1= (1,000)~=1,000,000 and P8~= (949)~=900,600. 
b. Therefore (Pfl_P,I) =(1,000,000-900,600) =99,400. 

DISCUSSION OF TABLES 

In this report, the friction drop due to gas flow in the producing 
string of a gas well is based upon Weymouth's formula 51 for flow of 
gas through pipe lines. The formula can be expressed as follows: 

[ (Pt~-Pw~) d5 1/3JI/~ 
Q=48,960 UL ................. (1) 

where Q=rate of flow, cubic feet per 24 hours, at 14.4 pounds per square inch 
absolute and 60 0 F., and for average flowing temperature of 80 0 F.; 

P 1 =pressure at the wellhead, plus the pressure drop due to friction, 
pounds per square inch absolute; 

Pw=pressure at the wellhead, pounds per square inch absolute; 
d=mternal diameter of pipe, inches; 
G=specific gravity of gas (air=1.00); and 
L=average length of gas column, feet. 

In terms of PI' the formula becomes: 

P _.1 P I+[-QVGL J2 -"P-~ (2) 
1-"W 48,960d"/:1 - y w +,n. ... 0 •••••••• 

[ 
QV(;L J .-----

where R= 48,960tfla = V p 1
2 _PW

2 
•••••••••••••• 0 ••••• (3) 

Tables can be prepared from formulas (2) and (3) to facilitate 
calculation of pressure drops in producing strings due to friction 
for particular internal diameters of producing strings. For instance, 
with a given internal diameter of producing string one table could 
be calculated from formula (3) to show values of R corresponding 
to different values of GL and Q, and a second table could be de
termined from formula (2) to show pressure drops due to friction 
corresponding to different values of R and Pm. However, a set of 
tables for each size of producing string would be necessary and 
such a series of tables would be too voluminous for practical use. 
The series of tables in this report have been simplified by computing 
one table (table 34) from formula (3) to show values of R corre-

IH Weymouth, T. Ro, Problems in Natural·Gas Engineering: Trans. Am. Soc. Mech. Eng., 
vol. 34. 1912, pp. 185-231. 

Johnson. T. W., and Berwald. W. B .• Flow of Natural Gus Throngh High-Pressure Trans· 
mission Lln"R: Hept. of Investigations 2042, Bureau of Mint'S. 102!), p. 8. 

Berwald. W. n., ano Johnson, T. W., Factors Inflnenclng Flow of Natural Gas Through 
Hlgh·Pressure Transmission Lines: .Hept. of Investigations 3153, Bureau of Mines, 1931, p. 7. 



TABLE 37,-Determination of pressure due to weight of gas column, pounds per sqU'J,re inch 

Pressure at weUhead plus pressure drop due to friction, PI, lb. per sq. in. absolute 

Values of GLF 100 150 200 250 300 350 400 450 500 550 600 650 700 750 

Pressure due to weight of gas column, lb. per sq. in. 

600 ............... 2 3 4 5 6 7 8 9 11 12 13 14 15 16 
700 ............... 2 4 5 6 7 9 10 11 12 14 15 16 17 18 
800 ............... 3 4 6 7 8 10 11 13 14 15 17 18 20 21 
900 ............... 3 5 6 8 10 11 13 14 16 17 19 21 22 24 

1,000 ............... 4 5 7 9 11 12 14 16 18 19 21 23 25 26 
1,100 ............... 4 6 8 10 12 14 16 18 19 21 23 25 27 29 
1,200 ............... 4 6 9 11 13 15 17 19 21 23 26 28 30 32 
1,300 ............... 5 7 9 12 14 16 18 21 23 25 28 i 30 32 35 
1,400 ............... 5 7 10 12 15 17 20 22 25 27 30 32 35 37 
1,500 ............... 5 8 11 13 16 19 21 24 27 29 32 35 37 40 
1,600 ............... 6 9 11 14 17 20 23 26 29 31 34 37 40 43 
1,700 ............... 6 9 12 15 18 . 21 24 27 30 33 36 40 43 46 
1,800 ............... 6 10 13 16 19 23 26 29 32 35 39 42 45 48 
1,900 ............... 7 10 14 17 20 24 27 31 34 37 41 44 48 51 
2,000 ............... 7 11 14 18 22 25 29 32 36 40 43 47 50 54 
2,100 ............... 8 11 15 19 23 26 30 34 38 41 45 49 53 57 
2,200 ............... 8 12 16 20 24 28 32 36 40 44 48 52 56 59 
2,300 ............... 8 12 17 21 25 29 33 37 42 46 50 54 58 62 
2,400 ............... 9 13 17 22 26 30 35 39 43 48 52 56 61 65 
,500 ............... I~ 9 14 18 23 27 32 36 41 45 50 54 59 63 68 

2,600 ............... 9 14 19 24 28 33 38 42 47 52 57 61 66 71 
2,700 ............... 10 15 20 25 29 34 39 44 49 54 59 64 69 74 
2,800 ............... 10 15 20 26 31 36 41 46 51 56 61 66 71 77 
2,900 ............... 11 16 21 26 32 37 42 48 53 58 64 69 74 79 
3,000 ............... 11 16 22 27 33 ' 38 44 • 49 \ 55 60 66 71 77 82 
3,200 ............... 12 18 23 29 35 41 47~ 53<J 59 65 70 76 82 88 
3,400 ............... 13 19 25 ~1 38 44· 50 . 56 63 69 75 81 88 94 
3,600 ............... 13 20 27 ::;3, 40 , 47 53 60 67 ,73 80 86 93 100 
3,800 ............... 14 21 28 ll5 42 49 56 63 .• 79 78 85 92 99 106 
4,000 ............... 15 22 30 :17 45 52 60 67 74 82 89 97 104 112 

800 850 

17 18 
20 21 
23 24 
25 27 
28 30 
31 33 
34 36 
37 39 
40 42 
43 45 
46 49 
49 52 
52 55 
55 58 
57 61 
60 64 
63 67 
66 71 
69 74 
73 77 
76 80 
79 83 
82 87 
85 90 
88 93 
94 100 

100 106 
106 113 
113 120 
119 127 

900 950 

19 20 
22 23 
25 27 
29 30 
32 34 
35 37 
38 40 
42 44 
45 47 
48 51 
51 54 
55 58 
58 61 
61 65 
65 68 
68 72 
71 75 
75 79 
78 83 
82 86 
85 90 
88 93 
92 97 
95 101 
99 104 

106 112 
113 119 
120 126 
127 134 
134 141 
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Values of GLF 

600 ................ 
700 ................ 
800 ................ 
900 .............•.. 

1,000 ..•............. 
1,100 ................ 
1,200 ................ 
1,300 ................ 
1,400 ................ 
1,500 ................ 
1,600 ................ 
1,700 ................ 
1,800 ................ 
1,900 ................ 
2,000 ................ 
2,100 ................ 
2,200 ................ 
2,300 ................ 
2,400 ................ 
2,500 ................ 
2,600 ................ 
2,700 ................ 
2,800 ................ 
2,900 ................ 
3,000 ..... '" ........ 
3,200 ................ 
3,400 ................ 
3,600 ................ 
3,800 ................ 
4,llOO ............... 

TABLE 37.-Determination of pressure due to weight of gas column, pounds per sqU'lre inch-Continued 

Pressure at wellhead plus pressure drop due to lb. in. absolute 

1,000 1,100 1,200 1,300 1,400 1,500 1,600 I, iOO 1,800 1,900 2,000 I 2,100 I 2,200 I 2,300 I 2,400 I 2,500 

Pr_ure due to weight of gas lb. in. 

21 23 25 27 29 32 34 36 38 40 42 44 46 48 SO 53 25 27 30 32 34 37 39 42 44 47 49 52 54 57 59 61 28 31 34 37 39 42 45 48 51 53 56 59 62 65 68 70 32 35 38 41 44 48 51 54 57 60 63 67 70 73 76 79 35 39 42 46 49 53 56 60 64 I 67 71 74 78 81 85 88 39 43 47 51 54 58 62 66 70 74 78 82 86 89 93 97 43 47 51 55 60 64 68 i2 77 81 85 89 94 98 102 106 46 51 55 60 65 69 i4 78 83 87 92 97 102 106 III 115 50 55 60 65 70 75 80 85 , 90 95 100 105 110 114 119 124 53 59 64 69 75 80 85 91 96 102 107 112 118 123 128 134 57. 63 69 74 80 86 91 97 103 108 114 120 126 131 137 143 61 67 73 79 85 91 97 103 109 115 122 128 134 140 146 152 64 71 77 84 90 97 103 110 116 122 129 135 142 148 155 161 68 75 82 89 95 102 109 116 123 130 136 143 150 157 164 170 72 79 86 93 101 108 115 122 129 13i 144 151 158 165 172 ISO 75 83 90 98 105 113 121 128 136 143 151 158 166 173 181 188 79 87 95 103 111 119 127 135 143 151 159 167 175 182 190 198 83 91 100 108 116 125 133 loll ISO 158 166 174 183 191 199 208 87 96 104 113 122 130 139 148 156 165 174 182 191 200 208 211 91 100 109 118 127 136 145 154 163 172 181 190 199 208 218 227 94 104 113 123 132 142 151 161 170 179 189 198 208 217 227 236 98 108 U8 128 137 147 157 167 177 187 196 206 216 226 236 246 102' 112 122 133 143 153 163 In 184 194 204 214 224 235 245 2SS 106 116 127 138 148 159 169 180 191 201 212 222 233 244 254 265 110 121 132 143 154 165 li6 187 197 208 219 230 241 252 263 274 117 129 141 153 164 176 188 200 211 223 235 247 258 270 282 294 125 138 150 163 175 188 200 213 225 238 250 263 275 288 300 313 133 146 160 173 186 200 213 226 240 253 266 279 293 306 319 333 141 155 169 183 197 211 226 240 254 268 282 296 310 324 338 352 149 164 179 194 208 223 238 253 268 283 298 313 328 342 357 372 
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TABLE 38.-Squares of pres8'Ures, expressed in thousands 

PrIlllllUt8. 0 1 2 3 • 5 6 7 8 9 lb. 

10 .•••.. 0.10 0.12 O.H 0.17 0.20 0.23 0.26 0.29 0.32 0.38 
20 ...... AO .« •• 8 .53 .58 .63 .88 .73 .78 .U 
30 ...... .90 .96 1.02 1.09 1.16 1.23 1.30 1.37 1. •• 1.62 
40 ...... 1.60 1.88 1.76 1.85 1.~ 2.03 2.12 2.21 2.30 2.~ 
50 ...... 2.50 2.60 2.70 2.81 2.92 3.03 3.1. 3.25 3.36 3 . .s 
50 ...... 3.60 3.72 3.U 3.97 4.10 4.23 •. 36 .A9 4.62 •. 76 
70 .••... 4.90 5.0. 5.18 5.33 5 • .s 5.63 5.78 6.93 6.08 6.~ 
so ...... 6 .• 0 6.66 6.72 6.89 7.06 7.23 7.~ 7.61 7.n 7.92 
90 ...... 8.10 8.28 8.46 8.65 8.U 9.03 9.22 9 .• 1 9.60 9.80 

100 ...... 10.00 10.20 10.40 10.61 10.82 11.03 11.2. 11.45 11.86 11.88 
110 ...... 12.10 12.32 12.54 12.77 13.00 13.23 13.46 13.69 13.92 1 •. 16 
120 ...... H.40 H.M 14.88 15.13 15.38 15.63 15.88 16.13 16.38 16.M 
130 ...... 16.90 17.16 17 •• 2 17.69 17.96 18.23 18.50 18.77 19.0. 19.32 
140 ...... 19.60 19.88 20.16 20.45 20.74 21.03 21.32 21.61 21.90 22.20 
150 •••... 22.50 22.80 23.10 23.41 23.72 2 •. 03 ~.34 24.65 24.96 26.28 
160 ...... 25.60 25.92 26.2. 26.57 26.90 27.23 27.56 27.89 28.22 28.56 
170 ..... , 28.90 29.24 29.58 29.93 30.28 30.63 30.98 31.33 31.68 32.0. 
180 ...... 32AO 32.76 33.12 33.49 33.86 34.23 34.60 34.97 35.34 36.72 
190 ...... 36.10 36A8 36.86 37.25 37.M 38.03 38.42 38.81 39.2C 39.60 
200 ...... 40.00 40 .• 0 40.SO 41.21 .1.62 .2.03 42.44 42.85 43.2li 43.88 
210 ...... 44.10 .4.52 44.~ 45.37 45.80 46.23 46.66 47.Of 47.52 47.96 
220 ...... 48AO 48.U 49.28 49.73 50.18 50.63 51.08 51.53 51.9@ 52 .• 4 
230 ...... 52.90 53.36 53.82 54.29 M.76 55.23 55.70 56.17 56.64 57.12 
240 ...... 57.60 58.08 58.56 59.05 59.M 60.03 60.52 61.01 61.50 62.00 
250 ...... 62.50 63.00 63.50 64.01 64.52 65.03 65.5. 66.05 66.56 67.08 
260 ...... 67.60 88.12 88.M 69.17 69.70 70.23 70.76 71.29 71.82 72.36 
270 ...... 72.90 73A. 73.98 74.53 75.08 75.63 76.18 76.73 77.28 77.84 
280 ...... 78AO 78.96 79.52 80.09 80.66 81.23 81. SO 82.37 82.94 83.52 
290 ...... 84.10 84.88 85.26 85.85 86.« 87.03 87.62 88.21 88.80 89.~ 
300 ...... 90.00 90.60 91.20 91.81 92.42 93.03 93.6. 94.25 94.86 95.48 
310 ...... 96.10 96.72 97.34 97.97 98.60 99.23 99.86 l00A9 101.12 101.76 
320 ..•... 102.40 103.0. 103.68 104.33 10..98 105.63 106.28 106.93 107.58 IOB.~ 
330. ...... lOB. 90 109.56 110.22 110.89 111.56 112.23 112.90 113.57 la.~ 114.92 
340 ...... 115.60 116.28 116.96 117.65 118.34 119.03 119.72 120.41 121.10 121.80 
350 ...... 122.50 123.20 123.90 124.61 125.32 126.03 126.74 127A5 128.16 128.88 
360 .••... 129.6 130.3 131.0 131.8 132.5 133.2 134.0 134.7 135 .• 136.2 
370 ...... 136.9 137.6 138A 139.1 139.9 140.6 141.4 142.1 142.9 143.6 
380 ...... 144A 145.2 145.9 146.7 147.5 141'.2 149.0 149.8 150.5 151.3 
390 ...... 152.1 152.9 153.7 154A 155.2 156.0 156.8 157.6 158.4 159.2 
400 ...... 160.0 160.8 161.6 162A 163.2 164.0 164.8 165.6 166.5 167.3 
410 ...... 168.1 188.9 169.7 170.6 171.4 172.2 173.1 173.9 174.7 175.6 
420 ...... 176A 177.2 178.1 178.9 179.8 lSO.6 181.5 182.3 183.2 lU.O 
430 ...... lU.9 185.8 186.6 187.5 188.4 189.2 190.1 191.0 191.8 192.7 
440 ...... 193.6 194.5 195A 196.2 197.1 198'.0 198.9 199.8 200.7 201.6 
450 ...... 202.5 203 A 204.3 205.2- 206.1- 207.0 207.9 208.8 209.8 210.7 
460 ..••.• 211.6 212.5 213.4 214A 215.3 216.2 217.2 218.1 219.0 220.0 
470 ...... 220.9 221.8 222.8 223.7 224.7 225.6 226.6 227.5 228.5 229 A 
480 ...... 230.4 231A 232.3 233.3 234.3 235.2 236.2 237.2 238.1 239.1 
490 ..•••• 240.1 241.1 242.1 243.0 244.0 245.0 246.0 247.0 248.0 249.0 
500 .••... 250.0 251.0 252.0 253.0 254.0 255.0 256.0 257.0 258.1 259.1 
510 •••... 260.1 261.1 262.1 263.2 264.2 265.2 266.3 267.3 268.3 269A 
520 ...... 270A 271.4 272.5 273.5 274.6 275.6 276.7 277.7 278.8 279.8 
530 ...... 2SO.9 282.0 283.0 284.1 285.2 286.2 287.3 288 A 289A 290.5 
540 ...... 291.6 292.7 293.8 294.8 295.9 297.0 298.1 299.2 300.3 301.4 
550 ...... 302.5 303.6 304.7 305.8 306.9 308.0 309.1 310.2 311A 312.5 
560 ...... 313.6 314.7 315.8 317.0. 318.1 319.2 320A 321.5 322.6 323.8 
570 ...... 324.9 326.0 327.2 328.3 329.5 330.6 331.8 332.9 334.1 335.2 
580 ...... 336A 337.6 338.7 339.9 341.1 342.2 343 A 344.6 345.7 346.9 
590 ...... 348.1 349.3 350.5 351.6 352.8 354.0 355.2 356A 357.6 358.8 
600 ...... 360.0 361.2 362A 363.6 364.8 366.0 367.2 368A 369.7 370.9 
610 ...... 372.1 373.3 374.5 375.8 377.0 378.2 379.5 380.7 381.9 383.2 
620 ...... 384.4 385.6 386.9 388.1 389.4 390.6 391.9 393.1 394 A 395.6 
630 ...... 396.9 398.2 399.4 400.7 402.0 403.2 404.5 405.8 407.0 408.3 
640 ...... 409.6 410.9 412.2 413.4 414.7 416.0 417.3 418.6 419.9 421.2 
650 ...... 422.5 423.8 425.1 426A 427.7 429.0 430.3 431.6 433.0 434.3 
660 ...... 435.6 436.9 438.2 439.6 440.9 442.2 443.6 444.9 . 446.2 447.6 
670 ...... 448.9 450.2 451.6 452.9 454.3 455.6 457.0 458.3 459.7 461.0 
680 ...... 462.4 463.8 465.1 466.5 467.9 469.2 470.6 472.0 473.3 474.7 
690 ...... 476.1 477.5 478.9 480.2 481.6 483.0 484A 485.8 487.2 488.6 
700 ...... 490.0 491.4 492.8 494.2 495.6 497.0 498.4 499.8 501.3 502.7 
710 ...... 504.1 505.5 506.9 508.4 509.8 511.2 512.7 514.1 515.5 517.0 
720 ...... 518.4 519.8 521.3 522.7 524.2 525.6 527.1 528.5 530.0 531.. 
730 ...... 532.9 534A 535.8 537.3 538.8 540.2 541.7 543.2 544.6 546.1 
740 ...... 547.6 549.1 550.6 552.0 553.5 555.0 556.5 558.0 559.5 561.0 
750 ...•.. 562.5 564.0 565.5 567.0 568.5 570.0 571.5 573.0 574.6 576.1 
760 ...... 577.6 579.1 580.6 582.2 583.7 585.2 586.8 588.3 589.8 591.4 
770 ...... 592.9 594A 596.0 597.5 599.1 600.6 602.2 603.7 605.3 606.8 
780 ...... 608A 610.0 611.5 613.1 614.7 616.2 617.8 619A 620.9 622.5 
790 ...... 624.1 625.7 627.3 628.8 630.4 632.0 633.6 635.2 636.8 638 A 
800 ...... 640.0 641.6 643.2 644.8 646.4 648.0 649.6 651.2 652.9 65 •. 5 
810 ...... 656.1 657.7 659.3 661.0 662.6 664.2 665.9 667.5 669.1 670.8 
820 ...... 672.4 674.0 675.7 677.3 679.0 680.6 682.3 683.9 885.6 687.2 
830 ...... 688.9 690.6 692.2 693.9 695.6 697.2 698.9 700.6 702.2 703.9 
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TABLE 3S.-Squares of pressures, expressed in thousands-Continued 

Pressure. 0 1 2 3 4 5 6 . 7 8 Il lb. 

840 ...... 705.6 707.3 709.0 710.6 712.3 714.0 715.7 717.4 711l.1 720.8 
850 ...... 722.5 724.2 725.9 727.6 729.3 731.0 732.7 734.4 736.2 737.9 
860 ...... 739.6 741.3 743.0 744.8 746.5 748.2 750.0 751.7 753.4 755.2 
870 ...... 756.9 758.6 760.4 762.1 763.9 765.6 767.4 769.1 770.9 772.6 
880 ...... 774.4 776.2 777.9 779.7 781.5 783.2 785.0 786.8 788.5 790.3 
890 ...... 792.1 793.9 795.7 797.4 799.2 801.0 802.8 804.6 806.4 808.2 
900 ...... 810.0 811.8 813.6 815.4 817.2 819.0 820.8 822.6 824.5 826.3 
910 ...... 828.1 829.9 831.7 833.6 835.4 837.2 839.1 840.9 842.7 844.6 
920 ...... 846.4 848.2 850.1 851.9 853.8 855.6 857.5 859.3 861.2 863.0 
930 ...... 864.9 866.8 868.6 870.5 872.4 874.2 876.1 878.0 879.8 881.7 
940 ...... 883.6 885.5 887.4 889.2 891.1 893.0 894.9 896.8 898.7 900.6 
950 ...... 902.5 904.4 906.3 908.2 910.1 912.0 913.9 915.8 917.8 919.7 
960 ...... 921.6 923.5 925.4 927.4 929.3 931.2 933.2 935.1 937.0 939.0 
970 ...... 940.9- 942.8 944.8 946.7 948.7 950.6 952.6 954.5 956.5 958.4 
980 ...... 960.4 962.4 964.3 966.3 968.3 970.2 972.2 974.2 976.1 978.1 
990 ...... 980.1 982.1 984.1 986.0 988.0 990.0 992.0 994.0 996.0 998.0 

1.000 ...... 1.000 1,002 1,004 1,006 1.008 1,010 1.012 1,014 1,016 1,018 
1,010 ...... 1,020 1,022 1,024 1,026 1,028 1,030 1,032 1,034 1,006 1,008 
1,020 ...... 1,040 1,042 1,044 1,047 1,049 1,051 1,053 1.055 1,057 1.059 
1.030 ...... 1,061 1,063 1,065 1,067 1,069 1,071 1,073 1,075 1,077 1,080 
1,040 ...... 1,082 1,084 1,086 1,088 1,000 1,092 1,094 1,096 1,098 1,100 
1,050 ...... 1,100 1,105 1,107 1,109 1,111 1,113 1,115 1,117 1,119 1,121 
1,060 ...... 1,124 1,126 1,128 1,130 1,132 1,134 1,136 1,138 1,141 1,143 
1,070 ... "'11.145 1,147 1,149 1,151 1,153 1.156 1,158 1,160 1,162 1.164 
1,080. ..... 1,166 1,169 1,171 1.173 1,175 1,177 1,179 1,182 1,184 1.186 
1,090 ...... 1,188 1,190 1,192 1,195 1,197 1,199 1,201 1,203 1,206 1,208 
1,100 ...... 1,210 1,212 1,214 1,217 1,219 1,221 1.223 1.225 1,228 1,230 
1, 110 ...... 1.232 1.234 1,237 1,239 1.241 1.243 1,245 1,248 1,250 1.252 
1,120 ...... 1.254 1.257 1,259 1,261 1,263 1,266 1,268 1,270 1,272 1.275 
1,130 ...... 1,277 1,279 1,281 1,284 1,286 1,288 1,290 1.293 1,295 1,297 
1,140 ...... 1,300 1,302 1,304 1,306 1,309 1,311 1.313 1,316 1,318 1,320 
1,150 ...... 1,323 1,325 1,327 1,329 1,332 1,334 1,336 1,339 1,341 1,343 
1,160 ...... 1,346 1.348 1,350 1,353 1,355 1,357 1,360 1,362 1,364 1,367 
1,170 ...... 1,369 1,371 1,374 1,376 1.378 1,381 1,383 1,385 1.388 1,390 
1.180 ...... 1,392 1.395 1,397 1,399 1,402 1,404 1,407 1,409 1,411 1,414 
1.190 ...... 1, 416 1,418 1.421 1,423 1,426 1,428 1.430 1,433 1,435 1.438 
1,200 ...... 1,440 1,442 1,445 1,447 1,450 1,452 1.454 1.457 1.459 1,462 
1,210 ...... 1,464 1.467 1,469 1,471 1,474 1,476 1,479 1,481 1,484 1,486 
1,220 ...... 1,488 1,491 1,493 1,496 1,498 1,501 1,500 1,506 1,508 1,510 
1,230 ...... 1,513 1,515 1.518 1,520 1,523 1,525 1,528 1,530 1,533 1,535 
1,240 ...... 1,538 1,540 1,543 1,545 1,548 1,550 1,553 1,555 1,558 1,560 
1,250 ...... 1,583 1,565 1,568 1,570 1,573 1,575 1,578 1,580 1,583 1,585 
1,260 ...... 1,588 1,590 1,593 1,595 1,598 1,600 1,600 1,605 1,608 1,610 
1,270 ...... 1,613 1,615 1,618 1,621 1,623 1,626 1,628 1,631 1,633 1,636 
1,280 ...... 1,638 1,641 1,644 1,646 1.649 1,651 1,654 1,656 1,659 1,662 
1,290 ...... 1,664 1,667 1,669 1,672 1,674 1,677 1,680 1,682 1,685 1,687 
1,300 ...... 1,690 1,693 1,695 1,698 1,700 1,700 1,706 1,708 1,711 1,713 
1,310 ...... 1,716 1,719 1,721 1,724 1,727 1,729 1,732 1,734 1,737 1,740 
1,320 ...... 1,742 1,745 1,748 1,750 1,753 1,756 1,758 1,761 1,764 1,766 
1,330 ...... 1,769 1,772 1,774 1,777 1,780 1,782 1,785 1,788 1,790 1,793 
1,340 ...... 1,796 1,798 1,801 1,804 1,806 1.809 1,812 1;814 1,817 1,820 
1,350 ...... 1,823 1,825 1,828 1,831 1,833 1,836 1,839 1.841 1,844 1.847 
1.360 ...... 1,850 1,852 1,855 1,858 1,860 1,863 1.866 1,869 1.871 1,874 
1,370 ...... 1,877 1,880 1,882 1,885 1,888 1,891 1,893 1.896 1,899 1,902 
1,380 ...... 1,9:>4 1,907 1,910 1.913 1.915 1.918 1.921 1,924 1,927 1,929 
1,390 ...... 1,932 1,935 1.938 1,940 1.943 1,946 1,949 1,952 1,954 1,957 
1,400 ...... 1,960 1,963 1,966 1,968 1,971 1.974 1,977 1.980 1,982 1,985 
1,410 ...... 1,988 1.991 1,994 1.997 1,999 2,002 2,005 2,008 2,011 2,014 
1,420 ...... 2,016 2,019 2,022 2.025 2,028 2,031 2,033 2,006 2.039 2.042 
1,430 ...... 2,045 2,048 2,051 2,053 2,056 2,059 2,062 2,065 2,068 2,071 
1,440 ...... 2,074 2,076 2,079 2,082 2,085 2,088 2,091 2,094 2,097 2,100 
1.450 ...... 2; 103 2,105 2,108 2,1ll 2,114 2,117 2,120 2.123 2,126 2,129 
1,460 ...... 2,132 2,135 2,137 2,140 2,143 2,146 2,149 2,152 2,155 2.158 
1,470 ...... 2,161 2,164 2,167 2.170 2,173 2,176 2,179 2,182 2,184 2,187 
1,480 ...... 2,190 2,193 2,196 2,199 2,202 2,205 2,208 2,211 2.214 2,217 
1.490 ...... 2.220 2,223 2,226 2,229 2,232 2.235 2,238 2,241 2,244 2,247 
1.500 ...... 2,250 2.253 2,256 2.259 2,262 2,265 2,268 2,271 2.274 2.277 
1,510 ...... 2,280 2.283 2,286 2,289 2.292 2,295 2,298 2,301 2,304 2,307 
1,520 ...... 2,310 2,313 2,316 2,320 2.323 2.326 2,329 2,332 2,335 2,338 
1.530 ...... 2,341 2.344 2,347 2,350 2,353 2,356 2,359 2,362 2.365 2.369 
1,540 ...... 2,372 2,375 2,378 2.381 2,384 2,387 2,39:1 2,393 2,396 2,399 
1,550 ...... 2,403 2,406 2,409 2,412 2,415 2,418 2.421 2,424 2,427 2.430 
1,560 ...... 2,434 2,437 2,440 2,443 2,446 2,449 2,452 2,455 2,459 2,462 
1,570 ...... 2,465 2,468 2.471 2,474 2,477 2,481 2,484 2,487 2,490 2,493 
1,580 ...... 2,496 2,500 2,500 2,506 2,509 2,512 2,515 2.519 2,522 2,525 
1,590 ...... 2,528 2,531 2,534 2,538 2,541 2,544 2,547 2,550 2,554 2,557 
1,600 ...... 2,560 2,563 2.566 2,570 2,573 2,576 2,579 2,582 2,586 2,589 
1.610 ...... 2,592 2,595 2,599 2,602 2,605 2,608 2,611 2,615 2,618 2,621 
1,620 ...... 2,624 2,628 2,631 2,6.34 2,637 2,641 2,644 2,647 2,650 2,654 
1,630 ...... 2,657 2,660 2,663 2,667 2,670 2,673 2,676 2,680 2,683 2.686 
1,640 ...... 2,690 2,693 2,696 2,699 2,703 2,706 2,709 2,713 2,716 2.719 
1,650 ...... 2,723 2,726 2,729 2,732 2,736 2,739 2,742 2,746 2,749 2,752 
1,660 ...... 2,756 2,759 2,762 2,766 2,769 2 772 2 776 2 779 2 782 2 786 
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TABLE 38.-Squares of pressures, expressed in thousands-Continued 

Pressure, 0 1 2 3 4 5 6 7 8 9 
lb. 

t, 670 ...... 2,789 2,792 2,796 2,799 2,802 2,806 2,809 2,812 2,816 2,819 
1,680 ..... , 2,822 2,826 2,829 2,832 2,836 2,839 2,843 2,846 2,849 2,853 
1,690 ...... 2,856 2,859 2,863 2,866 2,870 2,873 2,876 2,880 2,883 2,887 
1,700 ...... 2,890 2,893 2,897 2,900 2,904 2,907 2,910 2,914 2,917 2,921 
1,710 ...... 2,924 2,928 2,931 2,934 2,938 2,941 2,945 2,948 2,952 2,955 
1,720 ...... 2,958 2,962 2,965 2,969 2,972 2,976 2,979 2,983 2,986 2,989 
1,730 ...... 2,993 2,996 3,000 3,003 3,007 3,010 3,014 3,017 3,021 3,024 
1,740 ...... 3,028 3,031 3,035 3,038 3,042 3,045 3,049 3,052 3,056 3,059 
1,750 ...... 3,063 3,066 3,070 3,073 3,077 3,080 3,084 3,087 3,091 3,094 
1,760 ...... 3,098 3,101 3,105 3,108 3,112 3,115 3,119 3,122 3,126 3,129 
1,770 ...... 3,133 3,136 3,140 3,144 3,147 3,151 3,154 3,158 3,161 3,165 
1,780 ...... 3,168 3,172 3,176 3,179 3,183 3,186 3,190 3,193 3,197 3,201 
1,790 ...... 3,204 3,208 3,211 3,215 3,218 3,222 3,226 3,229 3,233 3,236 
1,800 ...... 3,240 3,244 3,247 3,251 3,254 3,258 3,262 3,265 3,269 3,272 
1,810 ...... 3,276 3,280 3,283 3,287 3,291 3,294 3,298 3,301 3,305 3,309 
1,820 ...... 3,312 3,316 3,320 3,323 3,327 3,331 3,334 3,338 3,342 3,345 
1,830 ...... 3,349 3,353 3,356 3,360 3,364 3,367 3,371 3,375 3,378 3,382 
1,840 ...... 3,386 3,389 3,393 3,397 3,400 3,404 3,408 3,411 3,415 3,419 
1,850 ...... 3,423 3,426 3,430 3,434 3,437 3,441 3,445 3,448 3,452 3,456 
1,860 ...... 3,460 3,463 3,467 3,471 3,474 3,478 3,482 3,486 3,489 3,493 
1,870 ...... 3,497 3,501 3,504 3,508 3,512 3,516 3,519 3,523 3,527 3,531 
1,880 ...... 3,534 3,538 3,542 3,546 3,549 3,553 3,557 3,561 3,565 3,568 
1,890 ...... 3,572 3,576 3,580 3,583 3,587 3,591 3,595 3,599 3,602 3,606 
1,900 ...... 3.610 3.614 3,618 3,621 3,625 3,629 3,633 3,637 3,640 3,644 
1,910 ...... 3.648 3.652 3,656 3,660 3,663 3,667 3,671 3,675 3,679 3,683 
1,920 ...... 3.686 3,690 3,694 3.698 3,702 3,706 3,709 3.713 3.717 3,721 
1,930 ...... 3,725 3,729 3,733 3,736 3,740 3,744 3,748 3,752 3,756 3,760 
1,940 ...... 3,764 3,767 3,771 3,775 3,779 3,783 3,787 3,791 3,795 3,799 
1,950 ...... 3,803 3,806 3,810 3,814 3,818 3,822 3,826 3,830 3,834 3,838 
1,960 ...... 3,842 3,846 3,849 3,853 3,857 3,861 3,865 3,869 3,873 3,877 
1,970 ...... 3,881 3,885 3,889 3,893 3,897 3,901 3,905 3,909 3,912 3,916 
1,980 ...... 3,920 3,924 3,928 3,932 3,936 3,940 3,944 3,948 3,952 3,956 
1,990 ...... 3,960 3,964 3,968 3,972 3,976 3,980 3,984 3,988 3,992 3,996 
2,000 ...... 4,000 4,004 4,008 4,012 4,016 4,020 4,024 4,028 4,032 4,036 
2,010 ...... 4,040 4,044 4,048 4,052 4,056 4,060 4,064 4,068 4,072 4,076 
2,020 ...... 4,080 4,084 4,088 4,093 4,097 4,101 4.105 4,109 4,113 4,117 
2,030 ...... 4,121 4,125 4,129 4,133 4,137 4,141 4,145 4,149 4,153 4,158 
2,040 ...... 4,162 4,166 4,170 4,174 4,178 4,182 4,186 4,190 4,194 4,198 
2,050 ...... 4,203 4,207 4,211 4,215 4,219 4,223 4,227 4.231 4,235 4,239 
2,060 ...... 4,244 4,248 4,252 4,256 4,260 4,264 4,268 4,272 4,277 4,281 
2,070 ...... 4,285 4,289 4,293 4,297 4,301 4,306 4,310 4,314 4,318 4,322 
2,080 ...... 4,326 4,331 4,335 4,339 4,343 4,347 4,351 4,356 4,360 4,364 
2,090 ...... 4,368 4,372 4,376 4,381 4,385 4,389 4,393 4,397 4,402 4,406 
2,100 ...... 4,410 4,414 4,418 4,423 4,427 4,431 4,435 4,439 4,444 4,448 
2,110 ...... 4,452 4,456 4,461 4,465 4,469 4,473 4,477 4,482 4,486 4,490 
2,120 ...... 4,494 4,499 4,503 4,507 4,511 4,516 4,520 4,524 4,528 4,533 
2,130 ...... 4,537 4,541 4,545 4,550 4,554 4,558 4,562 4,567 4,571 4,575 
2,140 ...... 4,580 4,584 4,588 4,592 4,597 4,601 4,605 4,610 4,614 4,618 
2,150 ...... 4,623 4,627 4,631 4,635 4,640 4,644 4,648 4,653 4,657 4,661 
2,160 ...... 4,666 4,670 4,674 4,679 4,683 4,687 4,692 4,696 4,700 4,705 
2,170 ...... 4,709 4,713 4,718 4,722 4,726 4,731 4,735 4,739 4,744 4,748 
2,180 ...... 4,752 4,757 4,761 4,765 4,770 4,774 4,779 4,783 4,787 4,792 
2,190 ...... 4,796 4,800 4,805 4,809 4,814 4,818 4,822 4,827 4,831 4,836 
2,200 ...... 4,840 4,844 4,849 4,853 4,858 4,862 4,866 4,871 4,875 4,880 
2,210 ...... 4,884 4,889 4,893 4,897 4,902 4,906 4,911 4,915 4,920 4,924 
2,220 ...... 4,928 4,933 4,937 4,942 4,946 4,951 4,955 4,960 4,964 4,968 
2,230 ...... 4,973 4,977 4,982 4,986 4,991 4,995 5,000 5,004 5,009 5,013 
2,240 ...... 5,018 5,022 5,027 5,031 5,036 5,040 5,045 5,049 5,054 5,058 
2,250 ...... 5,063 5,067 5,072 5,076 5,081 5,085 5,090 5,094 5,099 5,103 
2,260 ...... 5,108 5,112 5,117 5,121 5,126 5,130 5,135 5,139 5,144 5,148 
2,270 ...... 5,153 5,157 5,162 5,167 5,171 5,176 5,180 5,185 5,189 5,194 
2,280 ...... 5,198 5,203 5,208 5,212 5,217 5,221 5,226 5,230 5,235 5,240 
2,290 ...... 5,244 5,249 5,253 5,258 5,262 5,267 5,272 5,276 5,281 5,285 
2,300 ...... 5,290 5,295 5,299 5,304 5,308 5,313 5,318 5,322 5,327 5,331 
2,:110 ...... 5,336 5,341 5,'345 5,350 5,355 5,359 5,364 5,368 5,373 5,378 
2,320 ...... 5,382 5,387 5,392 5,396 5,401 5,406 5,410 5,415 5,420 5,424 
2,330 ...... 5,429 5,434 5,438 5,443 5,448 5,452 5,457 5,462 5,466 5,471 
2,340 ...... 5,476 5,480 5,485 5,490 5,494 5,499 5,504 5,508 5,513 5,518 
2,350 ...... 5,523 5,527 5,532 5,537 5,541 5,546 5,551 5,555 5,560 5,565 
2,360 ...... 5,570 5,574 5,579 5,584 5,588 5,593 5,598 5,603 5,607 5,612 
2,370 ...... 5,617 5,622 5,626 5,631 5,636 5,641 5,645 5,650 5,655 5,660 
2,380 ...... 5,664 5,669 5,674 5,679 5,683 5,688 5,693 5,698 5,703 5,707 
2,390 ...... 5,712 5,717 5,722 5,726 5,731 5,736 5,7U 5,746 5,750 5,755 
2,400 ...... 5,760 5,765 5,770 5,774 5,779 5,784 5,78~ 5,794 5,798 5,803 
2,410 ...... 5,808 5,813 5,818 5,823 5,827 5,832 5,837 5,842 5,847 5,852 
2,420 ...... 5,856 5,861 5,866 5,871 5,876 5,881 5,885 5,890 5,895 5,900 
2,430 ...... 5,905 5,910 5,915 5,919 5,924 5,929 5,934 5,939 5,944 5,949 
2,4t0 ...... 5,954 5,958 5,963 5,968 5,973 5,978 5,983 5,988 5,993 5,998 
2,450 ...... 6,003 6,007 6,012 6,017 6,022 6,027 6.032 6,037 6,042 6,047 
2,460 ...... 6,052 6,057 6,061 6,066 6,071 6,076 6,081 6,086 6,091 6,096 
2,470 ...... 6,101 6,106 6,111 6,116 6,121 6,126 6,131 6,136 6,140 6,145 
2,480 ...... 6,150 6,155 6,160 6,165 6,170 6,175 6,180 6,185 6,190 6,195 
2,490 ...... 6,200 6,205 6,210 6,215 6,220 6,225 6,230 6,235 6,240 6,245 
2,500 ...... 6,250 .. .. .. .. .. .. .. .. .. 
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sponding to different values of Q and GL for I-inch tubing and a 
second table (table 35) from formula (2) to show pressure drops 
in the producing string due to friction corresponding to different 
values of Rand P w , and finally preparing a conversion table (table 
33) to show the" equivalent GL values" of producing strings of 
different internal diameters. 

The" equivalent GL values" for the various diameters of produc
ing strings shown in table 33 are based on the formula, 

. . [ 1.049 J~ 1/3 GL for 1-mch tubmg= (OL) d -d- ......... (4) 

where (GL) d = GL of actual producing string in well, 
1.049=internal diameter of I-inch tubing, 

and d=internal diameter of actual producing string in well. 

Formula (4) is derived from formula (1) and shows the factor 

[
1 049 J~ 1/3 

-~d- by which the GL values of the actual producing string 

in the well are multiplied to give the" equivalent GL." The" equiva
lent GL," then, is the GL value which will allow a flow through I-inch 
tubing equal to that through the producing string with its given GL 
value and may be considered as the GL for I-inch tubing equivalent 
to the actual GL of the producing string. Therefore the equivalent 
GL may be used in the tables based on calculations of pressure drops 
in I-inch tubing. 

The equivalent GL values in table 33 are based on weights of 
the indicated sizes of pipe having the internal diameters listed. 
Tables showing equivalent GL values for other weights of these sizes 
or the various weights of other sizes of pipe can be prepared from 
calculations based on equation (4). 

Values of R corresponding to different equivalent GL values and 
delivery rates are shown in table 34, which was computed from 
formula (3), using 1.049, the internal diameter of I-inch tubing for 
d. In formula (3) R is directly proportional to Q; therefore values 
of R corresponding to delivery rates greater than are listed in table 
34 can be obtained by multiplying the value of R in the table by 
the ratio of delivery rates. For example, assume that it is desired 
to ascertain the value of R corresponding to a delivery rate of 
2,000,000 cubic feet of gas per 24 hours and an equivalent GL of 
0.10. In table 34 the value of R corresponding to a delivery rate of 
200,000 cubic feet of gas per 24 hours and an equivalent GL of 0.10 
is 1.14. The value of R corresponding to a delivery rate of 2,000,000 
cubic feet per 24 hours is, therefore, 

22~~OO~~0 x 1.14 = 10 X 1.14 = 11.4. , 
Pressure drops due to friction in the producing strings corre

sponding to different values of R and wellhead pressures are shown 
in table 35, which is based on formula (2). 

Tables 36 and 37 facilitate calculations of pressures due to weights 
of columns of moving or stationary gas. The derivation of the 
formulas used for calculating the values shown in the tables are 
as follows: 

First consider the pressure due to the weight of a static column 
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of gas at a temperature of 80 0 F. At any pressure, p, the pressure 
due to tlie weight of an infinitesimal gas volume is 

dp=dLp ..... ...................... (5) 

where dL=small vertical length (height) considered, feet; 
p=density of gas at pressure p, pounds per cubic foot; and 

dp=pressure due to weight of gas in the length dL, pounds per square 
foot. 

From the laws of Boyle and Charles, 
pV=WBT ......................................... (6) 

p=pressure, pounds per square foot; 

B is a constant which for air=53.34, and for gas Qf gravity G= 53G34 ; 

T=absolute temperature, of. (459.6+80=539.6); 
V=volume, cubic feet; 

W =weight, pounds. 

Therefore, for gas of gravity G, 

pdV=dW ( 53G34) (539.6) = 28~82 dW ...... , (7) 

Also, since density is weight per unit volume, 

From (5) and (8), 

From (7), 

p=dW/dV . ......................... (8) 

dp=dL dW /dV . ....................... (9) 

pO 
dWjdV= 28,782 ......................... (10) 

Therefore, from (9) and (10), 

dp=dL ( 2:,.?s2 ) ...................... (11) 

or 
dL= 28,782 dp 

G p 

The ratio d
p

, with p in pounds per square foot, is the same as the p 

ratio a: wit? P in pounds per square inch. 

By integration, since for a static column of gas PI =Pc, 

J·LldL= 28~82 f
P

'dP/ P , 
L~ PI 

or 

from which 
28,782 P a 

L= G loge PI .................... (12) 

or 
loge P a/PI=0.0000347GL=0.0000347GL loge e. 

Therefore 
PS/Pl = eO.0000347GL, 

or 
PS=P l e.0.0000347GL ................•.... (13) 

Equation (13) also can be written, 
Ps - Pl = PdeO.0000347GL -1) ................. (14) 
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where P'-P1=pressure due to weight of a static gas column, pounds per 
square inch; 

P1=pressure at wellhead plus pressure drop due to friction, the 
pressure drop being zero in this case; 

L=average length of gas column, feet; 
G=specific gravity of gas (air=1.00); 

and e=Napierian logarithm base=2.71828. 

With a given pressure, Ph the mean pressure of a moving column 
of gas is less than that of a static column in the same well; therefore, 
the mean density and the pressure due to the weight of the moving 
column of gas also are less than in the static column. A correction 
factor, F, in equation (14) makes it possible to use the equation 
for computing the pressure due to the weight of a moving column 
of gas. Thus, for a moving column, 

P,-Pl=Pl(eo.OOOOS47GLF-I) ................ (15) 

Variations in the value of F can be considered most conveniently 
for purposes of calculation by studying corresponding changes in 
the ratio PW/Ph where Pw is the pressure at the wellhead and PI 
the pressure at the wellhead plus the pressure drop due to friction. 
The mean pressure between PI and Pw for any depth of well, L, 
as computed from formula (1) is/iii 

P M=2/a (PI+PW- P~~w). ................ (16) 

where PM=mean pressure between PI and P w for length L. Strictly, PM is 
applicable only for horizontal flow but can be used for approximate 
purposes to determine the effect of gas flow on the pressure due to 
the weight of a column of gas. 

The ratio ~: gives the approximate correction factor Fused 

in formula (15). Dividing both sides of formula (16) by P 1 gives 

PM a( P W /P1 ) F= P
1 

=2/ I+Pw/PI- i+p~/p: ............ (17) 

Values of correction factor F corresponding to different pressure 
ratios, PW/PH are shown in table 36, and pressures due to weights 
of gas columns corresponding to different values of GLF and well
head pressures are shown in table 37. 

CALCULATIONS OF PRESSURES AT THE SAND IN GAS WELLS FROM FORMULAS 

The pressure drop due to friction in the producing string and 
the pressure due to the weight of the column of gas can be calcu
lated from formulas. 

FRICTION DROP IN PRODUCING STRING 

Reference has been made to the computation of the pressure drop 
in the producing string by the use of the Weymouth pipe-line flow 
formula. The derivation of the Weymouth formula 56 involves the 

III Wpymouth, T. R, l'roblems in Natural-Gas Engineering: Trans. Am. Soc. Mech. Eng., 
yol. 34. 1912. p. 203. 

Rawlins, E. L., and Wosk, L. D., Leakage from High-Pressure Natural-Gas Transmission 
Lines: Bull. 261$, Bureau of Mines, 1928. pp. 41-42. 

1IG Johnson, T. 'V., nnd Herwnld, W. B., Inow of Naturnl Gas Through High-Pl'eilsure Trans
mission Llncll: ~t:onogrBph 6, BU1't'IlU of .Mlnes, 1031$, 120 pp. 
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assumptions of horizontal and isothermal flow, that the gas obeys 
Boyle's law, and that in the derivation one term whose importance 
depends upon the ratio of pipe diameter to length of pipe can be 
neglected. It is hoped that with further study practicable formulas 
for vertical flow of gas, taking account of deviation from Boyle's 
law, departure from isothermal conditions, and other factors that 
influence the flow of gas through producing strings, can be devel
oped and used for more precise determinations of pressure in gas 
wells. For this report, however, the following practical procedure 
has been developed for calculating pressure at the sand from pres
sure observations made at the wellhead on flowing wells. 

The pressure drop in the producing string due to friction first is 
computed from Weymouth's formula, based upon an average tem
perature of 80° F. This calculation can be modified to satisfy any 
average temperature for a particular well. The pressure due to 
the weight of the gas column next is computed, based upon an aver
age temperature condition, and where desirable the effect of devia
tion of the gas from Boyle's law also is considered. The Sllm of 
these two pressures then is taken as the difference between the 
bottom-hole and wellhead pressures. The calculated pressure due 
to the weight of the column of gas takes into account in an approxi
mate way the work of lifting the fluid, which is one of the most 
important factors to be considered in vertical-flow computations. 
Under the conditions of normal operation of gas wells equipped with 
only one producing string the pressure drop in the producing string 
due to friction is small, since the producing string usually is of large 
diameter and the velocity of the gas comparatively low. Since back
pressure tests are conducted under the normal operating conditions 
of the wells this procedure has proved satisfactory for all practical 
purposes in gaging gas-well deliveries. Measurements of bottom
hole pressures in gas wells that have been made with bottom-hole 
pressure gages were in close agreement with the pressures com
puted from observations at the wellhead. 

Weymouth's formula for flow of gas through horizontal pipes is: 
_ r: 1: [ (P,2_P/) d" 1j3 J'/" 

Q,..65_1<l,3S<l Gl'Ltn ' 

where Q,..a:>=the quantity of gas, based on pressure of 14.65 pounds per square 
inch and 60° F., cubic feet per 24 hours; 

Lm=length of line, miles; 
T=flowing temperature, of. absolute; 
G=specific gravity of gas (air=1.00); 
d=internal pipe diameter, inches; 

P 2 =discharge pressure, pounds per square inch absolute; 
P ,=inlet pressure, pounds per square inch absolute. 

This formula becomes 

[ 
(P,2_PW2) d51f3J'j2 

Q =4S,960 GL ' 

where Q=the quantity at 14.4 pounds per square inch and 60° F., and for a 
flowing temperature of SO° F., cubic feet per 24 hours; 

L=length, feet; 
Pw=pressure at wellhead, pounds per square inch absolute; 
P1=pressure at wellhead plus the pressure drop due to friction pounds 

per square inch absolute. ' 
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This formula then can be written, 

P,= V pwa+(48~9~~~f3 y, 
P "P 2 R" h R QV (;1 or 1= y tv + , were = 48,960 dS/a = V p~2_P1V2. 

Then for any particular size of pipe, 
QVGL 

R= K ' where K=48,960 d"f3. 

Values of K for producing strings of several different internal 
diameters are shown in table 39. 

TABLE 39.-Values of K for producing 
strings of different diameters 

I Size of pipe, Weight Internal I I inches I per I diameter. K 

I Tubing I Casing 

foot,l 
inches pounds 

--
1 .. 1.69 1.049 55.622 
Hi .. 2.30 1.380 115,571 
172 .. 2.75 1.610 174,333 
2 .. 4.00 2.041 328,150 
272 .. 5.90 2.469 545,207 
3 .. 7.69 3.068 973,043 
372 .. 9.26 3.548 1,433,674 
4 .. 10.98 4.026 2,008,341 

I 6 19.37 6.065 5,989,603 
.. 5%, 9.00 5.192 3,957,224 
., 6Y.i 12.00 6.287 6.591,939 
.. 6% 13.00 6.652 7,662,485 
.. 874 17.50 8.249 13,601,363 

lWith threads and coupling9. 

i 

I 
I 
I 

I 
I 

I 
I 

i 
I 

If the rate of flow Q and the absolute pressure P w at the wellhead 
are known, Pl. the absolute pressure at the wellhead plus the pres
sure drop due to friction, is calculated in the following manner. 

(1) Determine the value of K from table 39. 
(2) Substitute the value of K in the formula 

and solve for R. 

R
- QvGL
- K 

(3) Substitute values of Rand P w for the symbols in the formula 

p, = V7J~~2 +R2 
and solve for P,. 

WEIGHT OF MOVING COLUMN OF GAS 

In a moving column of gas the ratio PW/P I has a value less than 1 
and depends upon the rate of flow. In other words, with a given 
value of PI! when the column of gas in a well is moving its mean 
pressure, and therefore its mean density and the pressure due to 
its weight, are less than when the column is static. The weight of 
a moving column of gas is determined from the formula, 

Pa =P, (eO.0000347GLF) , 

where F=a factor which takes into consideration the density change and IS 
calculated from the formula, 

F=2/3(1+ P w _ PW/P, ) 
P, 1+P1c/P, 
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SAMPLE CALCULATIONS 

The following example illustrates the method of computing the pressures at the sand from wellhead observations of volume and pressure. 
Assumptions: 

L=depth of well=2,OOO feet. 
G=specific gravity of gas=0.60 (air=1.00). 
d=internal diameter of flow string=3.068 inches. Q=rate of flow=10,000,OOO cubic feet of gas per 24 hours. Pw=pressure at the wellhead=700 pounds per square inch absolute. 

Solution: 
(1) Determine pressure drop due to friction in the producing string. From table 39, K=973,043. 

Substituting the value of K in the formula R= QvJ[L- gives 

R - 10,000,000v0JfX2-:mro -356 
- 973,043 -. 

Substituting values of P w and R in the formula P I = Y PW~+R2 gives p,=y (700)"+ (356)2=785.3 pounds per square inch absolute. (2) Determine the pressure due to the weight of .the column of gas. 
700 

Pw/P I = 785.~ =0.8915. 

Substituting 0.8915 for Pw/PI in the equation 

( 
PW/PI ). F=2/3 l+Pw/P,- l+Pw/P

I 
gIves 

( 
0.8915 ) F=2/3 1+0.8915- 1+0.8915 =0.947, 

which, when substituted in the formula P a = PI (eo.OOOOS47GLF) gives the value of P a, the pressure at the face of the sand in the well. 
P 8 = (785.3) (2.71828) (o.rooom) (0.8) (,000) (0 .... 7) 

= (785.3) (2.71828) 0.ralM3 

=816.9 pounds per square inch absolute. 

APPENDIX 6. EFFECT OF CHANGES IN TEMPERATURE AND THE 
DEVIATION OF GASES FROM BOYLE'S LAW ON THE CALCU
LATED PRESSURE DUE TO THE WEIGHT OF A COLUMN OF GAS 

In most gas wells the pressures and depths are not great enough to cause appreciable errors in calculating pressures at the sand due to the weight of the columns of gas based on the assumption that the gas conforms with Boyle's law. However, pressures and depths to the producing sands in some localities, such as the Oklahoma City field/ 7 are so great that deviation of gas from Boyle's law should be considered. Accordingly, the effect of pressure and depth has been studied and will be discussed from a mathematical standpoint. Such an interpretation, of course, does not consider, in definite values, effects of the presence of liquids and solids in the wells. 
IT Hill, H. B., and Rnwlins, E. L., Estimate of the Gas Resel'ves of the Oklahoma City Oil Field, Oklahoma County. Okla.: Rept. of Investigations 3217. Durcau of Mines, 1033. 54 pp. 
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PRESSURE DUE TO WEIGHT OF STATIC COLUMN OF GAS 

The formula for computing the pressure due to the weight of a 
static column of gas without considering the deviation of gases from 
Boyle's law is,,,R 

P8 - Pi = PdeO.0000347GL - 1), 

where Ps=pressure at bottom of hole, pounds per square inch absolute (under 
shut-in conditions, Pt=Ps) ; 

P i =pressure at wellhead plus pressure drop due to friction, pounds per 
square inch (pressure drop is zero in this case) ; 

P S -Pi =pressure due to weight of gas column, pounds per square inch; 
G=specific gravity of gas (air=1.00); 
L=average length of gas column, feet; and 
e=Napierian logarithm base=2.71828. 

The formula is based on an average temperature of the column of 
gas of 80° F. 

Effects of deviation of gases from Boyle's law and the tempera
ture of the gas may be included in the formula as folldws: 

At some floint in the flow string (considering an infinitesimal 
volume of gas, dV, of vertical length dL) the pressure due to the 
weight of the infinitesimal volume of gas is 

dp=dL p •• , ••••••••••••••••••••••• (1) 

where dL =vertical length considered, feet; 
p=density of gas, pounds per cubic foot; and 

dp=pressure due to weight of gas in the length dL, pounds per square 
foot. 

By definition, density p is the weight divided by the volume, or 
dW 

p= dV ............................ (2) 

From (1) 
dp 

p= dL ............................. (3) 

Therefore, since (2) and (3) are equal, 

!E!.. dW 
dL = dV ,or 

dp=dL (~~) ...................... (4) 

The equation of state for an ideal gas is 
pV=WBT .......................... (5) 

where p=pressure, pounds per square foot; 
V=volume, cubic feet; 

W =weight, pounds; 
B=gas constant; and 
T=absolute temperature, of. 

The. value of B for air is 53.34 based on the volume of 12.39 cubic 
feet occupied by 1 pound of air at an atmospheric pressure of 14.7 
pounds per square inch and a temperature of 32° F. The equation 
applies to an ideal g~s throughout all ranges of pressures and 
volumes. However, natural gas is not an ideal gas and therefore 
deviates from Boyle's law. 

GS See equation (14), appendix rio 
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The value of B in equation (5) for any gas other than aIr IS 
53.34/G, where G is the specific gravity based on air= 1.00. 

If the gas deviates from Boyle's law the equation may be written 
as follows and the value of B for air (53.34) may be used in the 
derivation, 

TXT [ 53.34 ] T pV=n ( ~) ,or 
G 1+ 100 

PV( 1+ 1~0 ) = 53(;34 WT .................... (6) 

where N = percent deviation from Boyle's law at pressure p. 

The percent deviation of gas from Boyle's law plotted against 
pressure on rectangular coordinate paper does not give a straight 
line over all ranges of pressure; but the relationship established by 
a straight line drawn through the origin and through a general 
average of a series of pressure-deviation points usually is accurate 
enough for computing the weight of a column of gas in a well. 

Therefore equation (6) is written, 
53.34 

pV(l+Pb) = ----a- WT .................... (7) 

where b is the deviation of the gas from Boyle's law, expressed 
decimally, per pound per square inch of pressure, obtained from 

N 
b= (P) (100) ........................ (8) 

where P is the pressure, pounds per square inch absolute. 

Rewriting equation (7) to indicate the small volume dV of gas 
occupied by the weight dW at a pressure, p, in pounds per square 
foot absolute equivalent to P in pounds per square inch absolute, 

(p) (dV) (l+Pb) =dW( 53(;34 )T ..... ............ (9) 

Solving, 
dW _ p(l+Pb)G 
dV - 53.34T -- .................... (10) 

Substituting this value of (~~) from equation (10) in equa

tion (4), 

from which 

or, since the ratio 

p(l+Pb)G 
dp=dL 53.34T ...... " .......... " .. (11) 

d~-[ 53.34TJ [dPJ [_l_J 
- G p l+Pb' 

dp with p expressed in pounds per square foot 
p 

is the same as the ratio ;; with P expressed in pounds per square 

inch 

[ 53.34TJ [ dP J 
dL= G P(l+Pb)·· .. · .... · .. · .. · .. (12) 

Equation (12) is applicable between limits from L1 to L2 and from 
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P 8 to P l , where Ll -L2 =L=average length of the gas column in 
the well and Ps-Pl=pressuredue to the weight of the column of 
gas. Therefore, by assigning limits and putting equation (12) into 
form for integration, 

I L1 53.34T I p. dP 
dL= G P(I+Pb) ............... (13) 

L2 P 1 

from which 

[ 53.34TJ[ (Ps) (I+Plb)] L= G loge p. I+P
s
b ............ (14) 

1 180 ~++~~~~++~~~~++~~~~++~~-t-rT++~~I~: ~ 
'(~ 

I i 

I. 140 ~++~-H~~++~~~~++~~~~++-H--H-t-:i>"'bf:;t''i7'f--:--i-t-H-t+-H 

~I~ I. I 2
0 

H-++++-H-f-t-I-+++-+-H-f-t-I-+++-+-H-f-t-I-i-7''74;''b1-t-t-+-r+-+-t-H-'-t-+-'.l-t-H, 
~ I' 

51 100 ~++~-H-+-H-++~-H-+-H-++~~-l>"~'P+++-H+H-++++-H-'-H-t++-i 

~I~ LOBO H-++++++-+-+~-+-H-H-++ 
Q) 

I I I I I 

I I I 

i i 

1.060 ~++++~-+-H-++++-t:;:I~!'T++~-H-t-H-rr-H--H--t-H-rr-H--H--t-H-rrl +1' 

1.040 H-+-t-H-+-H-+-+-.BIf'9-I-t-H-++++-H-t-H-H-++-+-f~-t-H-+++-t-+"'I-t-~+-r-H 

1.020 ~++-HrlF-iH-~++-H+H-H-++1i F -H-t-H--H-+t-H-t-H--H-+t-H--j 

1.000 0 400 800 1,200 1,600 2,000 2,400 '2,800 3,200 3,600 4,000 4,400 4,800 
GL or GLF 

I,aned On .. ve ..... ge tempe .... tu ... e of' 60"'.;2,80"'.;3,100"'.;4,120°F. 

GL 
FIGURE 49.-Relationship betwepn e 53.34T and GL for di1'1'erpnt average tem

peratures if! determining ej'J'ect of deviation of gas from Boyle's law on pres
sure due to weight of column of gas 

Equation (14) then becomes 

[ ( Ps) (I+Plb)] GL log, ~1 l+Psb = 53.34T logce~ ............ (15) 

or 

( PR) ,(~tP,b ) _ 53~~T (16) PI 'l+Psb _e ................. . 

from which 

[1+~bb] = [1:~lb ] [e;i3~3~J] .•.••••••••.•. (17) 

where Ps=pressure at the bottom of hole, pounds per square inch absolute; 
P1=pressure at wellhead plus pressure drop due to friction, pounds 

per square inch absolute; 
b=deviation coefficient, deviation per pound per square inch of pres-

sure, expressed as a decimal; 
G=specific gravity of gas (air=1.00); 
L=depth of well, feet; and 
T=average temperature of gas column, of. absolute. 
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Because formula (17) is somewhat cumbersome to use in routine 
work charts have been prepared to facilitate the calculations. Simi
lar charts can be prepared for any particular set of conditions. 

GL 

Values of e 5S":84T corresponding to values of GL for different 
average temperatures in the flow string of 60, 80, 100, and 1200 F. 
are shown in figure 49. T is considered to be the average tempera
ture between the bottom of the well and the surface of the ground, 
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P FIGUlIlI /SO.-Values of 1 + Pb corresponding to values of P for dUferent 
deviation coetllcients in determining effect of deviation of gllS trom 
Hoyle's law on pressure due to weight of gas column 

which although not strictly correct is accurate enough for most 
practical cases. 

Values of 1 :Pb corresponding to values of P for different values 

of the deviation coefficient b are shown in figure 50, which can be 

used to determine the value of (1 :Plb) corresponding to a known 

P 1 and the value of P 8 from a determined value of ( 1 : P ,b ) • 
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The pressure due to the weight of a column of gas can be de
termined by using figures 49 and 50. Assume, for example, that 
the following data were obtained on a gas well. 

Pl , pressure at wellhead plus pressure drop due to friction = 1,000 pounds 
per square inch absolute; 

GL, specific gravity times depth=2,500; 
T, average temperature of gas column=80° F.; 
b, or deviation coefficient=O.OOOl per pound per square inch. 

GL 

From figure 49 the values of e 53~34T corresponding to a GL of 
2,500 and a temperature of 80 0 F. = 1.0907. 

From figure 50 the value of (1 :P1b) corresponding to a PI of 
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DeSignation GL Deviation coefficient', b 
A 1,000 0.00015 
B 2,000 .000 IS 
C 3,000 .0001S 
D 4,000 .0001S 
E 2,000 .00010 

li'IGUIlE Gl.-A!l!litiollal preStlUre !lue to weight of gas COIUllllI lJy considering 
etIect of !leviation of gas from Boyle's lnw 

1,000 pounds per square inch and a deviation coefficient of 0.0001 
=910. 

The product, 910 x1.0907=992.5= 1:P8b 

From figure 50 the value of P s corresponding to a [1 :P&b] of 

992.5 is 1,10lpounds per square inch. 
Therefore, the pressure due to the weight of the column of gas 

is P s -P1 =1,101-1,000 or 101 pounds per square inch. 
The curves in figure 51 illustrate the effect of the deviation of 

gases from Boyle's law on calculations of pressures due to the 
weights of columns of gas corresponding to different pressures and 
well depths. Curves A, B, C, and D illustrate the additional pres-
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sure due to the weight of a column of gas caused by deviation of 
the gas from Boyle's law for a deviation factor of 0.00015 and GL 
values of 1,000, 2,000, 3,000, and 4,000, respectively. The total pres
sure due to the weight of a column of gas can be computed by adding 
the pressures obtained from the curves in figure 51 to the pressure 
obtained when deviation from Boyle's law is not considered. 59 Curve 
E represents the additional pressure due to the weight of a column 
of gas caused by deviation of gas from Boyle's law for a deviation 
coefficient of 0.0001 and a GL value of 2,000. Comparison of curves 
Band E shows that differences between the deviations of different 
gases from Boyle's law must be considered if the additional pres
sure due to the weight of a column of gas caused by deviatiori from 
Boyle's law is to be computed. For example, the additional pressure 
from curve E corresponding to a wellhead pressure of 2,500 pounds 
per square inch absolute is approximately 49 pounds per square 
inch, to be compared with 74 pounds per square inch from curve B. 

As shown in figure 51 the wellhead pressure and the value of GL 
are appreciable factors in determining the pressure due to the weight 
of a column of gas if deviation from Boyle's law is considered. Cor
rections for deviation are appreciable when pressures and values of 
GL are high and are negligible at low pressures and low values of 
GL. Furthermore, under the high pressures found in many deep 
wells the gas composition depends upon the laws of coexisti:ng phases 
of mixtures; in other words, at extremely high pressure the gas 
may consist largely of methane and ethane and nearly all of the 
heavier hydrocarbons may be in liquid form. As the pressure is 
lowered such heavier hydrocarbons may vaporize and change the 
composition of the gas and its deviation coefficient. These factors 
should be considered in determining deviation coefficients for pur
poses of calculating the additional pressure due to the weight of a 
column of gas caused by deviation of the gas from Boyle's law. 

PRESSURE DUE TO WEIGHT OF MOVING COLUMN OF GAS 

The pressure due to the weight of a moving column of gas, dis
regarding the deviation of the gas from Boyle's law, is calculated 
from the formula 60 

P
8
-P

1
=P

1 
(eO.0000347GLF -1), 

where Ps=pressure at sand face in well bore, pounds per square inch absolute; 
Pl=pressure at wellhead plus friction drop in producing string, pounds 

per square inch absolute; 
e=Napierian logarithmic base=2.71828; 

G=specific gravity of gas (air=1.00); 
L=average length of gas column, feet; and 
F=correction factor for taking into account the decreased density under 

flow conditions as compared with static conditions. 

If deviation from Boyle's law and the average temperature of the 
column of gas are included in a formula to be used for calculating 
the pressure due to the weight of a moving column of gas the follow
ing relationship is obtained: 

" - 1 5334T [ 
P 

] [ 
P 

] [
aT-It' ] 

1+Psb - 1+P1 b e· . 

~. See tulJle 37, appendix 5. 
00 See equation 15, appendix 5. 
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This formula is of the same form as that used to calculate the 
pressure due to the weight of a static column of gas (equation (17) 
of this appendix) with the exception that factor F is included to 
account for the decreased density of the gas in a moving column as 
compared with that of the gas in a static column. It is possible, 
therefore, to use the charts (figs. 49 and 50) that were devised for 
the calculation of the pressure due to the weight of a static column 
of gas to facilitate routine calculations of the pressure due to the 
weight of a moving column. 

The effect of considering deviation from Boyle's law on the calcu
lation of back-pressure observations is shown in the following ex
ample which is based on data obtained from a back-pressure test 
on a gas well : 

Depth of producing sand, 4,990-5,010 feet; 
Size of casing, 6S inches (6.652 inches I. D.) ; 
Specific gravity of gas, 0.6 (air=1.00); 
GL, 0.6 X 5,000=3,000; 
Average temperature of gas column, 80 0 F.; 
Deviation coefficient, 0.0001 per pound per square inch; 
Shut-in wellhead pressure, 1,700 pounds per square inch absolute. 

Operating pressure at 
Reading wellhead. lb. per sq. Rate of flow of gas, 

No. in. absolute. M cu. ft. per 24 hrs. 
1 1,695 5,000 
2 1,687 10,000 
3 1,635 25,000 
4 1,493 50,000 

Formation pressures, considering and not considering deviation 
of the gas from Boyle's law, are shown in the following tabulations: 

Pressure data, Pressure data, 
deviation fro"D Boyle's deviation from Boyle's 

law considered law not considered Rate of flow 
of gas, 

PI, P., PI, P., M cu. ft. per 

lb. per lb. per lb. per lb. per 24 boars I 
sq. in. sq. in. sq. in. SQ. in. 

absolute absolute absolute absolute 

1,922.56 1,917.39 1,886.66 1,881. 69 5,000 
.. 1,907.28 .. 1,871.95 10,000 
.. 1,859.08 .. 1,825.49 25,000 
.. 1,730.95 1,702.08 50,000 

A comparison of the rate of flow Q and the pressure factor 
P,2_P/, considering deviation of the gas from Boyle's law, is shown 
below. 

Plotting data, 
I 

Plotting data. 
deviation from Boyle's deviation from Boyle's Rate of flow 

la w considered law not considered of gas, 
M cu. ft. per 

.- 24 hoars 
p,l P.2 p,2 _ P," PI' P.' p,2 _ P,' 

3,696.24 3,676.24 20.00 3,559.49 3,540.76 18.73 5,000 
.. 3,637.74 58.50 .. 3,504.20 55.29 10,000 

3,456 24 240.00 .. 3,332.41 227.08 25,000 
2,996.24 700.00 2,897.07 662.42 50,000 ! 
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As shown in the above tabulations, the effect of deviation from 
Boyle's law in the proper interpretation of actual pressures that 
exist at the sand face of the well under consideration is appreciable. 
However, the effect of the deviation of the gas from Boyle's law on 
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in computing results or a buck-pressure test Oil a 
gas well 

the position of the straight line representing the relationship be
tween Q and the pressure factor p f 2_Ps 2 is virtually negligible, as. 
is illustrated in figure 52, where the absolute open flows obtained 
from the two plotted relationships are about the same and there 
is a variation in the rates of flow at the same values of the factor 
P,2_pB2 of only about 3 percent. 
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APPENDIX 7. MAXIMUM RATES OF FLOW OF GAS THROUGH 
PRODUCING STRINGS IN GAS WELLS 

The maximum rate at which gas can be produced from a gas well 
under operating conditions depends on the characteristics of the 
productive formation and the flow capacity of the producing string 
in the well. The producing characteristics of the formation are de
fined by the relationship used in this report 

Q=C (Pt 2
- P l) n, 

where Q=delivery rate, 
Pt =absolute shut-in formation pressure, 
P 8 = a bsolu te pressure at the sand in the well bore under flowing 

conditions, 
and C and n = coefficient and exponent, respectively. 

The absolute open flow of a gas well is defined in this report as 
the delivery rate that would occur if the pressure P s at the face 
of the sand in the well bore were equivalent to atmospheric pressure. 
Since this value of P s (atmospheric· pressure) generally is small 
compared to the value of P t, the absolute open flow of a well can be 
determined graphically by reading the value of Q corresponding 
to p t 2 from the plotted relationship of Q and p f 2_P82. The absolute 
open flow of a gas well is greater than the maximum delivery rate at 
which gas can be produced from a well; the difference between ab
solute open flow and the maximum delivery rate depending upon 
internal diameter of the producing string, depth of well, specific 
gravity of gas, and establishment of stabilized flow conditions in 
the productive formation and the producing string. The flow of gas 
through the producing string is governed by the relationship Gl 

[ 
(Pl'-PW') d51/lJl/2 

Q=48,960 GL ' 

where Q=deIivery rate, 
P 1 = pressure at bottom of well minus pressure due to weight of column 

of gas, 
and P w =pressure at wellhead. 

Therefore, for the maximum delivery rate from a gas well, there 
is a corresponding value of (Pt2_Ps2) where P s is equivalent to 
atmospheric pressure plus the friction drop in the producing string 
plus the pressure due to the weight of the column of gas in the flow 
string. There are two methods that can be used to determine the 
maximum delivery rate at which gas can be produced from a gas 
well (the open flow of the well) from back-pressure data-the" cut
and-try" and the graphic methods. 

"CUT~AND-TRY" METHOD OF DETERMINING MAXIMUM DELIVERY RATES 
FROM GAS WELLS 

Tables 33, 34, 35, 36, 37, and 38 prepared for use in computing 
results of back-pressure tests can be used to facilitate calculations 
of open-flow deliveries through producing strings of the internal 
diameters listed in table 33. The procedure for calculating deliveries 
from gas wells by the" cut-and-try " method is as follows: 

1. Assume some value of Q as the maximum delivery rate. 
2. Compute the value of GL (specific gravity of the gas times the depth of 

the well). 

81 See equation 1, appendix 5. 

12 
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3. From table 33, appendix 5, determine the equivalent GL (the GL for 1-inch 
tubinl:!' that is equivalent to the computed GL for the producing string). 

4. From table 34, appendix 5, determine the value of R corresponding to the 
equivalent GL and the assumed value of Q. 

5. From table 35, appendix 5, determine the pressure drop in the producing 
string due to friction corresponding to the determined value of R and a pres
sure at the wellhead of 15 pounds per SQuare inch. 

6. Determine the ratio PW/PI, in which Pw is 15 pounds per square inch and 
PI is 15 pounds per square inch plus the pressure drop due to friction as de
termined in (5). 

7. Obtain the value of factor F corresponding to the ratio PW/PI from table 
36, appendix 5. 

8. CalculateGLF. 
9. From table 37 obtain the pressure due to the weight of the column of gas 

corresponding to the value of GLF and the pressure at the wellhead plus the 
pressure drop due to friction. 

10. Calculate Ps, the back pressure at the sand, by adding 15 pounds per 
square inch to the pressure drop due to friction plus the pressure due to the 
weight of the column of gas in the well. 

11. Determine values of P(~ and Psz by the aid of table 38, appendix 5. 
12. Compute the value of Pl-Psz. 
13. Read from the plotted relationship based on back-pressure data for the 

well the value of' Q corresponding to the determined value of Prz-Psz. 
14. If the computed value of Q is not the same as the assumed value it is 

necessary to repeat the procedure by assuming a new value of Q and to re
compute the value of Q until the calculated value agrees with the assumed 
value. When these two values agree' they represent the maximum delivery 
rate from the well as regulated by the producing string. Each set of calcu
lations in the" cut-and-try" method can be used to guide the selection of a 
value to be given Q for subsequent calculations. It often is possible to determine 
the open flow through a producing string of any particular internal diameter 
with not more than 2 or 3 sets of computations. 

The results of a back-pressure test on a well producing a large 
volume of gas under conditions of open flow in the Depew field, 
Oklahoma, are shown in figure 53. The specific gravity of the gas 
was 0.712, the size of flow string 6~ inches, and the depth of the 
well 3,200 feet. The absolute open flow of the well, as determined 
from the straight-line relationship A plotted in figure 53, was ap
proximately 130,000,000 cubic feet of gas per 24 hours. The rate 
of delivery of gas with the 6i-inch casing open to the atmosphere and 
the different values obtained when making calculations by the" cut
and-try" method are shown in table 40. 

The calculations are made as follows: 
1. Assume that the open flow Q through the 6B-inch casing is 70,000,000 

cu bic feet of gas' per 24 h·ours. 
2. GL=0.712 X 3.200=2,280 (approximately). 
3. From table 33, appendix 5, the equivalent GL corresponding to a GL of 

2,280 for 6B-inch casing is 0.12. 
4. From table 34, appendix 5, the value of R corresponding to an equivalent 

GL of 0.12 and a flow of 70,000,000 cubic feet of gas per 24 hours is 436. 
5. From table 35, appendix 5, the pressure drop in the 6B-inch casing due 

to friction, correspondmg to an R of 436 and a pressure at the wellhead of 15 
pounds per square inch, is 421 pounds per square inch. 

. 15 15 
6. The ,ratio Pw/P,= 4~1+15 = 436 =0.034. 
7. From table 36, the value of F corresponding to a Pw/P, ratio of 0.034 is 

0.67. 
8. GLF=2,280 X 0.67=1,528. 
9. From table 37, appendix 5, the pressure due to the weight of the column 

of gas, corresponding to a GLF of 1,528 and pressure at the wellhead plus the 
pressure drop due to friction of 436, is 23 pounds per square inch. 

10. P,=436+23=459 pounds per square inch absolute. 
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TABLE 4O.-Computatwn of "open flow" through the producing string of a gas weU from 
back-pressure data by "cuL-and-try" method 

nata 

Specific gravity of gas ...................................................... " (G) 
Depth of well ......•......................................•.............. ft. (L) 
Diameter of produeiq string .•............................................. in. (d) 
Equivalent .......••.•...•.............•............... , ................... . GL 
R . .•..................................... , .......................... , ........ . 
Pressure drop in producing string .................................... .lb. per IIQ. in. 

~o:~~~ i~~:::::::::::::::::::::::::::::::::::::::::::::::::::::::::: 
GLF ..........•.....•................•••••.••.......... .........•...•.......... 
Preasure due to weight of column of gas ............................... Ib. per sq. in. 
Back preuure at sand, P •. ..................................... .lb. per sq. in. abe. 
Shut-in formation PI'CII8Ure. P, . .................................. lb. per IIQ. in. abe. 
P,' (thousands) ................................................................ . 
P.I (thousands) ................................................................ . 
PI' - P; (thousands) .......................................................... . 
Rate of flow read from plot of back-pressure data (curve A,fig. 63) .. M Cll. It. per 24 bra. 

Assumed rate of 80w, 
M cu. f t. per 24 hOIlrll 

70,000 

0.712 
3,200 

6% 
0.12 
436 
421 

0.034 
0.67 

1,528 
23 

459 
708 

501.3 
210.7 
290.6 

78.000 

73,000 

0.712 
3,200 

6% 
0.12 
456 
440 

0.033 
0.67 

1,528 
24 

479 
708 

501.3 
229.4 
271.9 

73.500 
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11. Since Pf is 708 pounds per square inch absolute, then from table 38, 
appendix 5, 

Pf'= (708)'=501,300, 
and 

12. p f2-Ps2 =501,300-210,700=290,600. 
13. The rate of flow corresponding to a (P f2_Pl) of 290,600 is read from 

the straight-line relationship shown by curve A, figure 53, to be approximately 
78,000,000 cubic feet of gas per 24 hours. 

14. The assumed value of 70,000,000 cubic feet of gas per 24 hours is there
fore too low. If an assumed value of Q is taken as 73,000,000 cubic feet of 
gas per 24 hours and the calculations repeated it will be found that the newly 
assumed value agrees closely with the value determined from the plotted rela
tionship (see table 40). The open flow of the well through the 6a-inch casing 
therefore is approximately 73,000,000 cubic feet of gas per 24 hours. 

GRAPHIC METHOD OF DETERMINING MAXIMUM RATES OF DELIVERY OF 
GAS FROM GAS WELLS 

The graphic method of determining the open flow of a gas well 
through a producing string of a given internal diameter is based on 
virtually the same principles as the" cut-and-try" method. The 
back pressure P s at the sand in the equation Q=C(Pf 2_ps2)n is 
equal to a pressure of 15 pounds per square inch at the wellhead 
plus the pressure drop in the producing string due to friction plus 
the pressure due to the weight of the column of gas. The formula 
Q=C(Pt2_Ps2),", expresses the relationship of flow from the sand in 
the reservoir to the well bore. The formula 

Q=48,960 [(PI2-~~2)dG1j3T/2 

expresses the relationship of flow through the producing string.6
:! 

This latter formula may be written 
cl'P 

Q=48,960 'I/GL (P12-pw')lr. 

Since P w (atmospheric pressure) usually is small compared with 
Ph the above formula may be written in the following form without 
introducing an appreciable error: 

rl'/3 
Q=48,960 VGL (P/)lP. 

The pressure due to the weight of the column of gas in the pro
ducing string is computed from the formula (13 

PH 
P1= eO.00003li(U,f' , 

and therefore, by substituting, 
rl'P ( PI! ) 

Q=48,960 VGL ~O.0000347(JU' • 

The graphic solution of the problem of open flow through any 
size of casing or tubing is determined from the intersection of the 
curve representing the relationship between Q and PI! in the above 
formula with the curve representing the relationship between Q 
and P s in the flow formula, Q=C(Pf 2_ps2)n, for the particular gas 

U Sl;'e formula (1), appendix 5. 
113 Basl'd on formula (15). appendix 5. 



APPENDIX 7.-MAXIMUM FLOW THROUGH PRODUCING STRINGS 179 

well. The tables in appendix 5 can be used to facilitate calculations 
when the following procedure is used. 

1. Calculate the value of GL. 
2. From table 33 determine the equivalent GL (the GL for 1-inch tubing 

equivalent to the computed GL for the producing string). 
3. From table 34 determine values of R corresponding to the equivalent GL 

and any two assumed rates of flow. The values of R are considered equivalent 
to the values of Ph 

4. Calculate the ratios of PW/PI. 
5. From table 36 determine the correction factors F corresponding to the 

ratios of P W /PI. 
6. Calculate values of GLF. 
7. From table 37 determine the pressures due to the weight of the column 

of gas corresponding to the pressure at the wellhead plus the pressure arop 
due to friction and values of GLF. 

8. Calculate the pressures P8 by adding the pressure due to the weight of the 
column of gas to the pressure at the wellhead plus the pressure drop due to 
friction. 

9. From table 38 determine the value of Ps'. 
10. Plot on the same sheet of logarithmic paper with the relationship between 

Q and Pt l
- Pi the values of Ps' against the corresponding values of Q to give 

a curve showing the capacity of the producing string to deliver gas from any 
pressure P 8 at the face of the sand. 

11. From the plotted results of the back-pressure test where Q was plotted 
against (Pt l -P82

) determine a number of representative values of Pi" corre
sponding to different values of Q. 

12. Plot the values of Q and P 8 2 determined directly from the results of the 
back-pressure test on the same sheet of logarithmic coordinate paper. A curve 
through the plotted points will give the capacity of the well to deliver gas 
against any back pressure P 8 at the face of the sand. 

13. The intersection of the plotted relationship Q versus Pi" for flow through 
the producing string with that for flow through the sand is the open flow through 
the producing string. 

The graphic method is illustrated in figure 53. The procedure of 
calculation is as follows. 

1. Since the specific gravity of the gas is 0.712 and the depth of the well 
3,200 feet the value of GL is 0.712 X 3,200 = 2,280 (approximately). 

2. From table 33, appendix 5, the equivalent GL corresponding to a GL of 
2,280 for 61-inch casing is 0.12. . 

3. Assume rates of flow Q of 50,000,000 and 70,000,000 cubic feet of gas per 
24 hours. From table 34, appendix 5, the value of R corresponding to an 
equivalent GL of 0.12 and a flow of 50,000,000 cubic feet of gas per 24 hours 
is 311, and for a flow of 70,000,000 cubic feet of gas per 24 hours is 436. In 
other words, the values of PI (the pressure at the wellhead plus the pressure 
drop in the producing string due to friction) corresponding to rates of flow of 
50,000,000 and 70,000,000 cubic feet of gas per 24 hours are taken as 311 and 
436 respectively, because in these calculations PI is assumed to be equal to R. 

4. Ratios of PW/Pl corresponding to rates of flow of 50,000,000 and 70,000,000 
cubic feet of gas per 24 hours are 15/311 and 15/436, or 0.048 and 0.34, 
respectively. 

5. From table 36, the correction factors F corresponding to the Pw/PI ratios 
for the two rates of flow are the same, or 0.67. 

6. The values of GLF corresponding to the two rates of flow also are the same, 
or 2,280 X 0.67 = 1,528. 

7. From table 37, the pressure due to the weight of the column of gas when 
the rate of flow is 50,000,000 cubic feet of gas per 24 hours (corresponding to a 
GLF of 1,528 and a pressure at the wellhead plus pressure drop due to friction 
of 311 pounds per square inch) is 17 pounds per square inch. Similarly, the 
pressure due to the weight of the column of gas when the rate of flow is 
70,000,000 cubic feet per 24 hours (corresponding to a GLF of 1,528 and a pres
sure at the wellhead plus a pressure drop due to friction of 436 pounds per 
square inch) is 23 pounds per square inch. 
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8. The pressures PII at the sand corresponding to rates of flow of 50,000,000 
and 70,000,000 cubic feet per 24 hours therefore are 311 + 17 or 328 and 436+23 
or 459 pounds per square inch, respectively. 

9. The values of Ps' corresponding to flow rates of 50,000,000 and 70,000,000 
cubic feet of gas per 24 hours, from table 38 are 107,580 and 210,700, respectively. 

10. The relationship designated by C, figure 53, drawn through points Q 
=50,000 M, P/=107,580, and Q=70,000 M, P/=210,700, represents the maxi
mum capacity of the 6B-inch casing to produce gas corresponding to the squares 
of different pressures at the sand. 

11. The following tabulation shows different values of PS2 with corresponding 
values of Q, as determined from the plotted relationship between Q and Pr2 _Ps 2 

from the back-pressure test on the well. 

Q. PI' - P,'. PI'. P,'. 
rate oC flow. lb. per sq. in. lb. per sq. in. lb. per sq. in. 

M cu. Ct. oC gas squared. squared. squared, 
per 24 hours thousands tbousands thousands 

60,000 219 501 282 
70,000 259 501 242 
80,000 298 501 203 

12. The relationship designated by B, figure 53, which represents the results 
of plotting Q against Ps' as obtained in (11), can be used for determining the 
capacities of the sand to produce gas against different back pressures at the 
sand face in the well bore. 

13. The intersection of C and B, figure 53, at a rate of flow of approximately 
73,000,000 cubic feet of gas per 24 hours gives the open flow of the well through 
the 6B-inch casing. 

The graphic method of determining the open flow of a well 
through the producing string can be used advantageously to de
termine what the open flow would be if the well were cased or 
tubed with pipe of other internal diameters. This is illustrated by 
the following interpretation of the back-pressure data from the well 
as plotted in figure 53 and data showing maximum capacities of 
producing strings of different internal diameters that might be used 
in the well. 

Data for determining the relationship between the rates of flow 
Q and the back pressure at the sand P s for flows through producing 
strings of various internal diameters are shown in table 41. Tables 
33, 34, 35, 36, 37, and 38, appendix 5, were used to facilitate the 
calculations indicated by table 41, and the procedure followed was 
as outlined previously in this report. 

Values of P,2, the square of the pressure at the face of the sand, 
corresponding to different rates of flow from the well, as given in 
table 42, were calculated directly from the plotted results of the 
back-pressure test in figure 53. Rates of maximum flow Q, corre
sponding to the squares of different values of back pressure at the 
sand, that could be produced from the well through producing 
strings of various internal diameters are shown in figure 54. The 
figure also shows the rates of flow Q corresponding to different 
values of the back pressure squared PR 2

, for flow from the producing 
sand to the well bore. The intersection of the curve representing 
this latter relationship with the lines representing the relationship 
for maximum flow through the producing strings gives open flows 
that would occur through each producing string. The open-flow 
rates shown in table 43 were obtained from figure 54. 



TABLE 41.-M aximum capacities of producing strings of varwus internal diameters to deliver gas from a gas well under different pressure conditions 
at the sand 

Specific gravity of gas "" 0.712; depth of well = 3,20:) feet; GL = 2,280 (approximately) 

Nominal size and actual internal diameter of producing string, inches 

8~ 6% 6~ 5~ .. 3 2 
8.249 6.652 6.287 5.192 ".026 3.068 2.Ml 

Rate of I!ow, Rate of flow, Rate of flow, Rate of flow, Rate of flow, Rate of flow, Rate of flow, 
M ClLft. M CIL ft. M CIL ft. M cu. ft. M cu. ft. M cu. ft. M CIL ft. 

per 2 .. hours per 2 .. hours per 24 hours per 24 hours per 2 .. hours per 2 .. hours per 2 .. hours 

50,000 70,000 50,000 70,000 50,000 70,000 20,000 "0,000 10,000 30,000 5,000 10,000 2,000 5,000 
------------------.---------------------

Equivalent G L .......................................... O.M 0.04 0.12 0.12 0.16 0.16 0 ..... O.H I.H I.H 7.3 7.3 64.0 64.0 
R "" PI (approximate) .......•..•......•................. 180 252 311 .. 36 359 502 238 476 237 710 2 .. 3 .. 86 288 719 
P",/Pl. ..................... ' .......................... .083 .060 .048 .03" .042 .030 .063 .031 .063 .021 .062 .031 .052 .021 
Corrootion factor F .•• ••••••..• ' •••...••.................. .67 .67 .67 .67 .67 .67 .67 .67 .67 .67 .67 .67 .67 .67 
Value of GLF .......•....... . ~ .•......•................. 1,528 1,528 1,528 1,528 1,528 1,528 1,528 1,528 1,528 1,528 1,528 1,528 1,528 1,528 
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TABLE 42.-Eifect of back pressure at sand face 
on rates of delivery of gas from a gas well 

Rate of flow, PI' - P/, P/2, I Pit'. I 

M cu. ft. per lb. per sq. in.' lb. per sq. in.2 j lb. per sq. in.2 

24 hours (thoUllands) (thollSands) (thoUllands) 
---

5,000 15.6 

I 
501.3 48.'i.7 

8,000 25.7 475.6 
10,000 32.5 .. 468.8 
15,000 50.0 I .. 451.3 
20,000 68.0 

I 
., 433.3 

:10,000 104.0 .. 397.3 
40,000 142.0 I .. 359.3 
50,000 180.0 

I 
· . 321.3 

60,000 219.0 .. 282.3 
70,000 259.0 · . 242.3 
80,000 298.0 

I 
· . 203.3 

90,000 338.0 .. 16.1.3 
100,000 378.0 .. 123.3 
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Rate of flow, M cu. ft. per '24 hrs 

I 

0 0 gg 0 
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0 0 00 0 .... ~ .n", CD 

--Relationship between Q and Psz for maximum glilB flow through producin9 string_ 
of different dlllmeters in III pl!Jrticulllr gas well 

-Relationahip between Q .nol Pst for gas flow into the well bore of a carticular gas well 
Intersections give open flows through different producing lit rings 

See table 41 for internal diameters of producing strings. 

FIGI'RE 54.--Comparison of open-Bow deliveries that would be obtained through producing 
strings of dUl'erent diameters based on the results of a back·pressure test of a gas well 

TABLE 43.--Comparisons of open flows from a gas well through 
producing strings of different diameters in a gas well 

Size of producing string,l inches Open /low, II cu. ft. per 24 hrs. 

81 
68 
61 
5f« ....................................... . 
4 ......................................... . 
3 ......................................... . 
2 ......................................... . 

1 See tnblc 41 for internal diameter of stL'illg-S. 

130,000 (absolute) 
97,000 
73,000 
67,000 
46,500 
26,000 
13.200 

4,600 
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APPENDIX 8. CAUSE AND EFFECT OF ERROR IN 

B·ACK-PRESSURE DATA 

Inaccuracies in the interpretation of back-pressure tests usually 

are due to factors that cause error in the calculated pressures at 

the face of the sand or to incorrect measurement of delivery rates. 

Some of the most common factors that cause errors in back-pressure 

data are: 
1. Incorrect wellhead pressure. 

a. Inaccurate gaging instrument. 

b. Unaccounted-for pressure drop between the head of the flow string 

and the gage connection. 
c. Dynamic effect of the gas flow. 

2. Error in calculated pressure drop in the producing string due to friction. 

a. Bridged hole, cavings or collapsed casing. 

b. Incorrect density of gas. 
c. Inaccurate measurement of gas deliveries. 

3. Error in calculated weight of the column of gas in the well. 

a. Unaccounted for liquid in the well bore. 

b. Incorrect temperature of the gas. 

c. Incorrect density of the gas. 

Appreciable discrepancies in relationships based on back-pressure 

data may be due to inaccurate measurement of gas flow and to un

accounted-for leakage of gas from the casing, subsurface migration 

of gas, or leakage of gas from the line between the well and the 

meter. A comparatively small percentage error in the determination 

of either the shut-in formation pressure or the back pressure at the 

sand face also may have an appreciable effect on the interpretation 

of the data because the interpretation is based on the difference of 

the squares of the two pressures. 

Figures 55 and 56 are graphic representations of the effect of 

errors in back-pressure data. The relationship identified by the solid 

line in each of the seven cases illustrated represents the true charac

teristic of a gas well having a shut-in formation pressure of 500 

pounds per square inch, an absolute open flow of 10,000,000 cubic 

feet of gas per 24 hours, and an exponent, n, of the flow equation 

Q=C (P f2_Ps2)1t of 0.6545. The well is assumed to be 2,000 feet deep, 

producing gas of a specific gravity of 0.6 through 6i-inch casing 

(internal diameter, 6.652 inches). 

The curves for case I, figure 55, show the effect on the interpreta

tion of back-pressure data of an error in the determination of the 

shut-in formation pressure but with a correct determination of 

back pressures at the sand under flowing conditions. The results 

obtained if there is a positive error of 5 pounds per square inch in 

the shut-in formation pressure are shown by curve A,. for a positive 

error of 10 pounds per square inch in the shut-in formation pressure, 

by curve B,. for a negative error of 5 pounds per square inch, by 

curve C,. and for a negative error of 10 pounds per square inch, 

by curve D. In the particular case under discussion, if errors are 

made in determining the shut-in formation pressure the calculated 

values of p f2_Ps2 corresponding to different measured delivery 

rates result in an erroneous interpretation of the delivery capaci

ties of the well. The plotted data do not indicate actual conditions 

at low values of P f2_P/, and the interpretation of delivery capaci

ties throughout a large pressure range cannot be made properly. 
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Errors in the calculated shut-in formation pressure may be caused 
by inaccurate pressure gages, by error in determining the pressure 
due to the weight of the column of gas in the well, and by failure 
to consider the effect of changes of liquid conditions in the well. 

The curves in case II, figure 55, show that if the magnitude of the 
error is the same in both the shut-in formation pressure and the 
back pressure at the sand, provided the error is not large, the plotted 
relationship between Q and p f 2_Ps2 virtually coincides with the 
relationship obtained if the pressures are correct. The plotted re-
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Fwt'm; 5G.-Cause and effect of errors in back-pressure data, cases V, VI, and VII 

lationship based on computations assuming positive errors of 5 
pounds per square inch in the shut-in formation pressure and the 
back pressure at the sand coincided with the true relationship as 
closely as the results could be plotted. Results for positive errors 
of 10 pounds per square inch in the shut-in formation pressure and 
the back pressure at the sand are shown in curve E; and for nega
tive errors of 50 pounds per square inch in both pressure determina
tions, by curve F. Substantially equal errors in the shut-in forma
tion pressure and in the back pressure at the face of the sand may 
be caused by inaccurate pressure gages or by an unchanged column 
of liquid in the well bore during a back-pressure test. 
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The curves for case III, figure 55, show the effect of an error 
increasing with the values of both the formation pressure and the 
back pressure at the sand, such as may occur if through a faulty 
gage the errors in pressure readings change with pressure, and no 
account is taken of the erroneous readings in subsequent computa
tions. The error, however, usually is small and if it is in the range 
of 0 to 5 pounds per square inch, the effect is negligible. Results 
for a positive error increasing with pressure from 0 to 10 pounds 
per square inch are shown by curve G; and for a negative error in
creasing with pressure of 0 to 10 pounds per square inch, by curve H. 

The curves for case IV, figure 55, show the effect on interpreta
tion of back-pressure data of an error increasing with the pressure, 
assuming that the shut-in formation pressure is correct and that 
the error is in the computed back pressure at the sand. Results for 
a positive error in the back pressure increasing with the value of 
the pressure from 0 to 5 pounds per square inch are shown by curve 
I; for a positive error of 0 to 10 pounds per square inch, by curve J; 
for a negative error of 0 to 5 pounds per square inch, by curve K; 
and for a negative error of 0 to 10 pounds per square inch, by curve 
L. The magnitude of the effect of such errors is appreciable at low 
values of P f 2_P/ and, as in case I, the interpretation of delivery 
capacities throughout a large pressure range cannot be made 
properly. 

The curves for case V, figure 56, show the effect of error in the 
back pressure at the sand when the error decreases as the pressure 
increases. As indicated by the curves, the effect of such an error 
is small. Results for a positive error in the back pressure at the sand 
when the error decreases from 10 to 0 pounds per square inch as 
the pressure increases are shown by curve M; and for a negative 
error, with the same change of error with an increase of pressure, 
by curve N. 

Curve 0, case VI, figure 56, shows the effect on the results of a 
back-pressure test of gas leakage between the wellhead and the 
meter when the pressure of the gas in the meter is virtually the 
same as at the wellhead. It is assumed that there is no leakage of 
gas at the wellhead during the observation of the shut-in pressure 
at that point. Calculations are based on a rate of leakage of 14,000 
cubic feet of gas per 24 hours per pound absolute pressure. The 
magnitude of the effect of the leakage of gas on interpretation of 
delivery capacities is appreciable at low values of p f 2_PIJ2. 

Curve P, case VII, figure 56, shows the effect of a continuous 
leakage of gas (during meas.urement of both shut-in and working 
pressures) from an opening in the casing or wellhead where the 
pressure at the point of leakage is the same as the pressure at the 
wellhead. The calculations are based on a leakage rate of 14,000 
cubic feet of gas per 24 hours per pound absolute pressure. 

The graphic illustrations of the effect of error on the interpreta
tion of back-pressure data emphasize the necessity of obtaining 
accurate data and the need for considering the factors that miglit 
influence measurements of the shut-in formation pressure, the back 
Jressure at the sand, and the delivery rate. 
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APPENDIX 9. EXPERDIENTAL STUDY OF FLOW OF GAS 
THROUGH POROUS MEDIA 

The character of the flow of gas through the producing forma
tions and the pressure conditions within the reservoir fundamentall:v 
affect the absolute rate of availability of gas and the volume of gas 
that ultimately may be recovered from the reserves. Back-pressur~ 
tests of gas wells give useful information regarding the character 01 
gas flow through the reservoir sands, pressure conditions within 
the reservoir, and the rate at which the gas is available. However, 
the information that can be obtained from tests is limited, and thE 
effects of many separate and distinct factors are considered and 
grouped in the coefficient and exponent of the flow equation Q = C (P': 
_p,2)n. Therefore, an experimental study of flow of gas througl: 
porous media was made to supplement the resul~ of the large num· 
ber of back-pressure tests that have been made <H) gas wells. ThE 
experiments were conducted mainly to study the effects of the natu~E 
of any particular medium and of the pressure conditions that arE 
imposed on the flow of gas through porous media. The effect of sud 
factors as size, shape, and surface texture of the sand grains, po· 
rosity of the sand, distance of travel of the gas, and the surfacE 
area exposed to gas flow have been isolated insofar as the medi~ 
available permitted. 

The apparatus for the experimental tests consisted principally 0: 
steel flow tubes, pressure gages, instruments for measuring tempera· 
tures, and a prover for measuring the rates of flow of gas. Th4 
porous media were packed in the steel flow tubes and the pressur4 
and temperature observations were made at different points alon~ 
the tubes while gas was flowing through them at different rates. 

The steel flow tube shown in figure 57 consists essentially of ~ 
section of steel tubing equipped with special flanges J on each end 
Screen-covered perforated steel retaining plates K kept the porou: 
medium in .place in the flow tube. The retaining plate·,for the intakl 
end was .machined to fit the inside diameter of the tube and coule 
be tightened against the porous medium in the tube by means of : 
follower ring; thus pressure could be applied to the material as i 
was being packed to obtain longitudinal uniformity in the consis 
tency of the packed medium and to permit packing different ma 
terials to similar consistencies for comparative tests. The retaininl 
plate at the discharge end of the tube was inserted between the flang' 
faces. The length of the tube between the intake and discharg 
flanges was 12 feet 21 inches. Special temperature and pressur l 

connections G, spaced 28 inches apart, each consisting of a brass 
tubing compression unit, a, with an inserted piece of copper tubin~ 
b, extending to the center of the tube, and covered at the lowe 
end with a fine copper screen, c, made it possible to secure tempera 
ture and pressure observations at the centers of different 6ross 
sections of the tube. Thermocouple leads d were inserted in th 
copper tubing of the temperature-pressure connections through: 
fiber plug, e, which was packed off with a plastic composition rubbe 
gasket, f. The pressure connection I was at the side of the fittin~ 
Pressure connections F are for observing pressures along the insid 
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wall of the tube. Pressure connections and thermometer wells E 
in the inlet and discharge fittings provide means of obtaining pres
sures and temperatures of the gas before and after flowing through 
the porous medium. The thermocouple leads H were connected 
through a rotary switch, C, and a thermocouple cold junction, B, 
to a potentiometer, A. 

Five flow tubes were used during the tests; four consisted of 
only one pressure section, and the fifth was made up of four sections, 
as illustrated in figure 57. The dimensions of the tubes, all of which 
were of the same general design, are as follows: 

Nominal Distance between Length of section 

internal diameter, retaining plates (distance between No. of 

inches (approximate), thermocouple-pressure sections 
inches fittings), inches 

3 44 28 1 
3 144 28 .. 
2~ 44 28 1 
2 44 28 1 
1~ 44 28 1 

The piping arrangement for the experimental tests is shown in 
figure 58. The gas was obtained from a gas well with a delivery 
capacity such that the maximum delivery rate required in the flow 
tests did not reduce the delivery pressure at the inlet end of the 
flow tube more than 5 pounds per square inch below that exist
ing under shut-in conditions. Pressure-flow conditions following a 
change in the rate of production reached equilibrium rapidly, and 
the experimental work was expedited greatly since not more than 
2 or 3 minutes were required for stabilizing delivery rates. Gas was 
delivered from the well into the piping system through the throttling 
valve A. The 4-inch flange D, into which an orifice plate could be 
inserted, was Installed downstream from the throttling valve. A 
thermometer well, B, and a pressure connection, C, were provided 
on the upstream side of flange D for making pressure and tempera
ture observations. The 4-inch flange, with its inserted orifice, ther
mometer well, and pressure connection, was used as a critical-flow 
meter to measure delivery rates under conditions of critical flow for 
purposes of calibration and for an occasional check on other gas 
measurements. The gas was allowed to pass through the flow tube 
packed with a porous medium, H, and was measured again through 
one or both meter runs K with provers N. 

The orifices used in prover N at the start of the flow investigation 
were calibrated for velocities corresponding to a differential pres
sure range of 10 to 40 inches of water. Measurement of flow rates 
by means of the critical-flow meter at D, figure 58, was used as a 
standard for the calibrations. A length of 2-inch pipe was used in 
the set-up at H during the calibration tests, and the only change in 
the connections made after calibration was completed was replace
ment of the section of 2-inch pipe by the previously fitted flow tube 
and approach fittings, thus eliminating the possibility of discrep
ancies caused by the effect of the approach fittings. 
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As gas was produced from the well through 8i-inch casing and 
under the low velocities of flow during the experimental tests, it 
was improbable that entrained liquid accompanied gas from the well. 
Nevertheless, a vertical drip was installed in the line between the 
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well and the experimental set-up to serve as a protection against 
liquids entering the flow tubes. However, to determine definitely 
whether or not the data were influenced by the effect of liquid from 
the well or by the adsorption of water vapor or heavy hydrocarbon 
fractions present in the gas by the medium in the flow tubes, a cal-
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cium-chloride-filled tube and bypass were provided in the intake 
line to the flow tube. (See G, fig. 58.) Five tests were made to de
termine the character of the flow through fine-grained sand-3 with 
gas flowing through the calcium-chloride drier before entering the 
sand tube and 2 with gas flowing through the sand tube directly 
from the well. Comparison of the results obtained under the two 
conditions of flow showed that the moisture in the gas had a negligi
ble effect on the flow of gas through the sands. 

Studies were made of the character of flow of gas through the fol
lowing granular materials: 

(1) Lead shot of d~sity 11.201 grams per cubic centimeter, with a smooth 
surface texture. 

(2) Ottawa sand of density 2.6416 grams per cubic centimeter, with 
rounded grains having a surface texture slightly rougher than lead 
shot. The smaller grains were slightly angular. 

(3) Wilcox sand of density 2.6412 grams per cubic centimeter. The large 
grains were similar in shape and surface texture to the Ottawa sand 
grains of corresponding screenings. The small grains, however, were 
more angular and rougher than the large grains. 

(4) Building sand of following densities. 

Screen size, 
meMheM per inch 

Through 20 on 28 
Through 28 on 35 
Through 48 on 65 

Density. grams per 
cubic centimeter 

2.6252 
2.623 
2.6286 

The grains were angular and the surface slightly rough. 
(5) Gravel of density 2.6321 and less angular than building sand. The 

surface of the grains was relatively rough. 

The sand was screened in the laboratory at the Bureau of Mines 
Petroleum Experiment Station, Bartlesville, Okla., through a Hum
mer vibrating screen. A comparison of the screen analyses before 
and after the materials were packed in the tubes showed that there 
was no~ appreciable crushing of the grains in the packing process 
and that the amount of very fine material removed by the gas during 
flow tests was negligible. 

The materials were packed in the tubes by pounding the walls of 
the filled tube with hammers and maintaining a pressure on the 
movable inlet plate by means of the threaded follower, while the 
tubes were in a vertical position. Rapping the tubes and applying 
pressure were continued until further vibration and pressure had 
no appreciable effect on the degree of packing of the media or until 
a predetermined voidage was obtained. . 

Void space in porous media usually is expressed in terms of the 
percent porosity and is the ratio of the void spaces within the ma
terial to the gross space occupied by the material multiplied by 100. 
For determining the percent porosities of the media the volume of 
the space in the tubes between the retaining plates was calibrated 
with water and the respective densities and weights of the different 
materials used to pack the tube were determined carefully. The 
void space in the packed material and the percent porosity were 
calculated as follows: 

Void space in the material = ( V _ 1~), and 

percent porosity = (V _ ~) ( 1~0). 
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where V =gross space occupied by material, cubic centimeters; 
M =weight of material, grams; and 
d=density of material, grams per cubic centimeter. 

The condition of the material packed in the flow tube to each of 

several porosities remained unchanged when subjected to pressure 

of the flow of gas. On three of the media, however, flow tests were 

conducted at each of several different porosities. 
The experimental procedure in the majority of the tests was simi

lar. All pipe and pressure connections were tested for leakage be-
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porous media 

fore the first reading and at intervals during the test. The maximum 

differential pressure across the packed tube was imposed during the 

first of the series of tests, and the rates of flow of gas were decreased 

in the test series irrespective of whether the inlet or discharge pres

sure was varied, except during a few tests on loosely-packed tubes 

in which the magnitUde of the flow was first increased and then de

creased in the test series. All data were obtained under stabilized 

conditions of temperature and pressure, 30 to 40 minutes being re

quired for temperatures to reach equilibrium on the initial flow 

through the more permeable media. Nine to fifty-two pressure ad

justments were made during each test or included in each test series. 
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Three or four variations over a differential pressure range from 
40 to 10 inches of water usually were obtained for each orifice in 
the prover. Frequently one orifice was replaced by another of a 
different size so the same rate of flow could be measured under 
various differential pressures to check the calibration of the respec
tive orifices. 

Because only very small differences in the pressures at the center 
and at the wall of the flow tube at corresponding longitudinal points 
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FIGURE 60.-Eft'ect of distance of travel on flow of gas 
through unconsolidated porous media 

were notedy the pressures at the walls of the flow tubes were recorded 
for only a fE:w of the tests. To determine the effect of the magnitude 
of the mean pressure on the flow of gas through the porous media, 
comparative tests were made in which the inlet and discharge pres
sures, respectively, were varied. Thus, data were obtained for com
parison of low rates of flow under pressures slightly greater than 1 
atmosphere (14.4 pounds per square inch) and under pressures of 
approximately 30 atmospheres. The effect of the magnitude of the 
inlet pressure was determined by tests in which the inlet pressure 
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was maintained at 265 pounds per square inch and at 437 pounds 
per square inch absolute, respectively. The longitudinal pressure 
gradient tnroughout the length of the material was established from 
data obtained for flow of gas through the multisection tubes equipped 
with five sets of equally spaced pressure and temperature connec
tions. Several series of tests were made in which data were obtained 
for a comparison of the character of the flow of gas through porous 
material packed in 3-inch, 2i-inch, 2-inch, and It-inch nominal di
ameter flow tubes. 

200,000 

11 ISO,OOO 

L 

~ 
~ 

£ 

~ 100,000 

,j 
L 
~ 

~ 
f 

Q. 50,000 

o 

, 
I 

I 
I 

, ! 

, 
, 

, 
, I 

=Hi, 2 

I , 

am 
, y 

l~ , , I 

, 
, , I , 

4-, I ....... 
I"'[ 

~ I ~ 
I II Iftt m 

o z 4 6 a 10 
Distance 'rom aischarg" end of tube, 'eet 

Gas volume" at pressure of 14.4 lb. pel'" sq .• n .bsolute, t""'perature of 60·F., specific 
gr."ity of 0.697 (.il""1.00),anol flowing temper.ture of 70"F. 

Tests conolucteol on 3-inch flow tube pack .. 01 with 20-Z8 Ott.""" .and with porosity of 
31.34 percent 

I ,Rate of flow, 158.68 cubic feet per minute 
Z - • • 141,53' • • • 
3: • : 115 14 
4, , 94 10 
5" • 71 3Z -
6 • 43 az • 
7: • : 21 37 -

1'2 

!<'IGURE tiI,-Linear relationsllip between pressure Hqnared and distance of travel 
of gas tllrougll unconsolidated }Juruus media 

Static pressures obtained during the experimental tests were mea
sured with dead-weight gages or by liquid columns, depending on 
the magnitude of the pressures. All gage connections were made 
with copper tubing and cinch fittings. During the progress of the 
experimental tests the dead-weight gages were checked against each 
other at higher pressures and against a mercury column under lower 
pressures. 

The study of flow of gas through porous media gave much valua
ble information on the effect of the size, shape, and roughness of the 
sand, distance of travel of gas under different differential pressures, 
diameter of flow tube, and porosity of the sand. Examples of these 
results are shown in figures 59 to 63, inclusive. 
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The curves shown in figures 59; 60, 62, and 63 can be approximated 
by straight lines on the logarithmic charts conforming to equations 
in the form 

Q=C(Pa2 -Pb2 )n, 

where Q=rate of flow, thousands of cubic feet per 24 hours; 
C = coefficient; 

Pa=pressure at upstream face of porous medium, pounds per square inch 
absolute; 

Pb=pressure at downstream face of porous medium, pounds per square 
inch absolute; and 

n=exponent, equivalent to the tangent of the angle between the straight 
line approximating the relation of Q to (PaS

- Pb') and the vertical 
axis. 

II I 

Rate of fl~w, M cu. ft. per 24 hrs. 
F"low tube packed with ZQ-'Z.S Ottawa sand 

',JIlt-inch flow tube, porosity 3'2.34 percent 
2,2 -. " • 31.7'2 • 
3, Z YI! - • 3'2. 13 
4.3 - • • 31.43 
5, 3 -. u •• • 31 .34 • 

1,'2,3,4, Distance of travel of' '28 inches in short flow tube 
5, • '28 • long 

li'WUllE G:!.-l<:ft'ect of diameter of flow tube on flow of gus 
through unconsolidated porous media 

The curves in figure 59 show the relationships between the rate 
of flow and the pressure factor for flow of gas through the 3-inch 
flow tube packed with the different porous media and indicate mainly 
the effect of grain size and shape on the flow characteristic. The 
porosities of the different materials were not uniform so the differ
ences in porosities had an indirect influence and must be considered 
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when the curves in figure 59 are compared. The size and shape of 
the grain evidently have a pronounced effect on the coefficient C of 
the flow equation, because the values of the rates of flow at a differ
ence of the squares of the upstream and downstream pressures of 
50,000 ranged from 940,000 cubic feet of gas per 24 hours for the 
No.1 lead shot to 52,000 cubic feet per 24 hours for the 120-170 
mesh Wilcox sand. The grain size and shape evidently also affect 
exponent n of the equation of flow, as evidenced by the gradual in-

200 

100 

50 

40 

30 

<II 
15 20 C 

:3 
:J 
0 .c. - 10 .... 

..II 
D.. 
I 

N 

11..." 
S 

4 

3 

2 

rh 
/(// 

I/A 
............ 
A 

o 
N 

1 
I II j 

dPl 1/'1 i 

~ i lL 
I ~IEI 

'Ef IJ 
'// '/ 'oiL 

! V ~ LJ iH.3 !L 
rJ ~ t'#/ 

Z 

'If LLL 
-Lt'.& 11JffJ.i\. 1 
~ ~3 fir 'I v 

IJ vtr IJ W Vl 
~~t:' V~ ~ / V 

!h ~ ~H4 / 
Iff h 

~/ 

1/ 

B 
r-

II 
IJ lJ 

l/ III/ 'C 
Vl/ Lt 

o 0 0 .., -+." 

~~ VI 
L 

v 
j. II 

I 

" ,~ 

g 8 g g g 
N r<l -+ 11'1 

Rate of flow, M eu. ft. per 24 hI's. 

'c Terot c'onducted on 21ft-inch flow tube packed with 48-bS Wilco,," sand 
A. I, Porosity I 32.36 percent 3, Porosity I 34.33 percent 

2, • , 33.41' 4,',34.81' 

Teat conducted on 3-inch flow tube packed with 'Z8-3S building sal"ld 
B.. I, Pororoity ,36.S3 pen::ent 3, Porosity. 39.29 percent 

2, • ,38.46' 4,',39.86' 

C Test conducted on 3-inch flow tube packed with 78-35 Ottawa sand 
, I, Porosity, 33.20 percent 7, Porosity • 35.21 percent . 

FIGURE 6a.-Effect of porosity on flow of gas through 
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I 

crease in the slope of the tangents to the curves with an increase of 
grain size. The curves indicate also that there is a noticeable curva
ture in the relationship at low values of Pa2 -Pb2 for small grain 
sizes (for example, 120-170 Wilcox sand). 

The curves in figure 60 show that the distance of travel of the 
gas through the 20-28 mesh building sand packed in the 3-inch 
flow tube on the flow characteristic has little or no effect on exponent 
n of the flow equation because the curves are SUbstantially parallel. 
However, there is a noticeable change in coefficient C with changes 



198 BACK-PRESSURE DATA ON GAS WELLS 

in distance of travel of gas through the tubes. For example, the 
rates of flow corresponding to a pressure factor of 10,000 range 
from 109,000 to 47,500 cubic feet of gas per 24 hours for the shortest 
and longest distances of travel, respectively, used in the experimental 
tests. The results of the experiments indicate also that the pressure 
squared is a linear function of the distance along the flow tube ex
pressible by an equation of the form 

P2 =a+bs, 
where P=pressure at any point along the tube, 

s=distance along the tube, and 
a and b = experimental constants. 

Figure 61 represents the linear relationship between pressure 
squared and the distance obtained from one particular series of 
experimental tests. 

Figure 62 shows the general effect of the diameter of the tube on ~. 
the characteristic of flow of the gas through 1 i-, 2-, 2t-, and 3-inch ' 
tubes packed with 20-28 mesh Ottawa sand. The curves indicate 
that there is, for all practical purposes, little or no effect on exponent 
n of the flow equation but a noticeable effect on coefficient C because 
the actual range of flow rates at a pressure factor of 10,000 was 
from 26,800 to 111,000 cubic feet of gas per 24 hours. The changes 
in flow rates were approximately proportional to the ratios of the 
squares of the respective diameters. 

A comparison of the curves in figure 63 shows that for all prac-, 
ti.!al purposes the porosity of a sand affects only coefficient C of the 
flow equation. The curves designated by A, figure 63, show the 
results of flowing gas through 48-65 mesh Wilcox sand packed to 
different porosities in a 2i-inch tube; the curves designated by B 
show the results of flowing gas through 28-35 mesh building sand 
packed to different porosities in a 3-inch tube; and those designated 
by C show the results of flowing gas through 28-35 mesh Ottawa 
sand packed to different porosities in a 3-inch tube. In each case, 
the curves are practically parallel within the range of pressure and 
flow where data were obtained, indicating little or no effect of dif
ferences in porosity on exponent n of the flow equation. 

APPENDIX 10. EXPERIMENTAL STUDY OF THE EFFECT OF 
LIQUID ON FLOW OF AIR THROUGH POROUS MEDIA 

An investigation is being conducted in connection with the study 
of gaging gas-well deliveries to determine the effect of liquid in the 
void spaces of porous media on the character of gas flow through· 
bonded and uncemented sands. Only the results obtained from that 
part of the investigation which deals with the effect of a constant 
quantity of liquid in the pore spaces of the material on the character 
of the flow of air through unbonded sands will be described. 

The arrangement of apparatus used is shown in figure 64. The ap
paratus consists primarily of a flow tube, a prover for measuring 
gas delivery rates, and gages for measuring pressures. The flow 
tube A, which is a Ii-inch flanged pipe nipple approximately 20 
inches long, is filled with sand. The sand is held in place within 
the flow tube by a screen arrangement which is virtually the same 
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Air inlet 

A.IYz-inch flow tube; B,IY2-inch +0 I-inch swecigej 
C I valve on air inlet; 0, tee for IntroQucing oil 
or air to flow tube IE, 2 -inch prover) 
Pal upst rea rTl pr.es8ure on flow tuba; 
Pit ,downstream· •• • I 

P,., pressure on 2 -inch pr.over 

FIGURE 64.-Arranglo'lllellt of Il[lparatus uf'ied for 
study of ctfect of liquiu on flow of air through 
uDcorisolitlated porous media 
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as that used in the study of the flow of gas through porous media 
described in appendix 9 and illustrated in figure 57. The flow tube 
was maintained in a vertical position during the tests, and the air 
flowed downward. A 1 i- by i-inch swedge, B, with a i-inch tee was 
screwed into the upstream flange of the flow tube so that one outlet 
was at the side and the other above the tube. The i-inch air inlet 
was connected into the side opening of the tee, and the flow of air 
into the test apparatus was controlled and regulated by a valve, C. 
While a test was in progress the top opening of tee D was closed 
with a i-inch bull plug. Liquid was introduced into the system after 
removing the bull plug from the tee by pouring the liquid into a glass 
funnel inserted in the tee. A pressure connection, (Pb ), was made 
to the Ii-inch nipple screwed into the downstrean1 flange of the flow 
tube and to the 2- by t-inch swedge at P a' The pressure P a was ob
served with a spring pressure gage and P b with a manometer. A 
1!-inch collar, It- by 2-inch swedge, 2-inch collar, 2-inch nipple 20 
inches long, 2-inch collar, and 2-inch prover were connected in the 
order named below the 1 !-inch nipple screwed into the flange at the 
downstream end of the flow tube. A pressure connection, Pp , was 
used to measure pressures on the prover by means of a manometer. 
Any liquid that flowed through the sand was collected in a glass 
beaker placed below the prover. 

Three series of tests were conducted with the apparatus shown in 
figure 64. 

Case I. Flow of air through a 20-30 separation 601 of sea sand wetted with 
a light-grade lubricating oil. 

Case II. Flow of air through a 20-30 separation of river sand wetted with 
a light-grade lubricating oil. 

Case III.. Flow of air through a 20-30 separation of sea sand wetted with 
water. 

The following procedure was used in studying the flow of air 
through a 20-30 separation of sea sand wetted with a light-grade 
lubricating oil (case I) and is representative of that used in all of 
the tests. Flow tube A, figure 64, was packed with the 20-30 separa
tion of sea sand and connected into the apparatus between the 
flanges. Air was allowed to flow through the tube, and observa
tions were made of the air pressures at P a and Pb-to find the pres
sure drop through the packed tube-and at Pp to find the corre
sponding rate of flow of air through the tube. This procedure was 
followed for several different pressure-flow conditions, as shown in 
test 1, table 44, and the data were used to determine the flow charac
teristics of air through dry sand. The bull plug in the tee D then 
was removed, and 25 cmS of light-grade lubricating oil was poured 
into the flow tube. After the bull plug was replaced a second series 
of observations of pressures was taken under the conditions shown 
in test 2, table 44. Several minutes were allowed to elapse for the 
oil to become distributed throughout the sand and for the approxi
mate stabilization of pressure-flow conditions before the first pres
sure reading was made. An additional 25 cmS of oil then was intro
duced at the top of the flow tube, and a third series of observations 
of pressures and rates of flow was obtained (see test 3, table 44). 
Finally an additional 25 cm3 of oil was added, making a cumulative 

6' Sand that would pass through a 20-mesh screen nnd be l'etnined on a 3D-mesh screen, 
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total of 75 cms, and a fourth series of observations of pressures and 
rates of flow was obtained, for which the data are sh@wn as test 4, 
table 44. 

The results derived from the calculations of the data are shown in 
case 1, figure 65. The relationship between the rate of flow and the 
difference of the squares of the inlet and outlet pressures on the 
flow tube for the flow of air through dry sand is shown by curve A. 
The results of test 2, which was performed after 25 cm3 of light
grade lubricating oil was added to the system, are shown by curve 
B-the results of tests 3 and 4, after totals of 50 and 75 cmS of oil, 
respectively, had been added to the system are shown by curves C 
and D. The straight lines (A, B, C, and D, case I, fig. 65) repre
senting the relationships between flow rates and pressures under 

TABLE 44.-Data and results of tests for flow of air through a 20-30 separation of sea sand 
wetted with a light-grade lUbricating oil 

Pressures on fiow tube, 

Teat Reading lb. per sq. in. abe. Pa' - Pb', 
Rate of fiow. 

No. No. thousands eu. ft. per Remarks 

I 24 hours 
P. Pb 

1 1 77.90 15.05 5.841 20,400 Dry sand. 
2 56.90 14.71 3.022 14,190 
3 39.40 14.53 1.341 8,845 
4 26.40 14.44 0.488 5,005 
5 26.40 14.53 0.486 4,873 

2 6 77.90 14.75 5.850 15,130 25 ems of light-grade lubricating 
7 56.90 14.56 3.026 10,310 oil added before test. 
8 39.40 14.47 1.343 6,480 
9 39.40 14.61 1.338 6,375 

10 26.40 14.70 .481 3,588 
11 20.20 14 . .50 .198 2,087 

3 12 77.90 14.73 5.851 14,570 25 ems of !itt-grade lubricatin~ 
13 56.90 14.53 3.027 9,895 oil added fore test-total 0 
14 39.40 14.60 1.339 6,330 50 ems for tests 2 and 3. 
15 26.40 14.69 .481 3,580 
16 20.20 14.50 .198 2,051 
17 77.90 14.75 5.851 14,980 

4 18 77.90 14.72 5.851 14,460 25 ems of light-grsde lubricati~ 
19 56.90 14.55 3.026 9,960 oil added before test-total 0 
20 39.40 14.46 1.343 6,210 75 eml for tests 2, 3, and 4. 
21 39.40 14.60 1.339 6,180 
22 26.40 14.69 .481 3,495 
23 20.20 14.50 .198 1,993 
24 77.90 14.74 5.851 14;820 

the different conditions of wetting of the sand with oil are virtually 
parallel, indicating equal values of exponent n in the flow equation 
Q=C (Po2_Pb2) n throughout the range of pressure-flow conditions 
observed (see appendix 9). However, as established by the four 
tests coefficient C in the equation differs. The presence of the oil 
in the pores of the sand in the flow tube evidently causes a decrease 
in the flow rates corresponding to different values of (Pl-Pb2) 
compared with the flow through the dry sand. A comparison of 
curves A. and B, for example, shows that at the same value of 
p a2_Pb2 the rate of flow through the sand after 25 cmS of oil was 
added was approximately 27 percent less than the rate of flow 
through the dry sand. Comparison of curves Band D, however t 

shows that the addition of 50 cms more of oil caused a further de
crease in the delivery capacity of the sand of only about 2 percent. 
In other words, virtually all of the decrease in the permeability of the 
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sand to gas occurred after the addition of the first 25 cm3 of oil and more oil had only a negligible effect upon the delivery capacity of 
the sand. 

The data, tests 3 and 4, table 44, were supplemented at the be-ginning and at the end of each series by " check" observations of pressures and flow rates at the maximum rate of the test series, to determine the effect of an unavoidable small loss of oil during a particular test. For instance, in test 3 the rate of flow corresponding to a p a2_PIJ2 value of 5,851 at the beginning of the test 
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FIGURE 65.-Elfect of liquid on flow of air through unconsolidated porous 
media, case r 

was 14,570 cubic feet of air per 24 hours, and the rate of flow corresponding to the same p a2_pb2 value at the end of the test was 14,980 cubic feet of air per 24 hours-an increase of 410 cubic feet (2.8 percent) per 24 hours. Curve E, case I, figure 65, is based on observations under conditions of the maximum flow of air at the beginning of the test and curve F on observations under conditions of maximum flow at the end of the test. The comparison of curves E and F shows that there is a small change in exponent n of the flow equation Q=C(Pa2 -Pb2 )n due to the loss of liquid during the 
test. 

Twenty five cm3 of the oil that had been introduced into the sand was recovered from the flow stream at the discharge end of the 
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prover during the stabilization period before observations were 
taken for test 4. Possibly some oil also may have been discharged 
from the sand and become deposited on the walls of the discharge 
fittings during the stabilization period before observations were 
made in test 3. Comparison of the curves in case I, figure 65, indi
cates that under the maximum ft.ow rate used in the tests a condition 
of near-saturation existed after the introduction of the first 25 cm3 

of oil into the sand before the observations in test 2 were made. 
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l<'rGunE 66.-Etfect of liquid on flow of air through uncolI~olidated porous media, 
cases II and III 

Except for the total amount of oil added to the sand the procedure 
of the experimental tests on the ft.ow of air through the ft.ow tube 
packed with a 20-30 separation of river sand was the same as' 
through the 20-30 separation of sea sand. First, a series of ob
servations was obtained for the ft.ow of air through dry sand; sec
ond, observations were obtained after 25 cm3 of light-grade lubri
cating oil had been poured into the top of the ft.ow tube; third, a 
test was conducted after another 25 cm3 of oil was added; and fourth, 
a test was made after 50 cm3 more was added, making a total of 
100 cm3 of oil added to the sand in the ft.ow tube. The data and re
sults of the calculations of this set of tests are given in table 45, 
and the interpretation of the data are shown in case II, figure 66. 
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The relationship for flow of air through the dry sand is shown by 
curve A; for flow of air through the. sand after the addition of 25 
cm3 of oil, by curve B; for flow of air through the sand after the 
addition of a total of 50 cm3 0f oil, by curve C; and after the addi
tion of a total of 100 cm3 of oil, by curve D. The straight lines repre
senting the relationships between the rate of flow and the difference 
between the squares of the flowing pressures are virtually parallel, 
and there is no change in exponent n of the flow equation through
out the range of data. However, there is a noticeable decrease in 
the ability of the sand to pass gas, as the quantity of oil added to the 
sand was increased from 25 to 100 cmS

• For instance, the rate of 
flow corresponding to a value of (Pa2-pb2) of 2,000 for curve A 
(flow of air through dry sand) is approximately 8,400 cubic feet 

TABLE 45.-Data and results of tests for flow of air through a 20-30 separation of river sand 
wetted with a light-grade lvlYricating oil 

Pressures on flow tube, 

Test Reading lb. per 1Iq. in. abs. P.S _ PbS, Rate of flow, 
eu. ft. per Remarks No. No. thOUllaDds 24 hours 

Po P" 

1 1 77.90 14.79 5.849 15,850 Dry sand. 
2 56.90 14.68 3.025 10,780 
3 39.40 14.47 1.343 6,650 
4 26.40 14.70 .481 3,552 
5 77.90 14.79 5.849 15,850 

2 6 77.90 14.64 5.854 12,350 25 em' of light-grade lubricating 
7 56.90 14.61 3.028 8,335 oil added before test. 
8 56.90 14.76 3.020 8,760 
9 39.40 14.54 1.341 5,370 

10 26.40 14.50 .487 2,892 
11 77.90 14.65 6.853 12,590 

3 12 77.90 14.66 5.856 10,280 25 em' of light-grade lubricatinll: 
13 56.90 14.47 3.029 6,910 oil added before test-total of 
14 56.90 14.65 3.023 7,025 50 eml for testa 2 and 3. 
15 39.40 14.49 1.342 4,240 
16 39.40 14.84 1.332 ~,290 
17 26.40 14.62 .486 2,290 
18 77.90 14.56 5.856 10,240 

4 19 77.9L 14.55 5.856 9,710 50 em' of light-grade lubricating 
20 56.90 14.47 3.029 6,735 oil added before test-total of 
21 56.90 14.82 3.024 6,506 100 em' for teats 2, 3, and 4. 
22 39.40 14.48 1.342 4,072 
23 39.40 14.80 1.333 4,075 
24 26.40 14.51 .487 2,190 
25 77.90 14.65 5.858 10,010 

of air per 24 hours, whereas the rates of flow corresponding to this 
same value of (Pa2_P.IJ2) for curves B, C, and D are approximately 
6,700, 5,400, and 5,100 cubic feet of air per 24 hours respectively. 
The decreases in flow rates for curves B, C, and D compared 
with curve A, therefore, are approximately 20, 36, and 40 percent, 
respectively. 

In case II, tests 2 and 3, only a negligible quantity of liquid actu
ally was noticed in the flow stream at the discharge end of the prover, 
although 25 cm3 of oil was introduced into the sand in the flow 
tube before each test. However, while the pressure conditions were 
becoming stabilized before taking observations for test 4, where an 
additional 50 cmS of oil was placed in the flow tube, a further and 
more appreciable quantity of oil was recovered from the discharged 
flow. 
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In the third case, a study was made of the flow of air through a 
20-30 separation of sea sand wetted with water. As shown in 
table 46, two observations (1 and 2) were made to establish the rela
tionship for the flow of air through the dry sand, following which 
9 observations were made after 50 cm3 of water had been added to 
the dry sand. The results of the tests are shown graphically in case 
III, figure 66. Curve A is based on flow data for the dry sand, 
and curves Band C were obtained after the sand had been wetted 
with 50 cm3 of water. The variation between curves Band C is due 
to the unavoidable loss of a small quantity of water from the sand 
during the test. As shown by the curves, there was a decrease in 

TABLE 46.-Data and results of tests for flow of air through a 20-30 separation of sea sand 
wetted with water 

Pressures on How tube, 

Test Reading lb. per SQ. in. abe. 
Pa~ - Pb', 

Rate of How, 

No. No. thousands ell. ft. per Remarks 
24 hours 

Po Pb 

1 1 77.90 14.92 5.845 18,270 Dry sand. 
2 ~9.40 14.71 1.336 7,700 

2 3 77.90 14.71 5.852 14,160 50 ems of water added. 
4 56.90 14.55 3.026 9,980 
5 39.40 14.47 1.343 6,635 
6 39.40 14.61 1.338 6,440 
7 26.40 14.47 .488 3,602 
8 26.40 14.72 .480 3,660 
9 20.20 14.50 .198 2,109 

10 77.90 14.76 5.850 15,280 
11 39.40 14.63 1.338 6,755 

the ability of the sand to pass gas of approximately 16 percent due 
to the addition of the 50 cm3 of water. 

An interpretation of the results of the tests in case III indicates 
that the 50 cmS of water more than sufficed to saturate the sand 
under the maximum differential pressure of the test. Evidently, the 
first two observations of test 2 were recorded while a supersaturated 
condition existed. It was noticed also that the loss of water. from the 
sand was greater under conditions of near-saturation than the loss 
of oil in either case I or case II. 

The results of the tests (cases I, II, and III} indicate that the ef
fect of a constant quantity of liquid in the pore space of the sand 
is confined mainly to the coefficient of the flow equation and that 
usually the presence of liquid has a noticeable effect on the ability 
of the sand to pass gas. 
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