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NOMENCLATURE

cross-sectional flow area, ft.2

pipe diameter, ft.
friction factor as defined by Nikuradse equation, dimensionless

superficial friction factor for gas phase calculated from
Reynolds number, ReG, dimensionless

superficial friction factor for liquid phase calculated from
Reynolds number, ReL, dimensionless

conversion factor, 32.2 ft. 1b. mass/sec.e 1b., force

length, ft.

average pressure in test section, psia.

pressure, 1lb. force/in.z, or in. Hg

flow rate, CFM, at standard conditions
flow rate, GPM

superficial Reynolds number of gas phase based on Inside pipe
diameter, dimensionless

superficial Reynolds number of liguid phase based on inside
pipe diameter, dimensionless

temperature of gas phase, °C
temperature of liguid phase, °C

superficial velocity of air based on inside pipe diameter,
ft./sec.

superficial velocity of water based on inside pipe diameter,
ft./sec.

gas flow rate, 1b. mass/sec.
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NOMENCLATURE (Continued)
the ratio of the pressure drop for the flow of liquid alone to
the pressure drop for the flow of the gas alone, dimensionless

viscosity of gas phase, lb. mass/ft. sec.

viscosity of liquid phase, 1b. mass/ft. sec.

liquid density, 1b. mass/'ft.5

parameter used by Lockhart and Martinelli (2), the ratio of the
two-phase pressure drop per unit length to the pressure drop per
unit length of the liquid phase (subscript L) flowing alone in
the pipe, dimensionless. The subscript TT denotes that both the
liquid and gas phases are turbulent as defined in reference (2)

single-phase equivalent length multiplying factor, dimensionless
experimental pressure drop, in. Hg, or psi., as designated
two~phase pressure drop per unit length calculated by correla-
tion of Lockhart and Martinelli (2), psi./ft.

ratio of length to diameter of pipe or method used to express
length equivalent of valve or fitting in regard to causing

pressure loss, dimensionless

ratio of length to diameter of pipe for test section, dimension=-
less

ratio determined for wvalve studied, dimensionless

relative roughness, dimensionless



STMMARY

With increasing applicaticn made of two-phase gas-liquid flow, a
study of this type of flow in various standard valvee was consldered necee-
gary. The fellowing study on 1 inch pipe is a continuation of the work on
1 1 /2 inch pipe pregented by Rebert McKinlock Sharp as a thesis at the
Georgia Institute of Technology (1).

Tn developing the two-phase flow, air was used as the gas phase and
water as the iiquid phase. An apparatus was used that would allow metered
amounts of both phases to be passed through variocus standard valves. Air
rates varied from sbout 0.003 to O. O4O pounds per second QEUSO to 15.57
SCFM) with varving water rates of 2 to 30 gallone per minute. Seven dif-
ferent alr rates were used at each water rate.

The data cbtained were compared with the previous data compiled by
Sharp {1). Agreement was found to be within the accuracy predicted by the
correilation of Lockhart and Mawtinelli (2). Using this correlation, it was
found that pressure losses in systems ccrtaining valves could be predicﬁed
by applying a multipilying factor to the single-phase equivalent lengths of
the valves. This multiplying factor is presented as a function of XE, the
ratic of the pressure drop for the flow of the liguid alone to the pressure

drop for the flow of the gas alcne.
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CHAPTER I
~NTRODUCTTON

The piarpcse of this study wae tc cbtain information concerning two-
phase pressure losses 1n valves, this investigation being a centinuation
cf the criginal werk done on this topic by Sharp (1) in 1956.

The recent develcpment cf interest in two-phase flow prcblems has
been caused, mairly, by the many new irduestrial applications in whicn two-
phase flow cccurs. Due to these industria’ applications much pregress has
recently been made ir this field. As a more complste understanding of these
'phencmena evolves, an increase will be made irn the usefulness of older op-
erations involving two-phase flow. Some of the more widely known cof these
cperations invelve evaporation, boiling, flashing, condensation, and evclu-
tion of dissolved gases.

An examination cf the literature has indicated that, in practically
all investigations tc date, air or natural gas has been used as the gas
phase; and water, benzene, and hydrocarbon oils have been used as the lig-
uld phase. Most of the information availavle (2, 3, 4, 5, 6, 7, 8, 9) is
for co~current flow of the two phases in straight horizontal and vertical
cylindrical ducts, ranging in size from capillary ftubes to two inch pipes.
Work has been done on systems with and without mass transfer tetween
phases. Summaries of this work are given in references (11) and (12).

A noticeable characteristic fourd ir gas-liquid flow systems is
the existence of variocus flow patterns. The change from one flow pattern

to the next usually cccurs with no definite transition point. These flow



patterns depend cn the relative amcunts and velocities of the phases; the
nature of the phases, i.e., viscosity, density, etc.; the geometry cf the
piping; entrance effects; and external wvikrations and pulsaticns.

When starting with a horizontal pipe running full of liquid and
adding increasing amounts of a gaseous phase, the following seven flow
patterns have been cbserved in twc-phase f.ow;

1) bubble flow, ir which bubbles of the gas move alcng the top of
the pipe at apprcximately the same velcelty as the liquid;

2) stratified flecw, irn which the gas occupies the upper portion and
the liquid the lower porticn of the pipe with a smecth interface between
the phages;

5) wave flow, in which the interface is disturbed bty waves;

LY plug flow, in which large plugs <f vapor and liquid move along
the pipe with the liquid phase controlling:

5} glug flow, ir which rapidly mcving sliugs of liquid move along the
pipe with the gas phase controiling:

6) annular flow, ir which a high velocity gas stream flowing in a
central ccre cauces the liquid phase tc assume an annuiar flow channel
against the pipe wall; and

7) mist flow, in which the 1iquid drops are distrikbuted throughout
the continucus gas phase.

For clarificaticn and future reference the flow patterns cbserved
during the experimental program are plotted as a function of the air and
water rates. This plot is ghown in Fig, 1.

in the previous work by Sharp (1) an effort was made to use the cor-

relation of Lockhart and Martinelli (2) with the staandard single-phase
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equivalent length for the valves studied to predict pressure losses. All
the pressure drops calculated bty this methad gave values higher than those
determined experimentally. As a result a multiplying factor was applied
tc the single-phase equivalent length for use with the Lockhart and
Martinelli correlaticn (2). Such a multiplying factor was determined and
found to depend upon the ratio of the mass flow rates of the water and air
phases. This corrected equivalent length allowed the prediction of pres-
sure drops that were within + 25 per cent of the majority of the experimen=
tal values examined. The following equation was used to calculate the
single«phase equivalent length multiplying factor, designated ¥, for the

valves.

&)y D /g

(AE\ |8 EXP (1)

The experimental data for the correlation proposed by Sharp (1} was
taken from a test section %38 inches long with 1 1/2 inch Pyrex Doukle
Tough glass pipe. The fcllowing study was made to check this correlaticn,

using 1 inch schedule 40 steel pipe.



TNSTRUMENTATICON AND EQUIPMENT

Schematic flow diagrams of the experimental apraratus are shown in
Figs. 2 azd 3. Photcgraphs of portions of the equipment are shewn in Figs.
4 through 7.

The apparatus used in this experiment was hasically the same as that
used ty Sharp {1) in hie work. The only major changes made were in the
actual test section were 1 inch schedule LO pipe was sutstituted for the
1 1/2 inch glass pipe used previcusly.

The following compecnents made up the apparatus used in this Fxperi-
ment: instrumentation for measuring the mass flow rate, the temperature,
and the pressure of the air and water phases separately; a pipe section for
mixing the phases; the test section consisting of the valve under investi-
gation and a total pipe length of 194 inches; pressure measuring instru-
ments for determining the pressure drop across the test section and the ab-
sclute pressure irn the test section; and a separator for removing the air
from the water phase su that the water could te recycled.

The Air Supply System.--The air for this experiment was supplied ty an

Ingersoll~Rand 50 CFM compresscr. The compressed air was brought inte an
8 cubic foot storage tank at a pressure between 90 and 125 psig. Upon
entering and ieaving the storage tank, the air was passed through glass
wool filters to eliminate foreign matter. The air from the storage tank
wae reguiated by two different size needle valves which served as coarse

and fine adjustments. TFrom these valves the air passed through a 3/8-inch
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Experimental Apparatus.
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Figure 5. C(Control Panel.



Figure 6.

Pressure Pick-Up Device.
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Figure 7.

Water Storage Tank with Pump and Cyclone Separator.
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Klipfel diaphragm type throttle valve cperated pneumatically. This throt-
tling valve allowed the line preseure to be reduced “rom the tank pressure
tc any desired value. From the throttle valve the air passed into a
Schutte ard Koerting Model 18200 Safeguard Rotameter fitted with a number
6-F-10 aluminum rotor. The calibraticn curve for this instrument was fur-
nished by the marufacturer. The rotameter assembly was provided with a
pressure gage calibrated in this lsbcoratory and a thermometer. Leaving

the rotameter the air passed dirvectly into the mixing system. The air
entered the mixing section from a piece of %/8-inch pipe which was teed at
90 degrees intc the 1 1/2 inch water supply line. The end of the 3/8-inch
pipe, after being trazed irnto the water pipe, was carefully rounded so that
it would conform to the intericr surface of the water line. Figure 5 shows
the air supply control panel.

The Water Supply System.--The water supply system was composed of a conil-

cal bottom storage tank which held akout 125 gallons, and an Ingersoll-
Rand 1 CORVNI. pump having a capacity of 75 OIM sgainst a head of 120 feet.
The flow rates were metered by one of twc methods. At _ow flow rates, 2 *to
14 GV, two small rotameters mounted in para’lel were used. A bypass iine
equipped with & metering orifice calitrated in this latoratory was used for
flow rates above 14 GPM. 7The water storage tank was equipped with a ther-
mometer .

The Mixing Section.--The mixing secticn consisted of 15 feet of 1 1/2 inch

copper pipe flianged tc a & foot section of Pyrex Double Tough 1/2 inch
glass pipe, a long sweep 90 degree drainage elbow, a L l/? inch to 1 inch
standard reducer, and several additicnal feet of 1 inch schedule 40 pipe

which served to connect the mixing secticn with the test sectien. The
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mixing section was composed of 1 1/2 inch piping, rather than 1 inch, to
reduce the total pressure drcp of the system and increase the output capac-
ity of the pump. The 15 foot straight length of copper pipe was fitted at
each end with pressure taps which were connected by 3/8~inch copper tubing
to the pressure drop measuring components. This ccpper pipe was used in
the preliminary calibraticn of the apparatus.

The Test Section.--The test secticn used in the pressure drop determinations

consisted of 194 inches of 1 inch schedule 40 pipe. Flanged to each end

of the test section was a % foot section of 1 inch Pyrex Dcuble Tough glass
Pipe. The purpose of this gless pipe was te permit visual study of the

flow patterns during the test sectlon runs. The test section contained two
sete of standard I inch ©langes from 10 tc 12 inches on either side of the
test valve. The flanges were fitted tightly with rubber gaskets of slightly
less than 1 inch diameters. The flanges and gaskets were well centered.

n the measurement of pressure losses for single-phase flow in
valves an accepted practice is to lccate the upstream pressure pick-up at
least 15 pipe diameters above the valve and the downstream pick-up aboutb
50 diameters below the vaive. However, there is no standard criterion for
the locaticn of pick-ups in a valve system whers two-phase flow is encoun-
tered.

A preliminary study cf this phenomenon was deemed advisable. Up-
stream of a test valve was placed a 5 foot section of 1 inch schedule 40
plpe with ten pick-ups located every five pipe dlameters upstream of the
valve. Nine pick-ups were placed downstream of the valve 15 pipe diameters
apart. By passing a constant water rate thrcugh the test section and re-

cording the pressure lcsses tetween variocus combinations of pick-ups, it
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was found that the disturbance of the flow caused by the test valve had
ceased 15 pipe diameters upstream and 50 pipe diameters downstream of the
valve. This was in accordance with the accepted vaines for single-phase
flow. To determine the location ¢f the pressure pick-ups for twc-phase
fiow the same prccedure was followed at varicus air and water rates. From
the data cbtained no definite conclusions were drawn cther than the fact
that at 60 pipe diameters upstream of the valve and 120 diameters down-
stream no disturbance cf the flow was encountered, For a complete understand-
ing of flow disturbance caused by valves and pressure pick-up _—ccaticns for
two-phase flow, a separate study cof this prcblem would be necessary.

Tn the actual test szection the pick-ups were located 62 pipe diam-
eters upstream cf the test valve and 23 diameters d:wnetream.

The Pressure Measuring Instruments.--Fig. 6 illustrates cne of the two mul-

tiple pressure tap devices used ir. the test section. The pressure impulses
from these tap devices were transmitted through water-filled 3/16~inch cop=~
per tubing tc a Republic pneumatic differential pressure transmitter. This
device was calitrated irn position before keing used agsinst kncwn water
pressures, The cutput air signal from the tranemitter was read cn a 3C
inch U=-tube mercury filled mancmeter. A Rourdon type pressure gage cali-
brated in this laboratory was connected tc the upstream pressure pick-up
to allow calculaticn of an average pressure in the test section.

The Separation Device.--A small cyclcone separator shown in Filg. 7 was used

fcr separation of the air and water phases upon passage through the test
section. The water leaving the cyclone dropped intc the storage tank te

be recycled.
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CEAPTERE IIZ
EXFERIMENTAL PROCEDURE

The first phase of the evperimental program was the checking of the
accuracy of the irstrumerts. The accuracy cof the pressure drop measuring
system was checked by making a series of single phas=-water runs in the 15
foot 1 1/2 inch ccpper pipe. These experimental valies of pressure drops
were compared with these calculated by usvwal methods. Fellowing this, a
second series of runs was made ir the copper pipe with co-current flow of
alr and water mixtures. These rune were made to check the accuracy of the
air system irstruments ard tc compare the rressurs drop resulte with these
cf other investigators in this field. Next, similar runs were made in the
test section with the test vaive removed ard a straight section of schedule
LO pipe in its place. A complete range of water ard air rates were run to
simulate an actual test run on a valve. These values were ccmpared with
thcee values predicted bty the Lockhart and Martinelll (£) correlation.

The second phase of the experimental program was the test runs made
on the varicus standard valves. Seven different air rates varying frcm
approximately 0.0C3 to C.040 pounds per second {2.50 to 15.57 SCFM) were
run with various water rates from 2 to 30 GIM. The same air and water
rates were run for every valve as far as pcossible, and each valve was
tested in the full open and half closed positions. A mcre exact identi-
fication ¢f the valves studied in this series of tests 1s presented in

Appendix .
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The cperating procedure was essentially the same fcr all the runs,
both in the test sectian and In the ccpper pipe. For a typical test run
on a test valve, first, the water rate was set at the initial rate of 2 CPM.
The pressure tap lines were cpened and £ilied with water. After all the
alr had been foreced from the pressure tap lines, measurements were recorded
at a water rate of 2 GPM. These measurements included the water tempera-
ture, the water rate, the pressure drcp acrcss the test section, and the
absolute pressure in the test secticn. A complete set of measurements was
made from 2 to 30 GPM. The water rate was then returned tc a value
slightly akcve 2 CPM for the beginning of the twc-phase runs. The air rate
was set at the initial value of 2,50 8""™M, and the air was bled to the at-
mosphere. At this flow rate the air was foreed intc the mixing pipe at a
pressure slightly above the pressure in the mixing section. The water rate
was set at 2 (PM and measuremente were recorded. These measurements in-
cluded the follcowing; water rate, water temperature, aly rate, air tempera-
ture, air pressure, pressure drcp across the test secticn, and the absolute
pressure in the test secticn. A series of messurements was made cver a
cemplete air range from 250 to 15.57 S8CFM at a constant water rate of 2 GPM.
The air rate was returned to 2.50 SCFM and the water rate was increased to
the next value. This procedure was repeated until & complete range of wa-
ter rates had heen covered. Trke system was then shut down and a new test
valve was piaced in the line. The complete experimental data is shown in

Table 3.
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CHAPTER IV
DISCUSSION OF RESULTS

The data and calculated results are presented in Tables 1 and 2
and Figs. 8 through 13. The original data ars cn file in the School of
Chemical Engineering of the Georgia institute of Technology.

Copper Pips Section.--In an effort to calibrate the equipment and to de-

termine the accuracy of the pressure drop measuring components, a series
of preliminary rune¢ was made in a 15 foot section of copper pipe whose
inside diameter was 1.60 inches. This was the same pipe section used in
the previous work done by Sharp (1). Pressure drop measurements made at
variouz water rates agreed within 5 per cent of values calculated by us-
ing the standard friction factor-Reynolds number pleot. As a final check
on the air zystem and the pressure drop measuring compenents, a complete
series of air and water runs was made in the 1.60 inch I. TU. copper sec-
ticn. The data obtained in these runs were compared with the values
predicted by the zorrelation of Lockhart and Martinelli (2). The ex-
perimental valuss are within * 20 per cent of the predicted values. All
data obtained during the experimental runs sgree very well with the pre-
vious data of Sharp (1) on the 1.60 I, D. copper pipe secticn.

Test Section.--The test section consisted of 194 inches of 1 inch sched-

ule 40 pipe with a measursd average inside diameter of 1.049 inches. To
determine the relative roughness of the test pipe, pressure drops were
measured for a geries cf water rates through the test section with a

gtraight piece cf pips replacing the test valve. The relative roughness
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was calculated from the friction factor-Reynolds number plot using the
experimental pressure drop, and a value of 0,003 was determined. This
value is somewhat larger than a relative roughness of 0.002 predicted for
1 inch schedule 40 pipe. After a complete check of ths test section in-
cluding the pressure tapes, pessible leaks in tThe pressure tap lines, and
upstream and dcwnstream effect of the flanges on the pressure taps, it
was concluded that the experimentally determined value of 0.003 for the
relative roughness was correct for this particular pipe.

After all equipment checks and preliminary calculations had been
made, two-phase pressure dreps were measured in the test section with no
valve in place. The data obtained from these runs ftogether with the ap-
propriate caslculations may be found in Table 1. A coxparison of these
values with those predicted by the Lockhart and Martinelli {2) correlation
is shown in Fig. 10. These values fa.l witkhin the accuracy of the cox.
relation with most values falling approxixately 25 per cent above the cor-
relating curve,

Fig. 9 shows a plot of air rate versus pressure drop with the
parameter of constant water rate, constructed from the straight test sec-
tion data with no valve in the line. This plot becams the standard for
computing the nc-length pressure drop curves shown for several of the
valves in Figs. 10 through 12. The no-length pressure drop iz the pres-
gure drecp in the test section caused by the test valve., The nc-length
values were ob*tained by subtracting from the total pressure drop of the
test section with a test valve the corresponding pressure drop of the
test gection without a test valve, This allowed the construction of a

nc-length pressure drop plot for any of the test valves,



These no-length pressure drop plots follow the same trend as thoze
presented by Sharp {1} for 1 lfé inch Fyrex Double Tough glass pipe. At
low water ratez the no-length pressure drop increasee nearly linearly with
increasing air rates. At higher water rates small amounts of air cause
much greater pressure drops, but at Increasing air rates the pressure
drop increase becomes less. Thus, the conclusion is drawn that the
greatest relative increase in prescsure loss occcurs at high liquid rates
and low air rates, Due to the capacity of the pump and the large pres-
sures encountered, 20 (P was usually the maximum water flow that could
be obtained with a valve in the line.

A large portion of the discrepancy in the experimental data can
be atiributed to the difficulty encountered in reading the pressure drops.
Ag in any =Two-phase flew gystem, constantly changing flow patterns cause
a continuous fluctuation of the mancmeters. At low pressure drope the
fluctuations gave values which varied as much as 100 per cent. In the
region of wave flow, low water and air rates, tre fluctuations had con-
siderable amplitude but a relative licocw frequency. Az the air rates were
increased and plug flow developed, the amplitude of the fluctuations de-
creased, and the frequency incresszed. At higher water rates and low air
rates both the amplitudé a§ﬂ the frequency were quite high. Increasing
air rates caused the amplftude to lessen and the frequency to increase.
The flow pattern was changed from plug to slug flow, and in thiz region
the slugging shock the apparatus vioclently,

Prior to each experimental run on a tezt valve, pressure drops
were measured for the complete range of water rates. From these values

the single-phase L/D for the valve was determined by standard friction
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factor-Beynolds number calculations. The calculated L/b usually agreed
within * 10 per cent with values found in the literature for standard
valves, full open. But the L/D for the valves 1/2 closed (meaning in
this report one-half total turns closed) often varied as much as * L0
per cent with the values found in the literature. In all cases, the cal-
culated L/D was used as the single-phase L/D in the calculations of the

equivalent length factor ¥ in the following equation:

AP L 1
<E)TP 1:<5>TSDTS ¥ W(ﬁ')VDTS} 2.035 = &P, )

It follows from this equation that if the L/D for the test section is
large in comparison with the L/D for the valve studied, very accurate ex-
perimental pressure drop measurements are needed to calculate V¥, since
the result is strongly influenced by the L/D for the test section. Be=-
cause the single-phase L/D for the gate valve is so small and the pres-
sure drop measurements were difficult to read at low pressure drops, no
calculation was made for the multiplying factor, ¥, for this valve. The
method of calculation is shown in Appendix III and the results of the
caleulations are summarized in Table 2.

These values for ¥ were plotted as a function of the mass ratio
of air and water for each valve, In comparison with the correlation
curve presented by Sharp (1), the calculated values usually fell within
40 per cent of the predicted values., As might be suspected from the com=
parison of experimental data with the Lockhart and Martinelli (2) cor-
relation in Fig. 8, the calculated values of ¥ were in general larger
than those predicted by Sharp {1). At both very high water to air rates

and very low water to air rates\ the ¥ factor approached one.
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in the work done by Sharp (1) few experimental values of ¥ were
calculated at these low water to air rates; therefore, the correlation
curve is not completed in this region. A slight increase in the amount
of air in this region causes a relatively large increase in the multiply-
ing factor; thus, the accuracy of the prediction of the pressure drop is
rather questionable. From a study of these data plotted as ¥ versus the
ratio of mass flow rates, it was concluded that the multiplying factor V¥
did nct depend cnly on the ratio of the flow rates. 1In an effort to find
a more complete correlation for ¥ several standard parameters for two-
phase flow were investigated. The conclusion was that Xe was the param-
eter that contained most of the variables affecting ¥. By plotting the
multiplying factor ag a function of Xe a much smoother correlation curve
was obtained, This correlation is shown in Fig. 1%, The maximum devia-
tion of the experimental data is 40 to 45 per cent and the average devia-
tion is approximately 25 per cent. Values calculated by Sharp (1) for
the 1 1/2 inch test section fall within minus 40 per cent of the correla-
tion curve.

To calculate the pressure drop for any standard valve, it is neces-
sary tc know only the single-phase L/D, X2, and (QP/ZL)TP, These values
and the correlation presented in Fig. 13 permit the no-length pressure

drop to be calculated within an accuracy of % 40 per cent.
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Table 1.

Data and Results for Co-Current Flow of Air and

Water in 1 Inch Pipe 194 Inches Long without Valve

gg? Q. W, P, (gfva)inah QsPAﬁL)leoh X Ao (APAQL)TPx105 W /W
GPM 1b./sec. Dpsia psi./ft. psi./ft. psi./ft.
10 2 0.00%1 14.9 16.57 2.00 8.30 7.50 12.44 88 .48
11 2 0.0056 14.9 16.57 5.61 2.95 11.28 18.70 49 L1
12 2 0.0086 14.9 16.41 12.14 1.35 15.56 25.53 32 .25
13 2 0.0125 14.9 1641 24 .10 0.68 20.74 34.03% 20 .02
1k 2] 0.0166 15.7 16.4 38.69 0.42 25.35 43 .60 16.76
15 2 0.0208 15.1 16.41 62.15 0.26  31.06 50.96 1%.30
16 2 0.0260 16.0 16.41 88 .94 0.18 36.24 59.47 10.68
17 L 0.00%2 14.6 S7.73 2.11 27.36 L .8% 27.88 173.43%
18 L 0.0060 16.0 57 .61 5.88 9.80 7.04 4L0.57 9o . L8
19 L 0.0094 16.0 57 .62 5 L zp 9.69 55.81 58 .94
20 I 0.0131 173 57.62 22 .69 2.54  12.00 69.15 Lo 34
P1 4 0.0178 18.5 57.62 37.61 1:55 1477 85.10 31.16
on L 0.0225 18.5 57.62 58.80 0.98 17.79 102.50 24 .59
2% L 0.0285 18.6 57 .62 91.46 0.63 21.43 123.47 1944
oL 6 0.0036 15.1 122,24 2.5% L8 22 5.98 L8 .61 229 .84
25 6 0.0065 175 122.24 6.29 19.44 5.46 66.70 127.15
e 6 0.0101 8.7 122.24 13.00 9,40 7,05 87 .4k 2.28
o 6 0.0138 185 122.24 29..ip 5.45 8.8 108.00 60 .26
2 6 0.0186 19.7 1222 38.61 < 2% by 0.98 134.16 L4 .58
29 6 0.0245 20.3 122.24 62.72 1.5 13.37 16847 5%:95
30 6 0.0310 23.0 122.24 87.09 1.0 15.32 187.20 o6 .71
31 8 0.0037 17,1 210.19 2.31 91.11 3.2k 68.00 301 .21
3P 8 0.0068 18.4 210,19 6.46 32.53 L 54 95.55 162.42
33 8 0.0107 18.5 210.19 14 .70 14.30 6.11 108.38 10%.22
3L 8 0.0152 18.9 210.19 27.27 TaTL T+T2 162.26 T5.14
35 8 0.0202 8 210,19 L1.75 %04 9.12 191 .67 54 .70
36 8 0.0266 24 .8 210.19 60 .26 3.49 10.56 221.87 41 .60
37 8 0.0342 25.3 210.19 95 .01 2.21 12,70 266.86 32,45
38 10 0.0038 18.2 320.90 2.30 139.78 2.86 91 .65 364 .33

8¢



Table 1.

Data and Results for Co-Current Flow of Air and

Water in 1 Inch Pipe 194 Inches Long without Valve

ﬁﬁ?‘ Q, Wy P (£@7bL)Lxth (aP/AL)leol+ x° . QAEVZL)Tleo5 W /W
GPM 1b./sec. psia psi./ft. psi./ft. psi./ft.
39 10 0.0073 20.0 320.90 6.75 47.53  4.00 128.24 189.19
Lo 10 0.0112 19.6 320.90 15.09 21.26 5.28 169.52 123.24
L1 10 0.0165 21.2 320.90 28.57 11.25 6.68 214 .53 83.84
Lo 10 0.0220 26.7 320.90 39.06 8.22 T7.55 241 .70 62.83
L3 10 0.0283% 28.1. %20.90 59.72 5.37 8.89 285 .20 48 .92
Ll 10 0.0354 B8 320.90 8L .54 3.80 10.20 327 42 39.10
45 12 0.0041 18.7 455.3% 2.54 179.0%3 2.66 121.25 L0634
L6 12 0.0077 21.3 455.3% 6.98 65.21  3.60 164.09 215.25
L7 12 0.0127 23.7 455.33 15.67 29.06 L4.73 215.28 130.78
48 12 0.0179 26.5 455.33 26 .54 1745 5.7 260 .04 92.89
kg 12 0.0245 28.0 455 .33 45 .41 10.03 6.98 5T TS 67.91
50 12 0.0306 3%.6 455 .33 58.11 7.8%  T7.67 349,28 Sk .2k
51 ip 0.0%82 34 .9 455,33 85.29 5.34 8.91 L05 .70 L
52 14 0.0041. 20.5 611.17 2.36 258.98 2.4 147.38 469.29
53 14 0.0078 22.53 611,17 6.87 88.92 3.27 199.78 24h6.89
54 14 0.0127 25.0 613,07 14.86 .1k k.19 256 .36 152.50
55 1k 0.0181 26.4 611.17 27 .26 p2.k2 5,18 316.76 107.01
56 14 0.0243 31.9 611,17 39.46 15.49  5.93 362 .40 79.61
57 14 0.0311 35.3 G122 56.86 10.75 6.80 L5 .4k 2. 34
58 14 0.0382 3T 61117 78.96 T 1L 471..04 50.78
59 20 0.0049 2L .3 1220.88 2.69 Lsh b6 2.10 256.33 556 .45
60 20 0.009k4 26.5 1220.88 7.98 152.91 2.78 339.82 295 .62
61 20 0.0146 30.7 1220.88 15.59 78.32  3.40 415.13 190.11
62 20 0.0217 35.7 1220.88 28.28 317 k13 50%.85 18717
63 20 0.0285 39.8 1220.88 i M al 28.58 L4.76 580.56 97.1k4
oL 20 0.0360 Wl h 1220.88 59,93 20.37 5.36 654 .96 76.89
65 20 0.0443 7.1 1220.88 8L .23 14.50 6.08 741 .88 62.51
66 30 0.0059 %2.8 2699.3%2 2.80 964,48  1.79 482 Lk 702.30
67 30 0.0110 36.3 2699 .32 7.88 340,38 2.25 606.51 576,18

62



Table 2A. Data and Results for Ce-Current Flow of Air and Water
in 1 Tnch Pipe 194 Tnches Tong with Gate Valve, Full

Cpen
oy Q W, R (LEVQSJLxldH- (AP/cL)Gglo“ ¥ b (zquuJZT;103 W /W
GPM lb./sec. psia. psi./ft. psi./ft. psi./ft.

7 2 .00%p 14.9 16.41 1.99 8.2 7.52 12,3k 87.77
78 2 0.0059 1h.T 16.41 6.12 2.68 132,574 19.26 46.97
79 z 0.0089 15.8 16.41 12.10 1.3%6 15.93 25 .49 31 .00
80 g 0.0123 16.% 16. 4t £1.04 0.78 19.58 3213 2. 57
81 2 0.0165 163 16.41 36,57 0 .45 2h .69 Lo .52 16.83
82 e 0.021 i6.2 16.41 60.11 0.27 30.61 50 .24 12,93
83 o 0.0266 16.5 6. 41 89.16 0.8 36.28 59.53 ’ 10.k0
8k 4 0.003%2 16.% 57.50 1.82 3)..65 4,59 26 .39 17551
85 L 0 .0063 16.7 ©7.50 6.06 9.kg T3 L0 .98 87.85
86 b 0.0095 s 57.50 12k L .63 9.4% 54 .21 58 .Lh
87 L 0.013%2 17.5 57.58 21 .90 2.h3 11.84 68.08 42.07
88 I 0.0372 18.6 57.50 34 .16 3.68 ik.F0 81.68 32 .20
89 i 0.0229 18.5 57.50 59.66 0.96 17 o 105,02 PLaT
90 L 0.0281 18.3 57 -30 88.65 0 .65 71.19 171 .47 19.74
91 6 0.003% 16.2 122.0k4 2.25% 5L .81 &.0L L6 .53 2355 0L
9z 6 0.0063% 17.6 127 .04 & 75 2120 5.29 64 .51 131.76
93 6 0.0098 18.7 172.0k4 12.19 10.01 6.98 85 .00 8l .35
9l 6 0.01L40 20.2 122.04 21.76 5 .61 8Tk 106.65 59.1%
g 6 0.0161 20.5 122.0k 38.06 5.19 i0.94 133.55 L3 4o
96 6 0.0247 20.6 122.04 6] .67 1.98 1.5.00 162.19 33 .66
97 6 0.0301, 20.5 122.0L 82.91 1.47 15.01 183.25 27.65
98 8 0.0037 16.5 210.12 2.38 88.31 3.27 68.8% 298 .69
99 8 0.0069 17,5 210.17 &.77 31..05 L. 62 97.06 161..06
100 8 ©.0108 16.1 210.i° 14.19 14 .80 6.0% 126.68 102.3%6
101 8 0.0149 19.7 210.12 24..78 8.48 7.4k 156.3%6 .55
102 8 0.0201 19.6 £10.12 43 .96 L .78 9.30 195.58 55 .09
103 8 0.0767 25.8 210.12 61.90 A58 10.67 opk 22 L1 .52
10k 8 0.0%35 o5 .5 210.12 8g9.21 2.36 12.58 260 .03 33.09
105 10 0.0039 18.3 320.90 2.32 138.49 2.86 91.90 357.28
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Table 2A.

Run
No.

106
107
108
109
110
111
11g
113
11k
115
116
137
118
119
120
12
122
12%
12k
125
126
127
128
129
130
131
132

GPM

10
10
10
10
10
10
12

sl
L

1z
()

o
12
12
12
1k
1L
1k
1k
14

L4
14
20
20
20
20
20
20
20

[eleoNoNoNooRololoRcNecNolololoNololoNeoRoloRolooNoNoRe!

./sec.

L0071,
.0109
L0163
0215
,028k
.0350
.00k4O
0076
0119
.0168
L0231,
0295
.0%68
.00k,
.0078
0126
.0180
0242
.0310
.0385
.00Lg
L0091
.01L5
0204
0283
0358
0432

P

AVG
psia.

199
20.
20.
2%

25

o7,
18.
19.
21.

3y

£
25.
26.

26

£8:
20,

[aTa

£ o

=

26.

29.
3h.

23 .
6.
28 .

35.
Lk .

U1 O WU = Oha ol = 00N A 00U U1 OND 1 N N0 i 00O R —3

Data and Results for Co-Current Flow of Air and Water
in 1 Tnch Pipe 194 Inches Long with Gate Valve, Full
Open

(AP/rL) %10 (8B/AL) %10 x° (A8/AL) 2107 W A,
psi./ft. psi./ft. psi./ft.
320 . 6.36 50 Ul 3.91 125.73 195.05
320. 13.66 23.50 oAt 163.54 126.70
320. 28.55 11.24 6.68 214 47 8L .99
320. L] .0k 7.82 7.68 PL6 .36 6L up
320. 65.48 4 .90 Q.22 P95.75 48.79
320. 88.69 .62 10.40 33%.78 39.57
Lsk 52 ARSIV 186.76 2.62 119.63 119.53%
ysl, 7.36 61.7k 3,67 116.70 219.02
45k, 15.03 30 .2% L .66 211..94 139.52
L5k .52 26.73 17.00 5473 260 .42 99.03
ek 5 L3 .63 10.41 6.89 312.63 72.01
45k, 67 .35 6.75 8.13 369 .l 56,30
L5l 102.78 L ho 9.60 L3632 Ls,17
610. 2.52 242 .65 2.45 149.83 L6g .87
610. T35 8%.79 3.54 203.77 248,91
610. 16.26 37.58 L F5 26L .pL 15%.33
610. 28.29 21..59 5.25 360,92 107.k1
610. 46.68 1%.09 6.31 385 .60 80.2%
610, 67.1k4 9.10 T7.24 b2 43 6241
610, 86.15 7.09 .37 4L87.06 50.3%5
1220. 2.69 Lsh 47 2.10 256.33 56.95
1220. 7.48 163.18 2. 78 333%.6% 30.38
1220. 16.65 T3.52 3.47 L2%.86 19.05
1220. 28.90 .25 .16 507.53 1%.55
1220. L6, 28 26.%P 4 .90 597.65 9.78
1220. 6L .61 18.90 5451 671505 T+T3
1220. 83.47 14.6% 6.06 739 .41 64.08

¢
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134
135

Table 2A. Data and Results for Co-Current Flow of Air and Water
in 1 Inch Pipe 194 Inches Long with Gate Valve, Full

Qpen
i R — e g e
Q. We Pye  (ap/AL );x10 {AP/AL) 10 e ¢ (AP/A1.) Tp*i0
GPM 1b./sec. psia. psi./ft. psi./ft. psi./ft.
30 0.0058 30.5 2701.70 £.85 9lg.34  1.79 L84 .37
30 0.0109 3.2 2701..70 8.09 334,10 2.26 610.T72
30 0.0161 39,0 2701.70 14.48 186.64 £.63 711 .19

3
W /W,

TG 85

579.29
258.45

4
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Run
No.

147
148
349
150
151
152
153
154
155
156
157
158
159
160
361
162
163
164
165
166
167
168
169
170
171
172
173
174
175

*
-

GB4

ISCOQDQDOO(I)COCIJ(DCD(D(I\CDCD@-b-l>-l>-l>-l>!'g-bI\)"':’I\)('f:’l\)l\)U

Table 2B. Data and Results for Co-Qurrent Fl ow of Mr
inlInch Pipe 194 Inches Long with Gate Val ve, | /2

\
Ib -/sec,

0.0031
0.0056
0.0088
0.0125
0.0166
0.0208
0 .0266
0.00.52
0.0063
0 .0094
0,0135
0.0174
0,02.25
0.0283
0 c0036
0.0068
0.0103
0.0145
0.0191
0.02.41
0.0305
0.0037
000069
0.0106
0.0153
0.0203
0002.62

0.0337
0.0038

p

psia.

149
147
14.6
14.6
3.4.5
15.0
158
15.3
157
16..1

3.6,9
17=2
17*4
18.2
15.6
1.6,9
17.72.
17-6
19*7
2006
21..0
16.1
18.6
19.1
20.2
21.4
2.1.8
2308
18.2

(AP/AL) xio
psi./ft.

15.93
15=93
15.93
15'93
1.5-93
15-93
15.93
56,54
56.54
56.54
56.54
56.5"
56.54
56.%4
120.74
12.0.74
12.0.74
12.0.74
120.74
3.20.74
12.0.74
208.1.4
208.1.4
208.14
208.1.4
208.1.4
208.1.4
208.1.4
318.63

d osed

(AP/ALLX10*
lj
psi./ft.

1.98
5.51
1.2.62
24.30
41.61
61.19
93.11
1.94
6.39
12.96
24.06
38.10
6.1.32
90-54
2.40
6.81
14.37
2.5.92
59.81
5+9.27
90,44
2.40
6.37
3,3=69
2.5.44
40.86
65.05
96,63
2.27

X2

8.06
2.89
1.26
0.66
0.38
0.26
0.17
29c¢20
8.85
4.36
2.35
1.48
0c92
0.62
50.34
1.7.72
8.40
4.66
3.03
2.04
1.34
86.85
.52.69
3.5.20
8.18
5.09
3-20
2.15
140.60

and Wt er

% 2

7.59
.1.1.38
1.6.01
21.07
26.48
31.2.4
3744

4.72

7,52

9.65
12.39
1.4.96
1.8.25
21.51

3.92

5-64

TA7

9.40
1.1.17
13.13
15.64

3.29

4.54

5-97

7-54

9.08
10.93
12.84

2.85

(AP/£L)1,x10°
psi./ft,

12.09
18.13
2.5.50
3.3.57
42,20
49 080
59=65
2.6,69
41.40
54.57
70.03
84,62
103-3.9
121.62
47-34
68.14
90.1.6
113.54
134.85
.1.58.56
188.79
68.53
94-45
12.4.27
157.03
188.91
2.27-46
2.67.16
90.85

87.94
49.75
31:58
22.13
1.6.65
13.32
10.39

175-2.6
88.28
59* 02
41.1.2
51-85
2.4.60
J.9-58

229=96

122.54
80.64
57-92
43-38
34.43
27-24

301.31

160.90

104.27
72.45
54.61
42.32
32.87

362.63



