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Tlie results of an experimental investigation of the isothermal 

flow of mater-air mixtures are discussed, 

The investigation was undertaken to determine the effect of 

surface tension on the pressure drop of a two phase system flowing in 

a horizontal tube. 

The pressure drop data are compared with data given in the pub­

lished literature on the two phase flow of fluids* 

.Restrictions imposed during the investigation were: both phases 

in turbulent isothermal flat, no nass transfer or heat transfer between 

phases, surface tension values between 3!+ dynes/cm and 7h dynes/en^ one 

test section of 1M XD clear plastic pipe "was used, vapor to liquid ratio 

limited to values between 2 and 16 approximately (based on average tempera­

ture and pressure in pipe)*, 

Two conclusions are drawn_, vizs the variation of surface tension 

of the liquid phase had no effect on the pressure drop within the limita­

tions of the experimentj the data obtained in this investigation are in 

reasonable agreement with other published correlations, 
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j^ortance»—-Pressure drop in piping systems during two phase flow i s of 

i n t e r e s t in various branches of engineering. Petroleum engineers have 

perhaps been more in te res ted i n the subject than any other group* The 

intense i n t e r e s t of t h i s group has been due to the problem of handling 

mixtures of l iquids and gases during d r i l l i n g and pumping operat ions. 

Also$ engineers working -with heat t ransfer phenomena have devoted con­

siderable time to a study of this f i e ld of f luid dynamics * Jn recent 

years the a i r c ra f t industry and military services have become especial ly 

in te res ted in the subject of two phase flew* This i n t e r e s t i s due t o 

the high altitudes and accompanying low atmospheric pressures to uiiich 

mil i t a ry a i r c r a f t are subject; these conditions impose r e s t r a i n t s on 

the fuel piping system "which must be understood* 

The mi l i t a ry services object t o pressurized fuel tanks due to the 

f i r e hasard in case of fuel tank puncture; however,, i f the fuel tanks are 

l e f t open to atmospheric pressure, the fuel components having a low b o i l ­

ing point w i l l rapidly increase the r a t i o of vapor to l iquid (V/L) tha t 

must be handled by the fuel pumps* The pressure drop in the fuel l ines 

between the fuel tanks and the engine driven fuel pumps affects consider­

ably the 7/h r a t i o tha t must be handled by the pumps. Considerable 

a t ten t ion has been given to a study of the mechanisms contributing t o 

pressure drop i n fuel l ines when two phase (liquid-gas) flow prevai ls* 
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This thesis was originated as a result of a study of some of the fuel 

line pressure drop problems, 

Previous Work,~-Cconsiderable "work has been done, both theoretical and 

experimentalj in attempts to understand the mechanisms contributing to 

pressure drops in two phase flow, many of the correlations resulting 

from these studies have led to equations of such a complicated nature 

as to "be literally unusable for practical purposes • The most 7/idely 

Un­accepted correlation at present is tnat of LocKhart and iuartinelii • 

This particular correlation is relatively simple and suitable for design 

purposes, but is subject to two restrictive assumptions: viz, static 

pressure drop for the liquid phase must equal the static pressure drop 

for the gas phase regardless of the flow pattern as long as an appreci­

able radial static pressure difference does not exist; the volume occupied 

hj the liquid plus the volume occupied by the gas at any instant must 

equal the total volume of the pipe. These assumptions infer that the 

flow pattern does not change along the pipe length, and thus "slug11 flow, 

in vjhich alternate slugs of liquid and gas move down the tube, is elimi­

nated from consideration. 

Notwithstanding the volume of previous work on the general problem 

of two phase flow, very little has been done to establish the effect of 

surface tension of the liquid phase on the problem at hand. A lite rat "ore 

search^ reveals that articles by Kosterin and Eubanovich , and Taylor^ 

are the only two papers published on this subject. Each paper reports 

*Superscript numbers refer to references listed in the bibliography* 
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that for a low Talue of surface tension of the liqtdd phase the pressure 

drop is the same as that for a higher Talue of surface tension* 

Object of Present Investigation*-—The object of this investigation was 

to study the effect of varying the surface tension of the liqtdd phase 

and to provide additional experimental evidence to substantiate the 

statements of the above authors or to permit making a new statement 

regarding the effect of the surface tension, 
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EXPSIIMENTAL PBGCS) IMS 

In order to obtain experimental evidence, the proposal ?ias made 

to measure pressure drop- for a fixed length of t e s t section (see de ta i l s 

Tinder Section XXX of th i s paper) using a i r and "water as the gas and 

liquid phases, respectively. Each phase "was t o be in turbulent .flow a t 

a l l times* 

The experiments were conducted under conditions of' isothermal 

flow (the var ia t ion in temperature during any run was a maximum of two 

degrees Fahrenheit) . The l iquid flow ra te was varied from 2„20 gpra to 

16 gpm ( a r b i t r a r i l y selected for convenience} while the a i r flow r a t e 

was varied from a miniann to a maximum for each value of l iquid flow 

ra te* (The minimum and maximum values "were not known at the time of 

planning the experiment. Based on an average pressure and temperature 

in the pipe, the a i r flow varied from about iu? cfa up to }h efia giving 

values of the vapor- l iqmd r a t i o ranging from 2 to 16 approximately,) 

The pressure drop across the t e s t section mas measured for each 

of the various combinations of flow ra tes for a given value of surface 

tension for the l iquid. This se r i e s of measurements using a given value 

of surface tension was cal led a "run." The procedure was repeated for 

f ive dif ferent runs using five different values of surface tension of 

the liquid phase, varying from Jh dynes/cm to 3li dynes/era• Data obtained 

in t h i s manner were examined i n the l igh t of the method proposed hj 
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Lockhart and MartineHi« This method of corre la t ion -will be discussed 

in a subseqiaent section of this thesis * 
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CHAPTER I I I 
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Schematic Diagram 

The equipment used in this experiment is shown schematically in 

Figure (12), -When operating the fluids flowing are in the directions 

indicated by the arrows. 

Detailed Descriptions 

TesT^3ection»—All experiments were conducted using a 1*00 inch 2D clear 

plastic pipe as the test section* The total length was approximately 30 

feet and consisted of two sections approximately 15 feet long joined by 

flanges that were solvent welded to the pipe* The outer ends of the 

section of plastic pipe were fitted with solvent welded flanges to natch 

a 125# standard 1" flange. Each end of the plastic section was attached 

to a 1" iron pipe by means of these flanges• All flanged connections 

were carefully fitted so that no disturbance of flow pattern could be 

noted at the connections• The distance between pressure taps was 20*67 

feetj this measurement determines the length of the test section* The 

pressure taps were connected to mercury manometers with tygon tubing in 

such a manner as to indicate the pressure drop between pressure taps 

and the upstream static pressure* 

Pressure Ifeagureaaent*—-During two phase flow the indications read from 

mercury manometers vary widely and an effort must be made to estimate 
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an average reading. The difficulty here is doubled if an atteispt is made 

to read both legs of the manometer. For this reason, the graphs shown 

in Figures (2) and (3) were drawn showing,pressure differential and 

static pressure, respectively,, as a function of the reading on the left 

leg of the nanometer*, These graphs include corrections for differences 

in elevation and the difference in density of water and mercury* The 

assumption was made (perhaps optimistically) that all tabulated values 

of nanometer readings have a maximum error of 3t0.5> inches of mercury. 

Measurement of Flow _ Rates .-—Liquid flow rate and air flow rate ?iere 

measured by Fischer and Porter Rotameters* Both of these instruments 

were calibrated before beginning the experiment* The Rotameter used 

to measure liquid flow rates 'was calibrated by setting the float at a 

given position and measuring the time required to pass a given quantity 

of water* The rate of flow was then computed and the procedure yias 

repeated for a different float position* The calibration of the 

Rotameter used to measure air flow rates was more involved and a 

detailed description is given in the Appendix (page 32). The calibra­

tion curves for the air Rotameter and liquid Rotameter respectively 

are shown in figures 1 and iu 

Air Suj>Dly»--Air was supplied from a compressor at 90 to 120 psig 

pressure and- was throttled through a pressure reducing valve before 

entering the air Rotameter. Variation of pressure in the Rotameter 

•was controlled by valves before and after the Rotameter* In order 

to provide more exact control of air floWj a gate valve and a globe 

valve were used upstream from the Rotameter. The gate valve was 
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regulated to .maintain approximate desired float position and the globe 

valve was used to obtain a fine adjustment at the desired position, 

2iEBi?i^ circulation "was accomplished by a Goulds 

motor-driven centrifugal piarap• 'water enters the pump from the bottom 

of the liquid tank and after discharge from the pump it may be allowed 

to enter the test section or may be bypassed back into the tank* Ass mixing 

the bypass valve to be closed, the liquid discharged from the pump enters 

the test section9 the flow rate being controlled by the valves before and 

after the liquid Rotameter* After passing through the test section, the 

if ater returns to the liquid tank through a cyclone type separator con­

sisting of a lgn pipe brazed to provide tangential entry to an 8fl pipe* 

The cyclone separator was used to release at least a portion of the air 

entrained in the water. 

Mixing of Phases .-""Experiment showed that the point at which air was 

mixed with the water had a definite effect on the flow pattern developed* 

In order to reduce the severe vibrations from slugging flow, the best 

arrangement was found to be the introduction of air vertically downward 

into the -water, with no obstructions such as valves or elbows between 

the point of introduction of air and the test section* This Yias 

accomplished by a 1" screwed pipe tee. The relative location of this 

point is shown on the schematic diagram (Figure 12). 

Control^ of̂  Surface^ Tension.--Surface tension of the water was controlled 

by the addition of a conaaercially obtainable wetting agent sold under 

the trade name of wVictawet,M This wetting agent is sold by the 
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Victor Clieaiical Company*, The cheniical conposition nas not ava i lab le , 

iixi",s"t' ©xpsriiii©Hiss wxixn tiiixs HQ%U2,IXQ agent* showed a decrease in snrxace 

"tension ?ixt}ii "trie aQuxixori ox oniy a siigixfc amount* ox Tissuing agent* 

After se t t ing overnight^ however,, the surface tension returned to i t s 

or ig inal value* A -plausible conclusion i s tha t the wetting agent was 

react ing with the i ron in the system and that given suff icient time the 

surface tension -would on each future occasion return to i t s or ig inal 

value* Although the time required for completing a run was short 

enough that there should be no appreciable change of surface tension 

during the t e s t , an effort was made to complete a ran as rapidly as 

possible and thus iixiniiaiae the effect of th i s change on the r e su l t s of 

the experiment• 
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PERFORMANCE OF TESTS 

GheslriLiig Bquipaeat Calibration*—-After calibration of b©th Rotameters, 

tests *were run first using all air amd then using all water. Pressure 

drops were measured with a micromanfisneter and the results used t© com­

pute the Weisbach friction, factor for the test section* The results 

are shown in graphical form in Figure £. This figure also compares 

these results mtb each other and with the theoretical friction factor 

for a "smooth" pipe. The re stilts indicate that the calibrations are 

substantially correct arid suitable for the purposes of this experiment* 

(The calibration is actually closer than might be implied by a cursory 

glanee at Figure 5 since the flow rate is squared when computing the 

friction factor, thus magnifying any error in calibration)« 

latroduetioB of Wetting Agent»--Prior to each test the tank was filled 

•with water (about 900 pounds) and 2 or 3 ec of the wetting agent added. 

The pump was operated for about 30 minutes with the bjpass open and the 

test sectioa closed* Since the bypass emptied into the tank below the 

surface of the water, there "was no opportunity to introduce air and thus 

affect the Taiue of surface tension• Samples were taken every five 

minutes at the same location in the tank and the surface tension -was 

measured by a Ceaco duNuoy Tensiometer as manufactured by the Central 

Scientific Company* Additional amounts of the "wetting agent were added 

until the desired value of surface tension was obtained. 
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Jfeasurements^Obtained•--Tests were begun as soon as the desired value of 

surface tension was reached* For each value of surface tension the t e s t s 

were conducted i n the same order. That i s , a given minimum liquid flow 

ra te was maintained (by regulating the t h r o t t l i n g valves before and 

a f te r the liqitid Rotaraeter) while various a i r rates were used* Then a 

higher l i q m d rate was used and another ser ies of a i r r a tes was used. 

Six di f ferent values of l iquid flow r a t e were used and a maximum of 

seven values of a i r ra tes ivere used. Where a smaller number of a i r 

ra tes appears, i t -was due to l imi ta t ions of the a i r supply« 

A t o t a l of 16% t e s t s "were made, exclusive of ca l ibra t ion runs and 

runs using no air* 

'•is. 
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DESCRIPTION OF i'LO/f PATIiiRM? QiBTAliMIiD 

Notes "were made as t o prevai l ing flow p a t t e r n s for each cond i t i on 

of flow* Mo at te iapt has been made t o c o r r e l a t e t he se flow p a t t e r n s w i th 

flow r a t e s , nevertheless a record of t h e p a t t e r n s "was made* 

Terms "used t o d e s c r i b e flow p a t t e r n s a r e e s s e n t i a l l y i n agreement 

with e s t a b l i s h e d p r a c t i c e * However, the fo l lowing comments seem t o be 

a p p r o p r i a t e # 

The equipment used i n t h i s experiment could n o t be made t o produce 

s t r a t i f i e d flow* However, t h i s term w i l l be used i n l e a d i n g up t o a 

d e s c r i p t i o n of o ther flow p a t t e r n s • 

S t r a t i f i e d flow usual ly e x i s t s a t ve ry low a i r r a t e s and very low 

l i q u i d r a t e s . In t h i s flow p a t t e r n the a i r occupies t h e upper p a r t of 

the p ipe and water occupies t h e lower p a r t * As the a i r flow r a t e i n ­

c r e a s e s , the a i r v e l o c i t y i n c r e a s e s and i n t e r m i t t e n t l y l i f t s s lugs of 

?s?ater from the l i q u i d sur face* I f t h e s e s l u g s cover the e n t i r e c ross 

s e c t i o n of t he p i p e , the flow i s c a l l e d "slug11 flow* I f t h e s lugs form 

bu t do no t cover t h e e n t i r e c ro s s s e c t i o n of t h e p i p e , t h e flow i s c a l l e d 

" c r e s t i n g " f low, 

I f the a i r flow i s inc reased f u r t h e r a f t e r reaching c r e s t i n g f low, 

a cont inuous flow of l i q u i d w i l l be seen t o cover the e n t i r e inner p ipe 

su r face* This, has been c a l l e d f lcrest ing~send~aannlar f f f low. With 

f u r t h e r i n c r e a s e of a i r f low, the c r e s t s cease t o form b u t a continuoias 



film of l iquid coders the ent i re inner pipe surface* This has been 

cal led "serai annular" flow* 

The flow patterns described as "slug-semi annular*1 are the same 

as ff ere s t ing-s em annular11 except for the characteristics mentioned 

above that distinguish between slug' flow and crest ing flow* 

Although no attempt was made to use the flow pat terns i n any 

kind of cor re la t ion , the type of flow for each combination of flow ra t e s 

us xnco.. ca'uecL in iabie t» 



Ik 

CHAPTER VT 

MM2E81S OF DATA AMD C(MCLUSl(MS 

Sample Calculations«•—The corre la t ion proposed by Lockhart and Martinneli 

involves three de f in i t ions : 

<2)2 - I . ^ / T P 
^ L ~ r ^py -

. 0 (4PI 

^ G =
 ZAP) 
I-SL/ 

AP 
2 I *» JJ/ T 

7XFT 

•where f .—-I s pressure drop per unit length during two phase flow* 

\ ^L/ryrp 
/AP\ 

UiJ 

IP 

- pressure drop par unit length when only l iquid i s flowing. 

A 1/(1 
A ^-±.J r pressure drop per uni t length when only the gas i s flowing* 

-2 &Q I t should be noted tha t JJ s -2rr» 

01 
The Lockhart and Mart inel l i corre la t ion i s based on the postulate 

and verif ied exper linentally t h a t : 

\P L = - ^ 1 ^ ' 

0 2 = F2*(X) 
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Now for the results of the present study the values for \Av)m,o 

and ( A P I can be read directly from the data (Tables 2 and l) * The 

values for (A.F)Q can be read from Figure 6 if the -weight rate of air 

flow is converted to a volume rate of flow based on the average pressure 

and temperature in the test section. This involves an assumption of 

linear pressure variation with pipe length plus an assumption that the 

absolute pressure was equal to atmospheric pressure at the exit end of 

the test section* Thus, the .average values of the absolute pressure 

tabulated in Table 2 were obtained by adding one half of the upstream 

static pressure to the atmospheric pressure. 

The plan of correlation followed in this escperiment was to plot 

the correlation of Lockhart and Mar tine H i based on their values of 

y Tj for the case of both phases in turbulent flow and compare this tilth 

the results of the present experiment,, using the Weber Number as a 

parameter. The Weber lumber is a diiiensionless term involving the ratio 

of inertia forces to capillary forces and is defined by 

T 0 ~T*~ 
Tit JU \ V 

% = — ^ — 
C © fiSrj 

•where L » pipe diameter 

^ a density of the liquid 

V s velocity of. the liquid,, based on the full cross sectional 

area of the pipe 

g~ a surface tension of the liquid 

gG = dimensional constant 
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The Weber Ilumber of the l iquid phase can be ivritten for a l!f ID 

% .iiMHsfi 

if he re Q « gpm flowing 

(^ s dynes/cm 

¥ =s Telocity of the l iquid phase based on only the l iquid flowing 

The p lo t s of(pT as a function of X appear in Figures 7 through 

Discussion of Results,—-A study of Figures 7 through 11 shows t h a t 0 T 

i s in reasonable agreement with the Lockhart and Mar t ine l l i cor re la t ion , 

The corre la t ion of Lockhart and Mart inel l i i s reported by these authors 

t o be accurate within -f- lilfjC and -$]$ as plot ted in Figures 7 through 11 , 

This upper and lower liirdt i s indicated by the dotted l ines above and 

below the accepted corre la t ion curve. Values of(pT are consis tent ly 
ij 

higher than predicted by the Lockhart and Martinneii recommendations, 

but there is essentially no change in relative position of the values 

of 0 . as the surface tension was varied from 3h dynes/on to 74 dynes/cm. 

One conclusion obviously is that varying the surface tension of 

the liquid phase within the confines of this experiment had no effect 

on pressure drop* Another conclusion is that the correlation of Lockhart 

and Martinelli for this set of data is independent of the surface tension 

of the liquid phase* 
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The effect of surface tension in the development of the Loekhart 

and. Marti ae H i Correlation"1, is empirically implied* The presest i»Yes~ 

tigatiea pr©¥ides experimental evidence of the effect of surface tension 

©a the Loekhart and Martinelli correlation for the case ©f isothermal 

flow where there is n© mass transfer or heat transfer between phases* 
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CH&PTKR VIT 

SUGGSSTIOWS FCE FuTIJES "vfOHK 

This experiment ?ias one of an exp lo ra to ry na ture and -was sub jec t 

t o very l i m i t e d cond i t ions* Some of t h e l i m i t i n g cond i t ions could be 

enumerated a s : 

1* Both phases i n t u r b u l e n t flow* 

2 , Only two f l u i d s were c o n s i d e r e d . 

3* Flew was i so the rmal* 

U» No mass t r a n s f e r or hea t t r a n s f e r between p h a s e s . 

5* Surface t ens ion of t h e l i q u i d was sub jec t t o a maximum 

v a r i a t i o n of about 2 t o 1 {3k dynes /cm t o ?ii dynes/cm) • 

6* Only one t e s t s e c t i o n Tias considered-* 

?• Ranges of flew r a t e s for b o t h phases -were l i m i t e d "by 

equipment c h a r a c t e r i s t i c s • 

More experiments should be conducted t o determine the in f luence 

of the su r face t e n s i o n on the p r e s s u r e drop wider a m d e range of cond i ­

t i o n s , Far ther j , more exper imenta l evidence under a wide range of con­

d i t i o n s i s needed t o e s t a b l i s h the e f f e c t of v a r i a b l e Weber Number on 

t h e Loekhart and M a r t i n e l l i c o r r e l a t i o n * 
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CALIBRATE CTI OF' TIE AIR ROTAMETER 

The Rotameter used for measuring a ir was equipped with a tube 

cal ibrated to read gallons per minute at the specif ic gravity 1.0 cos-

pared to water at 60° F* Calibration for a i r service v/as as follows, 

assuming a i r to follow the perfect gas re la t ion 

pv s RT 

From the theory of the Rotameter, it can be shown that the weight 

rate of flow of air is given by: 

I i Ps f . || p . . 
¥ ss ^ y ~_ (Q; W - (1) 

Where ¥ s lb /sec of a i r flowing 

M - apparent molecular "weight of a i r 

Q s r a te of flow a t reference conditions 

Subscript s indicates ttstandard conditions11 or reference 

staue« 

Calibration was accomplished by attaching a bellows type volume 

gas :neter on the discharge side of the Rotameter. The gas meter reads 

volume ac tua l ly passing through at the conditions inside the meter. 

A pressure of 0 psig was maintained inside the gas meter and a 

pressure of 10.9 psig was maintained inside the Rotameter* Baroiseter 

reading was li | .20 ps ia # Temperature of the a i r Tias ?8a F* 
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jJcltcL 1 1 6 ^ 8 r©COx*Q.@Cl S 3 X GlXOWS • 

Rotameter 
Posi t ion 

J* .J^ix&O V ^̂ M—JUXJ. y 

OijUL KJ -iJl^-^tLJk. £*~C&:C 

1*1 u21 jjF-L 

for 10 £1/ 
meter 

Sun #2 

Average Cfm 
3 ,0 j'^clS Til© u S3? 

c oixditi ona 

Average Cfm 
• through 
Rotaraetei^ 

1 JL & i 0 1.72 3.25 

2 0.92 u»yx 10*9li 6.18 

3 0.62 0«60 «LO uLfw 9*27 

h O.ij.6 0*14.5 22,00 12 ,1*3 

r* 

5 
0*36 0#36 2?*79 15.70 

6 0.30 0.30 „J ^J~ & **/• <e#r 18.81 

? 0.26 0*26 38J4S 21.75 

7.5 0,26 ' O * C.Uf kO.08 22,65 

-"., Pi Vi -
' Obtained by applying »™±_± as . 

fOvn 
C~ c, 

- _ 
where m fft 

i l 3 l o « 

Subscript 1 indicates Rotameter conditions and Subscript 2 indicates gas 

meter conditionss 

n=(pfj(?2)=(|ifXv
2) = 0-565v

2 

Subst i tut ing the conditions of the reference s t a t e in to Equation ( l ) 

gives J 

P firr3-w s 9.68 q U f ( ICT 3 ) 

where P s absolute pressure in Rotameter (psia) 

T a absolute temperature i n Rotameter (°H) 

Q ~ value as tabulated in ca l ib ra t ion table above* 
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Figure (U) is a plot of this relation used to obtain the mass flew 

rate of air through the Rotameter -when Rotameter reading> pressure^ and 

temperature are known. 
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Table 1. Press'are Drop (in hg) for Various Values 
of Surface Tension When Only Liquid is Flowing 

Liquid Rate 4. V LUL X J'^* BX* 

& a 7li & = 66 
xiun ffj 

<S « 3U 
JTuCii.1 y* L|. 

6" « U3 
Run #5 

6 " = 52 
dynes/cn 

2 ,20 .12 #_L& » l c #X^~ .12 

3.50 # C w #. cLUf. .22 «2l.i s c 4 

6.52 • Oo •70 • 70 *70 • 72 

9.7U l.iiO l*ou iJilf l . U U U i l i 

13#lo 2 . ill JU sOLJ. C. «Ly*J 2 #J.f,0 c #i4»^ 

15*99 3 * l # . 3*36 3*3o JJ «,J0 3 • i-!.o 



Table 2 . Experimental Data 

Rim # 1 
R l l f ^ P f A rp£>nq*5 AH — 7I1 dynes/cm 
Ai r Temperature as O p O ITS 

0 0 i? « 
Water ' remperatixre s Bk° F . 
Barometer = l l u20 p s i a 

A vera ge 
Ai r Rate Liquid Rate ^ P j< X O1 i«? O L.U. t ? A P G 

^ G 0! v 2 
A I b / e e c gpm "H^ O0JL0* "HU ^ G 0! v 2 
A % e 

Flow Type*" 

,00660 2*20 wjrf $ «X_\-/ XLL # £*. w # wL|.W 0 7 £ 9*0 J> . J - 2 «5^ 1 
. 0 1 2 ^ 1 ^0 JL.LJ- # C W •12 12,5 >X*fS« # £™ 1*0 1 
•0188 2*80 1U.30 #23 12*2 c &* # w o#5U 2 
.0253 i|#05 11;. 80 .37 J . U s O Q O 9 0.33 2 
sUjJX, / 5.20 *5S 9.5 4»-|*iGn. # „ ^ u#22 2 
,0382 6 0 O i^3 # O j # wJL 8*0 52.Ij- 0*15 3 
s w^M-'L 7.95 4 » W # Ck»£» J . # w 1 7*4 6lj.,6 0.12 3 

"Tcx)S"6o™ 3 3 0 2#0u XJ.J.« £ U Toto~" ^>o#o 10 a ^ _ _ ^XFo 1 " • 

$ Uj^sC^^? 3 #14.*-' lluij.0 g i ^ 2 Q * j > 
•J 0 f% 1.6 1 

•0188 j} i D U J.i|* fO # £_ c» 16,4 lQl2 0#90 1 
.0253 5*70 *K 90 •35 16 #3 c O t O 0.57 2 
• w j i y 7.05 15*77 »i? i l 13 1 35 .6 0,37 2 
#030t 8,30 16 .31 .72 "*™«*" #•„•/ la. .9 0,27 3 
$ Ul.ii4.-L 9.60 16.65 1,02 . / . M - ij.8.5 0.19 3 

" _ 8 S 3 o 6 7 5 2 ^ ^ ^ ^ —j^o~^ —^T^g-p™ .6Q0 _ _ ^ _ TX" JLO # ^ 22 X " 1 
.01255 6.70 15.67 • AX) 67 .0 1 0 , 1 6*6 1 
.0188 8,90 XO # c O .18 1|5>.̂  -Lj 9^ 3,7 1 
•0257 1 1 M JL | #^u £* « c y £|,w s O -*- / »J? 2.U 2 
•033I4. -Ju4̂ |' $ O v 18.08 *li3 o p tf 

4H >1» # -£L 1.5 2 
•0i|13 I5 *60 18*5U Sh i«U # / -̂J5 *0 X •& u .0UU9 16.00 19.19 

(continiBci) 

22.2 2I1.2 0*92 u 
C N 

Ul.ii4.-L


Table 2 . Exper imental Data (cont inued) 

Average 
Air Rate Liquid Rate A P Press lire 

^ 2 

0G 0L l b / s e c gpm & U p i d 
r ,H,~ 

0 
^ 2 

0G 0L A I'fcT 

"e 
Flow Type* 

*00602 9.7U o.20 JLp #i4-,JJ .OI4.O 155*0 It«Lj, 35*o 50 .3 1 
,007214 6.70 ±P*( 1 r\f i-* 

• UCo 
103.0 ti • 0 21.5 1 

*0138 10.10 16.88 #JLw 101,0 7.2 Xt.j- * *J 2 
$ \JiL\J | 1U.30 18*30 1 ,q 79.5 10.2 7*8 l!. 
.0330 19.10 20 . l i t .3k 56.2 -Ljj . O i i » i k 
.0278 wJtm J ^ V - * ^ 19,75 t t O 67.8 12 .6 ^ <*U k 

_ _ 3 T o 13 #18 8 . 7 5 " JLo « j 14. *G33 _ ^ . 0 3*^*" 73.3 92 .0 1 . • 

.00733 9.25 16 S3 .Oldf. 210.0 3 ,8 5I4.7 1 
•OliiOLi liuOO 18,20 .092 5*8 C~\J 9 &» 2 
.0211 18*00 19.77 % *X*SJ 112.3 IS 15.0 u .0235 19,00 &* V./ H, ^LX-L 10 

# » 4 / 
100.0 IS 12.7 It 

"TOTBtT-" ^ 10,90 17.07 *033 330.0 j> #..L ^ ^ » _ -t-J^ «p " ' •' " 2 " 

11.30 17.29 « Olj.u 282.0 J # ^ 87*0 2 
# w X w / \ J U llx.00 18*32 .060 233.0 U.o ^ O # JL 2 
^ w JLL^^) ̂ } 17 s 00 *•*-* ^ # ^"1"^ .088 193.0 iu9 39 .7 2 
•019)4 19.50 20.38 .15 130.0 5*6 «-3 <*3 2 

Run #2 
Surface Tension • 66 dynes/em 
Air Temperature a 8U° F» 
Water Temperature = 88° F . 
Barometer = ll |*30 p s i a 

$ w S~£Ly Lf 

.019U0 

.0261 

.0329 

t_ * £ . U 1.1 
& #u 
JJ *JJ 

I4.I 
i? »t4 

11+.30 
1U.30 
,JL£.i # ^ jf 

lij.,86 
>*3o 

ToIrTHSX" 9.2 
.12 

,38 
^ ' 7 

•pr 

16.7 
Hu3 
AXJ »0 

q £ 

j . 0 . ( 

27 S 
jH &t~ 

h>S 

2.8 
JL . O 

0.21 

(cont inued) 
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Table 2* Experimental Data (continued; 

Average 
Air Rate Liquid Rate ^ p <L i v U u vl*L w 

A? 0L l b / s e c gpa L) 6 X cfc A? 0L « - £ 

A i ^ y 
* Q 

Flow Type"*" 

.0391 2,20 6.5 1 rf *7cf .8I4 "7 Q 

/ • O SU.1 0.1U 2»o0 3 
*ok$$ 2,20 r7 n 

/*o 
JLO # JL O 1,20 6*5 0^ #u 0,10 0 OQ 

<~ » OO 3 
"moSSo"~ 3*50 X # / ~~~*105" ~ ^ 0 l ; 0 i l l <0 7.9 6,0 7.27 1 

# U X t yLf, 3 3 U u 8 9 .11 30.0 ^ ^ • I 2*2 1 
.019U0 it .6 JL^> # *X.O ,22 20.9 19*2 1.1 1 
# " c O i 1^065 mjy 

1 O H1 

l o o £2 I m J* v i O y 2 
.0329 1-7 n 

7#Q 15*97 Si ***„^ • 1 jSi* # ^ 0.U2 2 
.03 9h 8,7 3.6, Lit 7tf 

• ( ** 
11.6 36,2 0,32 3 

*oli55 9.8 X O * u _ j 1 On 9.3 U0.7 0.23 3 
*™7oooBo ™ ^ ^ _ _ „ _ ^ _ _ 

"™T37o!P — — " ^ . Q jjjd. • j> 3?fX^ "b'S, on 1 
.0129k 6*3 15.60 # X-W 63.0 j ' # X 7.0 1 
* UXjLiXJ 9.3 16.U4 s i -y 1*9.0 13.2* J e O 2 
• 0261 11.7 17.234 *29 ltO.3 l £ P 

l O « u 
2.14 " 2 

' •0332+ 13,3 17.93 .ii3 . 30*9 19*1 1.6 h 
# WLf*jL^l J_j> #X 18,70 ,60 25 2 21*7 1.2 k 
*0l»52 16.2 JL y # U U .73 22*2 p q 0 0,95 h 
,0239 * * — — ^ ^ -*»-B»r^ Sf ^ •JL w 0 \J jf 0 1 

# £—L 
7cf 0 
f .̂  »J —j-jT ~ 5̂7CT" 55*30™" ~ ~ T ^ ~ ~ ™ 

#02 03 IL.,3 18#1|0 • X 1 8 i u l 8.5 9.9 ii 
#013o 10,5 16#J?8 f J - U „L WO ^ ^ 6#3 J*O $ u 2 
•00715 6#o 1 < p.o 

4 - ^ # w£* 
• OliO ' 170,0 I4..I iL|,*£ e vy 1 

,00605 $.9 ~*-^ #^-v? .030 JL^/ O # | 3 •? 56.0 
103 *o 

i 

# *»i^ s d **£•« ^ ^ ~ ^ j i 3 a r ~ * " x o nj 4 U # U | Tr" 1 1 0 4 i 7.2 **1S*3~" 103 *o „ ^ _ _ 

& xJJ^^/O X U ^ J) 20.00 .13 1 h o 0 7.0 20 j 4 6 
# V-^aJ^^J ,JL* li4*3 XO # J5 v/ .080 179.0 r"' i 33*0 2 
.00689 9.8 XO $ OjJ ,033 297*0 3*7 8o»o 1 
.006I40 8*5 16.58 • 031 

(cont inued) 
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Average 
IkX P i uQ. uQ Liquid Rate A p Pressure 

f fPL 
fcs <2>G 

0? -n. / - , 
vhfkJf Q U w gpa «HCS. 

0 
i^t^JLClr 

f fPL 
fcs <2>G 

0? 
JL 

\ 
Flow Type* 

& W.JL U.JL 15.99 &u#0 20,53 ai 181.8 6#0 30»6 152,0 6 
# wJLi4j? 17.3 19.60 nPP #Uoo 196.5 5#2 33,2 U 
.00765 11.6 X 1 $ 4*4-J/ .oko C* J v # W 3-5 8U.0 1 
.00670 11.0 17,22 # wjj -J* 3,3 106*5 1 
. 0114̂  16.9 . JL,^./ ^L^JKJ •W3 9*30 0 

C^JL. . V 5.o U6.1 2 

Hun #3 
Surface Tension » 3l>- dynes/cm 
Air Teiirpe r a t u r e • 8U° F . 
Water Temperature a 88° F . 
Barometer = IJ4.3O p s i a 

_ ^ g j _ _ . _ _ ^ ^ 

,0129 2j.j. H..30 .12 20.0 20 ,0 1.0 1 
•OI9I4. 3*5 1U.6U . «23 15*2 29.2 0,52 1 
,0261 iu2 15,26 ,36 11*2 35.0 0,32 2 
.0329 6.0 l5.ij.2 ^6 10.7 50,0 0#21 3 
.039ii 6.9 15.82 *83 8.3 57»5 0.1U 3 
.01.56 7.9 16.21 _1»18 6.7_ 6$*9 T 0.10 , _ _ 3 
To556~^~"~ 3 ^ 0 9*8 13792"""""""̂  1 ^ 4 " 9*Ii Ti5TT}, 0.21 1I4T13 3 
•039lt 8.9 16.53 *7H 12.0 1x1.2 0,29 3 
.0329 7.9 16.26 *5o 15*8 36.6 0.I43 2 
«026l 6*1 15.65 *3i? 17 .U 28.2 0*62 2 
• >JjL«iy j . , / X t+ .^Jy #XX _> ĵ #^> X O • U ^, , U X 

,00681 2.0 . II4.3O .0)4! i±8#8 9#3 $*3 1 

(continued) \o 



Table 2* Experimental Data (continued) 

Average 
Ai r Hate X J I Q I X L C I iv3,t<3 ^ , P Jk. X \** h ^ o *J*«L 0 A P G 0? ^ 9 2 

A S*%Jf b o O o r ' 1 ' 4 . A p s i a 
& 

0? <Z) 
2 

A i'i,r Flow Type* 

$ UUQO-L O s _^ji «4-»t|. ltu91 .0U0 110 s 0 6*3 17 Ji ii.9.00 1 
^ v/JLfc / 6*5 15 #72 s l L / 65*0 9*u 7.0 2 
en 9) t 7*9 1 0 * 0 j « JL.0 h3 • 8 l l . l t 3»9 2 

#0256 11 #3 1 7 3 0 * c 0 i{,U * If. 16,2 &* #J*? 2 
0 3 3 7 1U.2 *JL w # -»i~ ̂ î* »U3 33.0 i t ^ v / ^ £ | » #Jw # Vrf* 3 

•_0Ul8 -L~) . O JLO # 0 0 #ô » h3»k 22 .U x # y . 3 
#0"0o05""-"™ 97?T" — j ^ r - I? - 72 #^J?j5 179.0 if- * *** T30> •LXJJ/ m C. 1 
,00715 6,5 15.72 *0l?G 162,5 U»5 36*0 1 
#riil3€> 10,5 17.12 ,09h 111.7 7.3 15*3 1 
.0203 m.3 XO &L\.\J .17 8I4..Q 9*9 8,5 1 
,0239 15.6 19 .01 •21 7U.2 10*8 6,9 2 
•0283 18.6 19.73 *2o 1 i # p 12,9 J>0 5 

"TooSEo 13.1o i o . F ~ "SF&T •033 **3TOT~ ~"~Tj,#li 72.7 _ _ „ 1 
•00753 J.J_ 0I4. 16.88 ,0it0 287.0 i t . 8 OU«ij. 1 
•01L.3 1U.2 18,55 ,091 156.0 $*9 26.3 2 
# KJC. JLj!) x o # 0 20 #m « X O 1 *i *y 1 

JL.JL | % £ | . 7,8 15*0 6 
-~0OSW™ ™~*T57?9" _LJL #£-f- i T ^ F * .033 _ ^ _ ^ 3~3r ToTT^"" « ^ _ _ 1" 

,00765 ffiWCr # ^ 17*79 .035 JJl) *C % vj 3.7 / O . J . 1 
.0127 16,2 19*11 .071 228.0 i j . . 0 U7.3 2 
#0l!i6 17 .8 19.67 .085 209,0 5*3 39.lt 2 
. U j L . 0 1 19 .8 20#ii5 s X l 

(cont inued) 

180 s 0 $*9 30.5 1 

jpr 
O 

ll.lt
39.lt


Table 2. Experimental Data (continued) 

Run §h 
Surface Tension - ii3 dynes/cm 
M r Temperature = 78* F . 
Water Teiaperature a 80* F . 
Barometer m lij..3G p s ia 

Air Rate 
l b / s e c 

Liquid. Rate 
gpm 

A P 
»Hff 

B 

Average 
Pressu re 
Dsia 

-AP, 
"H 

G Pi Pi Flow Type* 

,00668 
.0127 
•0190li 
.02^6 
,0323 
.038? 
»0l}i|.7 
"^5I5F^ 
•0127 
#Q19Gli 
• ' ^c f^O 

. U j j c j j 

,0387 
,0iik7 

™^63B™*" 
#ui2 / 
•019014 
,0256 
,0338 
,0lj.20 
*Oii58 

2*20 

^3^ 

O »̂ > t 

0,9 
1.7 
£• m 0 

lu3 
5.6 
6*5 
8.0 
2,2 
3.2 
5«o 

/«o 
8.7 

. _9*6_ 

6^9 
9*6 

1 1 . 1 
»i*JJ # 0 

JLO #o 

llj.,30 
l l u 3 0 
XU.6U 
l i t , 96 
1̂ 5 i l l 
15! 82 
*L0 #«LG 

Ĵ iLf- # i i j ) 

l l t ,69 
15,21 

JLO «XO 

16,38 
16*63 
XA.J. « i ? 0 

15*70 
16 8 {48 
J_ { «i+y 

si^O . taiww 

18.89 
19,02 

•01*0 
.11 
#2? 
*3S> 
•53 
,75 

JL.08 

.20 

. 31 

.1+8 
7 /̂  
o/* 

«yo 
,035 
*096 

#27 
•1*2 
#ox 
.72 

22 .5 

12.7 
32,3 
10 .6 

8.7 
f .14. ^ _ 

<-^/ # 1 

25*0 
X,? # I 

15.8 

10#0 

7.5 
1U.2 
t~3 *j 

35.8 
46«7 
_^£| * X 

66,6 
j? **~ 

13.3 
i £ U # 0 

25 «u 
Q*i 7 

_jt)#<£-

Uo.o 

3 .0 
.1 »x 
0 <K 

O.3I4, 
0.23 
0»l6 
0 .11 

li . l i l 

117*2" 
71.8 
S^S 
l i i a 

3 2 . h 

23.0 

5.9 
10 .0 
"H 8 
xo »u 
19.6 
^-j5 # ^ 

o#Q 
o o 

1.2 
0.78 
0 .50 
0,3ii 
0,25 

J~~i* . JLM 

Xj? * s 

i . c 

l |»l 
2*6 
1 7 

# 1 

x *x 
0.96 

3 O 0 

1 
1 
T 
J . 

2 
2 
3 

J. 
1 

2 
2 
3 

J. 

2 

2 
2 
oi 
<i 

(cont inued) 



Table 2 , Experimental Data (continued) 

ATerage 
i tXr ItSuS JULCJUlLCl liQXiQ A P Pres su re 4 P G 

^ G € l b / s e c gpm 
6 

pS lc t 11 M 

^ G € Y2 
X*. % Flow Type*" 

,0321). 9*7if. 19*2 20#55 .30 Oi l a \J 13,3 k.8 86,50 u 
,0272 16.9 1 0 1% • 25 67*6 J—L • f S.8 il 
.0211* 1U.2 18.1*0 #-1.0 78*8 9.9 8.0 2 
.Ol i0 10,5 16,88 .10 105.0 7*5 U;.0 1 
.007^0 1 #x i c 07 

i j-^' • / 1 
nhn 177*0 l-u9 35 ,9 1 

,00608 5-7 15.60 .030' 190*0 ii.O 2*8.0 1 
"^ooSI^**" - t o ~i p u*3 _ ^ _ .030 277*0 «S£ r ^ " 

3«!> 80.0 T 3 F X ^ 1 
tiKJcjjS- j . y • ^ 20.30 1 n 

t X { 8,0 l h . l h 
• 021U JLO # 0 19.88 .16 J—L f #£4 7*8 15.0 2 
#UXi4.J 13*8 1 Q r'r ' .088 156*9 i> *o ^- / mj 1 
.00750 9*6 .LU . LJ w .035 28U.0 j_4 & xJ { _t . w 

-1 

.OGool „ _ _ ^ _ _ _ 11.2 17 *57 
«** i *« • 1 .030 373.0 3*3 112.2- "233.0 ' 1 

( U i / " 20*6 20,69 $ *L£i 172*0 O #«L 4 U | 4 . it 
# W*L*4^ 17*5 19.60 O H r ^ 206.0 s 2 0 n n 

j y . o 
f 
0 

,02.09 ~4*^ # ~ u 
"1 O i-J ry 

-LQ • 1 1 •01*5 335.0 u.s 75*o 1 
.00770 11*8 J_ / #00 *035 337*0 J *J> 96.2 1 
.00675 JLfXJ ^ v* 17.32 •030 360.0 J . £ 112,14 1 

Run #5 
Surface Tension » 52 dynes/era 
Air Temperature a 83** F. 
'Water Temperature » 82e F« 
Barometer *» 1)4.30 psia 

Tc^o53 
.0126 

2,20 
2*20 

0.9 

1.7 
x£i»3̂ -
lii.30 

.01*0' 

.11 
22.5 
I5.ii 

7 Ef 
I • - ' 

JLI j- # <SL 

3*0 
1.1 

3 #61i. 
3.61* 

(continued)* 
To 



Table 2 . Experimental Data (continued) 

Average 
Air Rate Liquid Rate ^ p P res su re A P G <£>| 01 A -L. ̂ -f S O %J \# gpa. f in 

£> 
p s i a "H* <£>| 01 A JV'fiFS" 

*'e 
Flo?? Tj?pe *" 

•ulo9 2,20 ^J 4 £~ Hu82 ,21 15.2 26,7 0.57 3.6I{. 2 
.025U li*2 1U.96 •36 11,7 ocf 9 0.33 2 
.0320 S3 15 •Ll S3 JLv̂  ^ \J 4»j-l.j- § O 0,23 3 
.0381; v3 «, O JLoJ # O^) • 77 8.9 56.7 0,16 3 
•0k)43 _ 9 J i _ 16.22 1.08 8.7 10»14 0 13 _ _ _ _ 3 

"TooS5F~* "^T3T™^ j . # 0 lir3o~ ' TOW^ "37.T" O #_} w # w "~n?T*" 1 
sOJL<c O •3 p 114*69 . 1 1 2 9 a T 3 0 fe* $ £L, 1 
,0189 ) 0 

•J-J « J U . 2 0 21,0 1 7 cf .i. 1 t^s 1,2 2 
.025li 6,2 J~J? f O U •33 i u #u O5"* A 0,73 2 
*0320 7 o j » 0 « U f ,h9 15.3 31.3 0.1*9 3 
<* wj>0i4 8*5 JLVj %.t^r^J ,70 1 ? 1 35*u 0,3ij 3 
*O!4J3 9.6 16.88 .95 «sWW # hi* U080 ^ # f-p 3 

"TooSlF™ ~ ~ ^ X 5 F ^ ™ 3 *7 iimr^ _ _ _ ^ 111*2 20 ,J? "~32^00~ 1 
a Uj_2 O 6*0 J-p • ou .095 w J5 # £» 8,3 7*6 1 
,0189 tt#9 16.U8 H «i«\iJ it^^S 12 .U )• 0 2 
#^-/Cpt4- 11.3 1 7 H R # £lO l|.0*l4 IK 1 t t O 6 
.033I4 13 »1 18,18 .1*2 31*2 18,2 1.7 I|. 
.Olp.6 j t O * \J ™&*y # ~**••*^ #59 27 1 22,2 1.2 ij. 
•O.U55 x/#u -*"^ #*3 W •71 2U.0 23 «6 1.0 I4 

_ ^ ^ _ .. . — j ^ . Sm'3 "TJTBf .030 £»-£**-' 0 w t j-* tj- *TJO~ - _ ^ - 1 
.00758 7*8 3.6 #02 s v>£-i-£i 186.0 5.U 3iu3 1 

0 1 ' )' "** 1 1 . 1 17*37 i l U J . J- J. # V 7.7 1U.3 1 
#UifX£)i.|. J-LJ-# 0 U.Q *LLy ,19 78.0 10,3 7.6 6 
,0290 17.5 i~7 # 5 -L .28 62,5 19 9 5.2 k 
•O3I4.2 18 .8 i£ v~* $ £. J ) .35 53.7 13*1 k . l k 

(continxied) 



Table 2 # Experimental Data vcontinued) 

Average 
Ai r Rate Liquid Hate Z i P Pressure ^ PG 

PI 0! A l b / s e c gpra i i ^ 
0 

p s i a fIT-T PI 0! A 1 7?ff f Flow Type' 

.0239 Xj> « X 0 19.7 ^o#iiij. .19 103.7 d#2 12 ,6 -LJ>J_,.U 6 
*02l6ii *XA J # V^ 20.02 .16 117 .It 7 .8 15.0 6 
•OII4U3 XU»3 18.UO •093 15U.0 0 . L/ 25*9 1 
,01073 11.9 17.71 .062 192*0 5«o 38 .8 1 
•00?58 9*h 16.73 .OliO 2)45*0 3 .9 62 .5 1 
.0061*2 9 ,0 16.68 .030 300.0 3 , 8 80.0 1 
,01900 _ ^ _ _ <i <<_/ #Lj . 

^ ^ _ ^ _ _ _ _ ™ _ _ _ 

,12 WL 1 \J ® w 
— - — * - — ^ ™ — 

6.0 " 2 C 3 ™ " 193.0 _ _ ™ _ 4 " ^ ^ ™ * ^ ^ 

•01I155 JL j # 0 19.55 .086 205.0 j? • £ » 39 ,6 1 
,01083 ll4.3 18*70 .058 2U7.0 j p 58.7 1 
.00765 .12,0 17.69 .035 3h3 ®G -? #5 97.5 1 
.00662 10.5 17.17 .030 350.0 1 1 113.2 — — 1 

,f JLOW Type Code; x • u]pe8*t<XEt,2J 

113.2 — — 

0 Cres t ing--semi annular 
3 • 
•4- * 

W?fĉ xtisX* cmx&X Mmi^ciX 

Slug-semi annular 
J? * Orest ing--slug 
f e"-1! 
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