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CHAPTER I 
INTRODUCTION 

The use of concurren t flow of liquid and gas mix tu res in indus­

t r i a l components such as evapo ra to r s , gas p ipe l ines , and heat exchanger 

has prompted a detailed invest igat ion of the in terac t ion of the var iab les 

assoc ia ted with this phenomenon. Also, recen t advances in the nuc lear 

r eac to r field have made an accura te knowledge of the two-phase p r e s ­

sure drop and mixture density n e c e s s a r y for the p rope r design of 

boil ing-water r e a c t o r s . 

Previous inves t iga tors have dealt with: (a) analyt ical s tudies 

based on physical models of ideal ized flow p a t t e r n s , such as the theo­

re t ica l t r ea tment of the annular flow model by Levy ; ( l )* (b) expe r imen­

tal investigations concerning the re la t ionships among the var iab les 

associa ted with two-phase flow, such as Richardson 's (^) study on the 

effect of a sudden change in the flow a r e a on the significant flow p a r a m ­

e te r s for a i r - w a t e r m i x t u r e s ; (c) combinations of theore t ica l and ex­

per imenta l investigations resu l t ing in s e m i - e m p i r i c a l co r r e l a t i ons , 

such as the studies of Mart inel l i et al.,(-^''*'5) in which a macroscop ic 

analysis of the flow phenomenon resvilted in the predic t ion of the void 

volume fraction and the s ta t ic two-phase p r e s s u r e drop in single and 

two-phase , two-component flow. 

His tor ical 

Hoefer(6) was one of the f i r s t inves t iga tors to notice that bub­

bles in a i r -wa te r mix tu res move fas ter than the surrounding water 

during investigations on the r i s ing main of an a i r - l i f t pump. Schmidt! ' ) 

Behringer,(8) and Schurig(9) recognized the impor tance of the re la t ive 

motion of the gas to the liquid phase in thei r invest igat ions of s t e a m -

water mix tu re s . Schmidt p roposed a set of d imens ion less groupings 

based on a Reynolds number concept, which were exp re s sed on an 

a / ( l - a ) ba s i s , where a r e p r e s e n t s the void volume fract ion. The need 

*For all numbered r e f e r ences , see bibl iography. 
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for exper imental verif ication of the suggested p a r a m e t e r s and further 

investigations of the effects of liquid v iscos i ty and surface tension were 

s t r e s s e d by Schmidt. Behr inger conducted a s e r i e s of t e s t s in ve r t i ca l 

columns containing s t eam-wa te r mix tu re s at a p r e s s u r e range from one 

to forty a tmosphe re s . The specific gravity of the mix ture was m e a s ­

ured by a p r e s s u r e - s e n s i n g device which moved along the length of the 

tube. The re la t ive velocity ( i .e . , s l ip ratio) of the liquid to the gas 

phase appeared to dec rea se with the inc reas ing p r e s s u r e , and inc rease 

with a decreas ing specific gravity of the mix tu re . The effect of the 

tube d iameter on the slip ra t io appeared to be l e s s at the higher p r e s ­

s u r e s . The resu l t s compared favorably with the theore t ica l p r e d i c ­

tions of Schmidt. 

Schurig extended the exper imenta l invest igat ion to c i rculat ing 

mix tu res at p r e s s u r e s up to forty a t m o s p h e r e s . He repor t ed that the 

slip rat io and re s i s t ance to flow (i .e. , p r e s s u r e drop) in the ci rculat ing 

s t eam-wa te r mix tures differed strongly with the r e su l t s of Behr inger 

and of Schmidt. This indicated that the addition of the c i rcula t ion 

p a r a m e t e r s changed the two-phase flow mechan i sm cons iderably . 

In recent y e a r s , a number of studies have been pe r fo rmed on 

s t eam-wa te r and a i r -wa t e r sys t ems for p r e s s u r e ranges from 14.7 to 

2,000 psia in order to achieve a bet ter unders tanding of the inechanism 

involved in two-phase flow. The sl ip ra t io has been co r r e l a t ed to the 

inlet velocity, channel geometry , quality, void volume fraction, and 

other p a r a m e t e r s in an a t tempt to obtain a genera l ized co r re l a t ion . 

However, the void-volume fraction cor re la t ions of Mar t ine l l i r ema in 

as one of the few approaches that cons iders d i rec t ly the effect of the 

liquid v iscos i ty . Empi r i ca l co r r e l a t ions , based on theore t i ca l flow 

models and exper imenta l data have, for the mos t par t , included the 

effect of v iscosi ty of the liquid phase indirect ly or have neglected it 

completely. L i t e r a tu re surveys by Cook,*--̂  / Marcha te r r e , ^ ' and 

Galson,^ ' initiated during the course of var ious invest igat ions of the 



3 

subject, adequately cover the r e su l t s of these s tudies . A recen t ly 

completed study by M a r c h a t e r r e and Petr ick(13) from Argonne Nation­

al Labora tory , deals with the use of the technique of g a m m a - r a y 

attenuation for the m e a s u r e m e n t of void volume fract ions in s t e a m -

water mix tu res for p r e s s u r e s ranging f rom 150 to 2,000 ps i . The 

resu l t s indicate that the slip ra t io is p r i m a r i l y affected by the sys tem 

p r e s s u r e , mixture quality, c i rcu la t ion velocity ajid, to a s m a l l e r ex­

tent, by the chajinel geonaetry. 

Mart inel l i et al . pe r fo rmed an extensive s e r i e s of void volume 

fraction and p r e s s u r e - d r o p invest igat ions in two-phase , two-component 

flow using a i r and liquids such as benzene , ke rosene , wa te r , and SAE40 

oil (/irnax ~ ^60 cp) at p r e s s u r e s ranging f rom 15 to 52 ps i a . The tes ts 

resu l ted in the predict ion of the void volume fract ion and the two-phase 

s ta t ic p r e s s u r e drop, where the following p a r a m e t e r s were used to 

co r re la te the r e su l t s : 

4= (4?) /(%) (-) *g" U^/TPAAW, g 
, m ,,,? 

I , fl I IMT3 ^ 

C„ (NRe^)"" W' p^ 
g 

where the constants , C£, C„, m and n depend on whether the l iquid or 

the gas phage is flowing in a l amina r or turbulent s ta te . The develop­

ment of the Mart inel l i analys is is shown in Appendix A. 

Levy(^) verified the p a r a m e t e r s used by Mart inel l i et. al .̂ in a 

theore t ica l analysis based on an annular flow model . The r e s u l t s of 

this analysis a re compared to the pred ic t ions of Mar t ine l l i in fig­

u r e s 1.1 and 1.2. Deviations noted between the invest igat ions of 

Mart inel l i and of Levy are due p r i m a r i l y to the ideal ized na ture of the 

flow model used in Levy 's theore t i ca l ana lys i s , where in the a s s u m p ­

tions of equal shear s t r e s s and s teady conditions a r e made . 
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The Mart inel l i p a r a m e t e r s have been used by many inves t iga tors 

as a bas is for the compar i son of their void volume fract ion r e s u l t s . A 

l i t e ra tu re survey by Richardson^'^/ includes the r e s u l t s of these inves t i ­

gations and compares their exper imenta l data to the void volume f r a c ­

tion corre la t ion of Mart inel l i . The exper imenta l data general ly fall 

higher than predic ted by the Mart inel l i co r re l a t ion . Richardson has 

p resen ted a cor re la t ion compar ing the Mar t ine l l i predic t ions with his 

exper imental r esu l t s which were obtained for a i r - w a t e r mix tu res (see 

figure 1.3). Richardson ' s exper imenta l investigation a l so led to an 

empir ica l cor re la t ion of the slip ra t io as a function of quality: 

a =37x^/2 ^ (14) 

where O r ep re sen t s the slip ra t io and x the quality; this equation 

co r re l a t e s the data obtained from his exper imen t s to within ±30 p e r ­

cent. The cor re la t ion is for a quality range of 0.00073 to 0.054 and 

for a slip ra t io range from 0.56 to 9.2. 

Purpose and Scope 

An exper imenta l p r o g r a m was set up to evaluate the effect of 

the liquid phase v iscos i ty on slip r a t io . A forced c i rcula t ion , two-

phase , two-component sys tem operating at a tmospher ic p r e s s u r e and 

using a i r and g lycer ine-water ( i .e . , glycerol) mix tu re s was employed. 

The effect of the liquid phase viscosi ty on the p r e s s u r e drop was ob-

servedfc and the flow reg imes were a lso identified and studied. 

A combination of five qualit ies and five liquid flow ra t e s were 

exper imental ly investigated at severa l values of liquid v i scos i t i e s . 

The approximate range of the var iab les invest igated in the e x p e r i ­

mental p r o g r a m were as follows: 

Liquid Viscosity 0.75 to 500 cp 

Quality 0.005 to 0.0184 

Liquid Flow Rate 0.2 to 0.8 pound pe r second 

Air Flow Rate 0.001 to 0.015 pound p e r second 

Void Volume F rac t i on 0.34 to 0.78. 
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Figure 1.3 Proposed Void Frac t ion Corre la t ion for Horizontal Flow 
from Richardson. 

The void volume fraction and the approximate dis tr ibut ion of 

the two-phase mixture at a pa r t i cu la r c r o s s - s e c t i o n a l elemient of the 

tes t section was determined by the technique of g a m m a - r a y at tenua­

tion. A set of five v i scomete r s and a heat exchanger were used to 

measu re and control the viscosi ty of the liquid phase . 



CHAPTER II 
A GAMMA RADIATION TECHNIQUE FOR VOID MEASUREMENT 

The measu remen t of the void volume fraction in two-phase flow 

is n e c e s s a r y for the de terminat ion of the slip ra t io and mix tu re densi ty . 

Techniques based on mechanica l m e a n s , such as t rapping the nnixture 

with the use of quick-act ing va lves , were employed by Thomsen, ! 14) ^y 

T a y l o r , \ - ' / by Lockhart and Mar t ine l l i ,w) and by Johnson and Abou 

Sabe.'-'^6) This method yields an average void volume fraction based on 

the length of the section between the two va lves . 

The need for an accura te local de terminat ion of the void volume 

fraction has led to the use of the radiat ion technique. One method of 

analysis uses the difference between the g a m m a - r a y attenuation cha r ­

ac t e r i s t i c s in sys tems which contain liquid only, gas only, and the two-

phase mix tu re . The gamma radiat ion is emit ted from a Tm source 

encased in a lead cyl inder . The radiat ion p a s s e s through the tes t sec­

tion and is detected by a scint i l la t ion c ry s t a l which is optically coupled 

to a photomultiplier tube. The signal is then amplified and t r ansmi t t ed 

to a recording device. 

His tor ica l 

Cookv-*^ /̂ conducted exper iments to de te rmine the effectiveness 

of the g a m m a - r a y attenuation method. He checked the validity of the 

exponential theory upon which the method was based, and noted the i m ­

portance of co r r ec t alignment of the source , channel, and scinti l lation 

c rys t a l . Resul ts indicated the accu racy of the technique d e c r e a s e d for 

l a rge r channel spacings and inc reased when the source was placed fur­

ther from the channel. F i l t e r s were needed for low-energy sca t t e r 

from the Tm source to mainta in an exponential at tenuation, Mockup 

studies were performed with Lucite b locks , as shown in figure 2 .1 . 

The Lucite mockups were designed to s imulate p re fe ren t i a l void d i s t r i ­

but ions. Strong deviations from the actual void volume fract ions were 

noted in the exper imenta l ana lys i s . However, radiographic s tudies 

7 



PHOTO 
MULTIPLIER-

TUBE 

CHANNEL_ 
WALL 

J CASE 

V/ ^ 
X 8 

A V. 

THULIUM SOURCE 

I CASE 3 

1 

CASE 2 

1 F: 

J CASE 4 

I 
CASE R CASE C 

Figure 2.1 Configurations of Lucite 
Blocks (from. Cook). 



9 

indicated that very lit t le p re fe ren t ia l void dis t r ibut ion occu r r ed in the 

600-psi s t eam-wa te r mix ture which was located in the channel under 

considerat ion, A maximunn void volume fraction e r r o r of + 3,5 pe rcen t 

was found during the cal ibrat ion of the p r e s s u r e v e s s e l used in the in­

vest igat ion. This bore out the p r e m i s e of negligible p re fe ren t i a l void 

distr ibution in the tes t appa ra tus . 

Egen, Dingee and Chastainl-'-'/ conducted an exper imenta l p r o ­

gram in a rectangular channel under boiling heat flux conditions at 

2,000 ps ia . Void volume fract ions , void dis t r ibut ion, and void fo rma­

tion were studied. Homogeneous and separa ted flow models were used 

to r ep re sen t uniform and pre fe ren t ia l void d i s t r ibu t ions . Agreement 

between exper imenta l and theore t i ca l r e su l t s were good for the case of 

homogeneous flow. However, ag reemen t was poor for the separa ted 

flow model . This substantiated the r e su l t s obtained by Cook, 

Hooker and Popper(18) pe r fo rmed an e r r o r analys is on the 

physical components involved in the use of the g a m m a - r a y attenuation 

technique as based on theore t ica l and exper imenta l cons ide ra t ions . 

They noted the magnitude of the e r r o r s caused by: (a) the e lec t ron ics of 

the sys tem; (b) the methods of void volume fraction m e a s u r e m e n t : and 

(c) the uniform and preferent ia l void d i s t r ibu t ions . An absolute m a x i ­

mum e r r o r of approximately ±3 percen t was r epor t ed for uniform void 

d is t r ibu t ions . The e r r o r i nc reased as the void volume fraction de ­

c r e a s e d . Grea te r deviations for p re fe ren t i a l void dis t r ibut ions were 

noted. Exper imenta l invest igat ions confirmed e r r o r s of ±10 percen t at 

a void volume fraction of 0,24. At the lower contents of voids, the e r ­

r o r s inc reased rapidly. Based on these r e s u l t s , another technique for 

measur ing void volume fract ions was employed, whereby only a smal l 

increment of the t e s t section was surveyed by the radiat ion appara tus 

at any par t icu la r t i m e . The previous method at tempted to su rvey the 

complete tes t section at one t i m e . P r e l i m i n a r y t e s t s using this re f ine­

ment met with a considerable reduct ion in e r r o r . 
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The assumpt ion of exponential at tenuation in the theore t i ca l 

analysis was verified exper imenta l ly by two t e s t s in which l a y e r s of 

air and water , d i rec ted no rma l to the path of radiat ion, were employed. 

Improvements with r ega rd to the finer regulat ion of the high-voltage 

supply of the photomultiplier tube, cooling of the scint i l la t ion c r y s t a l to 

reduce t empe ra tu r e var ia t ion, and the use of a m o r e sensi t ive r e c o r d e r 

were suggested by Hooker and Popper . 

Recent s tudies in two-phase , two-component flow of a i r - w a t e r 

mix tu res were per formed by Petr ick(19) and by Richardson.1^) P e t r i c k 

investigated the two-phase flow phenomena in ve r t i ca l rec tangula r 

channels . Richardson invest igated the two-phase flow phenomena in 

horizontal rec tangular channels . Two flow models were proposed by 

both inves t iga to r s . A technique known as the " t ravers ing method" was 

developed to provide g rea t e r a ccu racy in the m e a s u r e m e n t of p r e f e r e n ­

t ia l void volume f rac t ions . 

Using the co r rec t ive m e a s u r e s suggested by Hooker and Popper 

and by Cook, an exponential decay was a s sumed : 

I = I o e - ^ . (2.1) 

where 

I = the intensity of the radia t ion at x (photons/cm sec) 

lo = the intensi ty of the beam at x = 0 (photons/cm sec) 

jU = the l inear absorpt ion coefficient (cm"^) 

X = absorbe r th ickness (cm) 

A flow model in which the vapor and the liquid phases a r e in p a r a l l e l 

l a y e r s , perpendicular to the incoming radia t ion, is desc r ibed by the 

following equation: 

°^=1 /T / T \ ' ^ ^ ' ^ 

ln(Iv/l^) 

where 

I = radiat ion intensi ty for two-phase flow in the channel 

1H = radiat ion intensi ty for all liquid flow in the channel 

ly = radiat ion intensi ty for all gas flow in the channel . 
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The second flow model consis ts of the vapor and liquid phases lying in 

para l le l l aye r s , pa ra l l e l to the incoming radiat ion, and is desc r ibed by 

the following equation: 
I - L 

a = — - f . (2.3) 

The der ivat ions of equations (2.2) and (2.3) may be found in ref­

e rences 2 or 14. Equation (2.2) was used in the calculation of the void 

volume fraction because of the tendency for this configuration to be 

predominant in the two-phase flow invest igat ion. 

A technique employed by Cook was known as the "one-shot" 

method. In this method, the shield on the scint i l la t ion c rys t a l contained 

an opening slightly l a rge r than the tes t sect ion, so that the incoming 

gamma rays froin the Tm °̂ source covered the complete ve r t i ca l width 

of the tes t section at one t ime . With the use of equation (2.2), t h r e e 

values taken when the channel was full of liquid, gas , and the two-phase 

mix tu re , served to de te rmine the void volume fract ion. 

In an a l ternat ive method for measu r ing the void volume fract ion, 

known as the " t ravers ing technique," a shield is employed with a n a r ­

row slit cut on i ts face. Therefore only a sma l l amount of the ve r t i ca l 

width of the tes t section was surveyed at one t i m e . In o rde r to obtain a 

complete t r ace of the channel, a continuous t r a c e was taken with the 

Tm^^" source together with the scint i l la t ion c r y s t a l , moving n o r m a l to 

the tes t section for i ts ent i re width. Continuous t r a c e s were obtained 

when the channel was full of liquid, gas , and the two-phase m i x t u r e . 

Point determinat ions of the void volume fract ion were made using 

equation (2.2), and the total void volume fract ion was computed by a 

weighting technique using S impsons ' ru l e . 

A compar ison of the one-shot method and the t r a v e r s i n g t ech­

nique was initiated during the exper imenta l s tudies of Pe t r i ck and of 

Richardson, with the use of void mockups . Lucite mockups, machined 

to s imulate actual flow conditions, were used . Some typical mockups 

used in these investigations a r e shown in figure 2.2 through figure 2.4. 
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Figure 2.2 Closeup View of Churn (Homogeneous) 
Flow Model (from Pet r ick) . 

F igure 2.3 Double Annular Flow 
Model (from Pet r ick) . 
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Figure 2.4 Local Boiling Flow Model (from Richardson). 



14 

Actual void volume fractions were de te rmined by physical m e a s u r e ­

ments and by weighing the Lucite b locks . The re su l t s obtained by 

Pe t r i ck and by Richardson a r e shown in table 2.1 and figure 2 .5 . The 

re su l t s indicate that: (a) the t r a v e r s i n g technique is m o r e accura t e than 

the one-shot method, especia l ly for p re fe ren t ia l void d i s t r ibu t ions ; 

(b) the e r r o r s in the void de te rmina t ions i nc rease for l a r g e r channel 

widths; and (c) the t r a v e r s i n g technique provides the inves t iga tor with 

an approximate determinat ion of the void dis t r ibut ion along the ve r t i ca l 

width of the channel . 

Table 2 .1 . Compar ison of Void F r a c t i o n s Obtained by T r a v e r s i n g 
and "One-shot" Techniques with Actual Void F rac t i on 
(from Pe t r i ck ) . 

Void F rac t i on Simulated Phase 
Distr ibution in 

Mockup 

Local Boiling 

Annular Flow 

Double Annular 

Parabol ic 

Parabol ic 

Annular Flow 

Local Boiling 

Churn Flow 

Lucite 
Mockup 

Width, in 

1 

1 

1 

1 

1/2 

lA 
1/2 

1/2 

T r a v e r s i n g "One-shot" Method Actual 

0.40 6 

0.164 

0.151 

0,286 

0,350 

0,589 

0.401 

0,420 

0.143 

0.324 

0,181 

0,322 

0.567 

0.741 

0,161 

0,419 

0.364 

0.203 

0.166 

0.267 

0.345 

0.606 

0,345 

0,415 

Mockup Study 

The void mockup blocks fabr icated by Pe t r i ck and by Richardson 

were used in the p resen t study for ca l ibra t ion p u r p o s e s . The method of 

cal ibrat ing the void volume fract ion was verif ied, and the e r r o r s due to 

the preferent ia l void d is t r ibut ions were noted. The r e su l t s of the mock-

up t e s t s a r e tabulated in table 2.2. G r e a t e r deviations (as in Cases 3 

and 4) were noted for the mockups that bore a c lose r physical s i m i l a r ­

ity to the inodel descr ibed by equation 2.3 than by Equation 2.2, 
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F i g u r e 2.5 C o m p a r i s o n of Void F r a c t i o n by 
Weight and by R a d i a t i o n A t t e n u ­
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T a b l e 2 .2 . R e s u l t s of Mockup Study 

Mockup Q- ct P e r c e n t a g e 
N u m b e r M e a s u r e d A c t u a l E r r o r 

1 0 .373 

0.406 

0 .178 

0.17 

0 .463 

0.495 

0.305 

0 .318 

0.410 

0 .418 

0.394 

0 .394 

0 .188 

0 .188 

0 ,564 

0.564 

0.345 

0 .345 

0 .415 

0 .415 

- 5.23 

+ 3.15 

- 5.1 

- 9.75 

-17 .9 

-12 .2 

- 1 1 . 6 

- 7.82 

- 1.2 

+ 0.722 



CHAPTER III 
EXPERIMENTAL EQUIPMENT AND MEASUREMENTS 

The exper imenta l invest igat ion was designed to study the effect 

of the l iquid-phase viscosi ty upon void volume fract ion and flow reg ime 

for a fixed set of inlet flow condit ions. The bas ic components of 

Richardson ' s exper imenta l appara tus w^ere ut i l ized. Modifications in 

the equipment were made to p e r m i t opera t ion at high values of liquid 

viscosi ty . 

The exper imenta l equipment is schemat ica l ly i l lus t ra ted in fig­

u re 3.1 and was bas ica l ly opera ted in the following manne r . Mixtures 

of glycerine and water were c i rcu la ted by means of an in ternal gear 

pump. Air was obtained from the 100-psi l abora to ry supply l ine. The 

flows of the liquid and of the a i r we re regulated by control valves and 

m e t e r e d by a set of o r i f ices . The two fluids were mixed together in a 

chamber located at the en t rance to the tes t section. The two-phase 

mixture flowed through a hor izonta l Lucite t es t sect ion and into the 

separa to r . During this t ime , the m e a s u r e m e n t of the void volume f r ac ­

tion was made by means of the penet ra t ion of b e a m s of gamma rad i a ­

tion through the Lucite tes t sect ion. The liquid then flowed into a 

s torage tank and back to the pump, and the a i r was d i scharged to the 

a tmosphere . The exper imenta l equipment is shown in figure 3.2. In 

the lower port ion of this f igure , looking from r ight to left, a r e the 

s torage tank, the internal gea r pump connected to it, the control valves , 

gauges, and mete r ing va lves . Along the center por t ion of this figure, 

from left to r ight, a r e the mixing tee which connects to the tes t section, 

the t r ave r s ing mechan i sm, and the d i scharge valve leading to the sep­

a r a t o r which is supported by the s torage tank. The stat ic p r e s s u r e 

l ines a r e located in the cen te r of the f igure above the tes t section. 

16 
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System Components 

Liquid System 

Viscosi ty. The viscosi ty of the g lyce r ine -wate r mix tu res 

depends on concentrat ion and t e m p e r a t u r e . Highly concentra ted glyc­

er ine was diluted with deminera l i zed water to obtain the d e s i r e d 

concentrat ion. Cooling coils instal led in the s torage tank, se rved to 

control the t empe ra tu r e of the mix tu re . 

A set of five Number 46460 Kimax Ostwald-type v i s com­

e te r s and a cons t an t - t empera tu re wa te r bath were employed for the 

measu remen t of the viscosi ty of the glycerol . The cons t an t - t empe ra tu r e 

water bath consis ted of two 100-watt h e a t e r s , a t he rmos ta t i c control 

c i rcui t , and an agi tator to main ta in a constant bath t e m p e r a t u r e . The 

apparatus is i l lus t ra ted in figure 3.3. No insulation was r equ i red on 

the glass container because the bath was held at room t e m p e r a t u r e , 

thus keeping the heat l o s se s to a min imum. 

The viscosi ty of a g lycerol mix ture was de te rmined by 

measur ing the amount of t ime it took for a m e a s u r e d quantity of the 

nnixture to move through the cap i l la ry of the v i scomete r when it was 

i m m e r s e d in the water bath. The method of de terminat ion is shown in 

Appendix C. The v i s come te r s were ca l ib ra ted according to the " s t e p -

down" procedure outlined in ASTM D445-53T.\^°) A ca l ibra t ion fluid 

was used to de termine the f i r s t v i s come te r constant . The remaining 

constants were de termined by using a value for the liquid v iscos i ty that 

had been evaluated by a v i s come te r with an overlapping v iscos i ty range 

Demineral ized water was obtained from the labora tory , and secondary 

oi ls , number A-7 , B-7 , and C-8 , w e r e obtained from the R e s e a r c h 

Department of Standard Oil of Indiana for use for the ca l ibra t ion of the 

v i s come te r s . During the exper imenta l r uns , the ca l ibra t ion constants 

were rechecked with the glycerol m i x t u r e s and were found to ag ree to 

within one pe rcen t of the or iginal ly de te rmined cons tants . The range 

of the v i scome te r s and the exper imenta l ly de te rmined constants a r e 
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Figure 3.3 Ostwald Viscometers and Constant - Tempera tu re 
Water Bath. 
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tabulated in table 3.1. The t ime was recorded with a stop watch 

cal ibrated to a tenth of a second. 

Table 3.1. Viscometer Constants* 

Viscometer Viscosi ty range , 
number (cp) 

50 0.7 - 3.2 0.00276 

100 3 - 2 2 0.0127 

200 20 - 80 0.0988 

300 50 - 200 0.248 

400 240 - 960 1.110 

*jU = b p t , 

where 

/i = Viscosity cent ipoises 
b = Viscometer Constant 
p = Density Ib^^/ft^ 
t - Time sec 

A heat exchanger w^as instal led in the liquid s torage tank in 

o rde r to control the t empera tu re of the g lycer ine -wate r mix tu re . The 

liquid was controlled to within 0.2° Centigrade for the t empe ra tu r e 

range from 15° to 28° Cent igrade. A thermocouple located near the 

inlet to the test section and a t h e r m o m e t e r placed in the separa to r 

provided t empera tu re m e a s u r e m e n t s a c r o s s the tes t section. Leeds and 

Northrup i ron-constantan wire was ca l ibra ted in posit ion and connected 

to a potent iometer to form the thermocouple c i rcui t . The t h e r m o m e t e r 

used was a Cenco centigrade type, number 500212, which was cert if ied 

to maintain a tolerance of l0 .1° Centigrade by the National Bureau of 

Standards for the range of t e m p e r a t u r e s investigated. This a r r angemen t 

provided for control of the t e m p e r a t u r e through the tes t section, which 

in turn provided for a means of regulat ing the viscosi ty of the liquid 

phase. Thermocouple connections a r e shown in figure 3.4. 
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Flow Rates . The glycerol mix ture was control led by a set 

of valves in pa ra l l e l , and m e t e r e d by a 0.5215-inch orif ice and two 

U-tube manomete r s in s e r i e s , as schemat ica l ly shown in figure 3 .1 . 

The orifice coefficient "K" was exper imenta l ly de te rmined for a 

Reynolds number range from 10 to 80,000 by means of a l a rge number 

of cal ibrat ion runs . These runs were made for a l a rge range in con­

centrat ion of the glycerol m ix tu r e s in o r d e r to obtain the r equ i r ed 

Reynolds number range . A s e r i e s of runs were made at a pa r t i cu l a r 

concentrat ion range and the bes t weighted curve was drawn through 

the data. The final curve , shown in figure 3.5, r e p r e s e n t s a synthesis 

of these curves over the r equ i red Reynolds number range . 

The resu l t s of another invest igat ion by Tuve and Sprenkle,!^-*-) 

which contains a summary of the r e s u l t s of a number of inves t iga to rs , 

a r e a lso p resen ted in figure 3.5 for the same range of Reynolds num­

b e r s . The viscosi ty of the water and glycerol mix tu re s was de te rmined 

by S h e e l y ' ^ H o within +0.02 pe rcen t for the range of concent ra t ions and 

t e m p e r a t u r e s corresponding to the p r e s e n t investigation, a s shown in 

figure C, 1 (in Appendix C). Exper imen ta l invest igat ions of the den­

si t ies of water and glycerol m ix tu r e s over a wide range of concen t ra ­

tions and t e m p e r a t u r e s has been de te rminedby a number of inves t iga to r s , 

and the r e su l t s of these invest igat ions a r e summar i zed in figure C.2 

(see Appendix C). The r e su l t s of these studies se rved to de te rmine the 

liquid flow r a t e s for var ious concent ra t ions and t e m p e r a t u r e s , so that 

the running conditions could be predic ted , as shown in Appendix C. 

In the viscosi ty range f rom that of water ( i .e . , 1 cp) to 

approximately 100 cp, a conventional U-tube m a n o m e t e r with indicating 

fluids of 1.95 and 13.65 specific gravi ty were used. In the h igher v i s ­

cosity range, from 100 cp to 500 cp, e r r o r s in the flow ra te m e a s u r e m e n t 

due to bubble ent ra inment and sluggish fluid movement in the Tygon 

l ines were noted. To el iminate these e r r o r s in the m e a s u r e m e n t of 

the flow r a t e s , the following s teps were taken. Clear Tygon tubing was 

connected in s e r i e s to the or i f ice taps to visually detect bubble 
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entrainment . Static p r e s s u r e readings were taken with the g lycer in-

water solution acting as the indicating fluid to reduce the s luggishness 

on the pa r t of the fluid. Equal a i r p r e s s u r e was mainta ined on the 

static l ines to control the height of the fluid within them. This p r o ­

cedure allowed for the accura te me te r ing of the flow r a t e , since it 

depended on the p r e s s u r e difference and not on the total head. The 

manomete r sys tem is shown in figure 3.4 and 3.6. 

An independent method of measur ing flow ra t e s was e m ­

ployed at the separa to r . It cons is ted of weighing the sepa ra ted liquid 

s t r eam before its r e tu rn to the s torage tank. This sys tem de te rmined 

the flow ra te s during the run and was used to check the flow ra t e s 

m e a s u r e d by the orif ice. The appara tus is shown in figure 3.2. 

Air System 

The a i r pa s sed from the 100-psi l abora to ry supply line into 

a set of f i l ters which removed impur i t i e s . The two or i f ices with d iam­

e t e r s of 0.961 and 0.2705 inch m e t e r e d the flow and were insta l led 

according to the method desc r ibed by Grace and Lapple.^'^-^/ A constant 

p r e s s u r e of 75 psig was mainta ined at the or i f ices by means of a 

Norgren a i r regula tor . Two m a n o m e t e r s containing fluids w^ith specific 

gravi t ies of 1.25 and 13.65, respec t ive ly , together with th ree regulat ing 

valves , both connected in pa ra l l e l , provided for the range and control 

in the measu remen t of the a i r flow r a t e s . The sys tem is a lso shown in 

the schematic figure 3.1. 

F lush-out System 

Daily void t r a v e r s e s were taken of the channel when it con­

tained a i r in o rde r to min imize the e r r o r s due to the drift in the r e ­

corder and the decay of the radioact ive source . After an exper imenta l 

run was completed, the glycerol mix tu re which r ema ined on the inner 

walls of the tes t section was r insed out with wa te r , and the channel was 

completely dried with a i r . During the flushing opera t ion, the tes t s e c ­

tion was isolated from the r e s t of the sys tem by m e a n s of valves located 
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Figure 3.6 Manometer System for the Measurement of 
the Gas and Liquid Flow Rates . 
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at the entrance and exit. This prevented the wate r f rom contaminating 

the glycerol mix ture . A set of valves provided for the introduction of 

water to the isolated channel at the en t rance , while another set of 

valves provided for drainage at the exit. Drainage valves were a lso 

installed on the Tygon lines leading to the p r e s s u r e board. After the 

tes t section and the Tygon l ines were r insed out, the channel was dr ied 

out with a i r . The concentrat ions of the glycerol mix tu res were m e a s ­

ured before and after the tes t sect ion was flushed out; no significant 

var ia t ions were apparent . The f lush-out sys tem is schemat ical ly shown 

in figure 3.7 through figure 3.9-

Test Section 

A rec tangular Lucite channel, ten feet long, with an outside 

c ro s s section of 1 x2 .5 inches and a wall th ickness of 0.25 inch was 

selected for the investigation. Metal flanges were clamped to the out­

side of the tes t section to se rve as a re inforcement during the expe r i ­

mental runs at the high liquid v i scos i t i e s and flow r a t e s . The location 

of the p r e s s u r e taps on the Lucite channel a r e shown in the schemat ic 

figure 3.10. 

P r e s s u r e System 

The p r e s s u r e sys tem provided an adequate means of m e a s ­

uring the total p r e s s u r e and the p r e s s u r e drop between the t a p s in the 

tes t section. It was composed of s t r ips of c l ea r Tygon tubing fastened 

to a ten-foot board in a ve r t i ca l di rect ion, level with the t e s t section, 

and connected to the bottom of the tes t section at var ious points along 

its length. A m e r c u r y U-tube manome te r was connected to both the top 

of the Tygon tubes by means of a manifold and p ieces of Tygon tubing, 

and to the 100-psi a i r supply line by nneans of a valve. The sys tem is 

i l lus t ra ted in figure 3.1 and schemat ica l ly shown in figure 3.10. 
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The height of the g lycerol mix tu re in the Tygon tubing indi­

cated the magnitude of the stat ic p r e s s u r e in the t e s t section. As the 

static p r e s s u r e in the tes t section inc reased , the height of the g lycerol 

column rose in the Tygon line propor t ionate ly . For l a rge values of 

static p r e s s u r e , enough back p r e s s u r e was maintained on the top of the 

glycerol columns, by adjusting the valve connected to the a i r - supp ly 

l ines , to keep their heights at a reasonable level . The m e r c u r y m a -

nometer measu red the magnitude of the back p r e s s u r e on the columns of 

glycerol . The difference in the heights of the columns of g lycerol in the 

Tygon l ines de termined the p r e s s u r e drop in the tes t section. The 

total p r e s s u r e exer ted by the fluids in the t e s t section was de te rmined 

by combining the readings from the m e r c u r y manomete r with the height 

of the glycerol column in the stat ic line at the pa r t i cu la r p r e s s u r e tap 

des i red . This method indicated the total p r e s s u r e in the tes t sect ion at 

each p r e s s u r e tap. The calculat ions in Appendix C indicate how the 

p r e s s u r e m e a s u r e m e n t s were used in the reduction of the data. 

Capil lary tubes were inse r t ed in the Tygon l ines , at the 

lower liquid v i scos i t i es , to reduce fluctuations due to p r e s s u r e v a r i a ­

tions during the exper imenta l runs . The capi l la ry tubes were removed 

for exper imental de terminat ions at the higher liquid v i scos i t i e s ( i .e . , 

100 to 500 cp), because the fluctuations were damped out by the viscous 

action of the fluid. 

Void-measur ing Equipment 

Richardson ' s t r a v e r s i n g equipment was employed for the 

measu remen t of the void volume f rac t ions . The equipment consis ted of 

a source and a detector , rigidly held together in a U-shaped f r ame , 

which was r a i sed or lowered by a sys tem of pulleys and cables,allowing 

for a t r a v e r s e to be taken of the tes t section. The equipment •was sup­

ported on four grooved fibre wheels which ro l led on r a i l s and allowed 

for the measu remen t of void volume fract ions at any spot along the t en-

foot channel. The sys tem is shown in figure 3.11. 
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Figure 3.11 Void Mockup Setup and Travers ing Mechanism. 
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The source, which is shown enclosed in the c i r cu la r shell 

which is supported by the U-shaped f rame in figure 3.11, was a Tm^^° 

pellet. This pellet provided the requ i red g a m m a - r a y emiss ion for the 

measurement of the void volume fraction. Tm^^° has a half-life of 

129 days with energy peaks at 0.053 and 0.084 Mev. The decay and 

energy schemes are depicted in figure 3.12. The pellet v/as encased 

in a 3.5-inch d iameter cyl inder , 6 inches in length which is shown in 

figure 3.13. A 0.25-inch lead fi l ter was placed over the end of the 

cylinder to el iminate nnost of the radiat ion of lower energy, so that the 

des i red exponential radiat ion could be emitted. 

A scintil lation c r y s t a l optically coupled to a photomult ipl ier 

tube and encased in an aluminum shield provided for the detection of 

the gamma radiation passing through the tes t section. The sys tem is 

shown in figure 3.14. To pro tec t the scinti l lat ion c rys t a l from picking 

up extraneous radiation, a lead shield was placed around the sys tem. A 

rectangular slot was cut on the face of the shield to provide for the 

emiss ion of the gamma radiat ion. A high-voltage supply was connected 

to the detection system and coupled to a l inear cu r r en t amplif ier for 

the monitoring of the signals produced by the incoming radiat ion. 

A Brown Recording Potent iomenter (Model S-1 53X-16-X-156) 

was used to r ecord the signals from the detection sys tem. The ampl i ­

fier, power supply, and r e c o r d e r a re shown in figure 3.15. 
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Figure 3.12 Energy Spectrum and Decay Scheme 
for Thulium-170. 
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Figure 3.13 Thulium-170 Source in Lead Cylinder. 

F igure 3.14 Scintillation Crys ta l Photomult ipl ier Tube Assembly. 
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Figure 3.15 Amplifier, Power Supply and Recorder . 



CHAPTER IV 
EXPERIMENTAL PROCEDURE 

Certain techniques were followed during the course of the ex­

per imenta l p r o g r a m to maintain uniform operat ing condit ions. The fol­

lowing descr ipt ion of a typical t e s t run i l l u s t r a t e s the method used 

throughout the exper imenta l p r o g r a m . 

Typical Test Run 

The r e c o r d e r was adjusted to the requ i red voltage and cur ren t 

sett ings for the day 's opera t ions , and set at the ze ro posit ion. After 

each t r a v e r s e , the positioning was rechecked to reduce drift. The al ign­

ment of the tes t section was checked with a hand level . The agi ta tor 

was turned on to c i rcula te the water in the bath. The t r a v e r s i n g equip­

ment was moved to the des i r ed posit ion along the length of the tes t s e c ­

tion. A t r a v e r s e in both ve r t i ca l d i rec t ions was taken of the tes t 

section containing a i r only. This t r a v e r s e was denoted as the "empty" 

and the t r a v e r s e taken when the t e s t section was completely filled with 

the liquid component was denoted as the "full" t r a v e r s e . Empty and 

full t r a v e r s e s were taken in both d i rec t ions so that the t e s t run t r a v ­

e r s e could be compared to them for the same d i rec t ion so as to e l imi ­

nate any e r r o r s due to the misa l ignment of the t r a v e r s i n g mechanism. 

A b a r o m e t e r reading was a l so taken, and the concentra t ion of the glyc­

erol mixture was de te rmined by measu r ing the v iscos i ty , in the 

cons tan t - t empera tu re wa te r bath, of a sample taken f rom the s torage 

tank. 

The glycerol mix ture was c i rcu la ted through the t e s t section 

while the full t r a v e r s e was taken. During this t ime , the manomete r 

corresponding to the des i r ed flow r a t e was selected, bled to remove 

any a i r entrained in the l ines , and set for the d e s i r e d flow r a t e . The 

flow r a t e was de termined by the p rocedu re desc r ibed in Appendix C. 

After equi l ibr ium conditions were attained, a gravi ta t ional flow ra te 

determinat ion was made and compared to the flow r a t e de te rmined 

34 
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from the manometer readings . The v iscos i ty of the liquid mix ture was 

regulated by controlling the t e m p e r a t u r e of the circulat ing g lycerol 

mixture . The des i r ed t e m p e r a t u r e was de te rmined from the concen­

trat ion m e a s u r e m e n t s , and the control valves on the heat exchanger 

were adjusted accordingly. The t e m p e r a t u r e and p r e s s u r e - d r o p r e a d ­

ings were recorded when the sys tem became s table . 

The valves regulat ing the a i r supply were opened at this t ime . 

Adjustments were made to maintain the de s i r ed 75-psig back p r e s s u r e 

on the orifice at the des i red flow r a t e of a i r . A soap-bubble check was 

made to detect any leaks in the a i r - m a n o m e t e r sys tem. The t e m p e r a ­

ture and liquid flow ra te s were readjus ted and a gravi ta t ional flow 

ra te determinat ion was made after the sy s t em was allowed to s tabi l ize . 

After al l the des i red conditions were es tabl ished, the tes t run t r a v e r s e 

was made. During this t ime, readings of the thermocouples at the inlet 

to the tes t section, the t he rmomete r in the s epa ra to r tank, the gas and 

liquid flow r a t e s , and the p r e s s u r e - d r o p readings for the tes t section 

were recorded. 

After the tes t runs w e r e completed for the day, the tes t section 

was closed off and flushed out with wate r . The hor izontal a l ignment of 

the tes t section was checked while s t i l l pa r t ly filled with wate r . The 

tes t section was then thoroughly flushed out and dr ied with a i r . The 

hea te r s in the water bath, the high-voltage supply, and the cu r r en t 

amplifier were left on to insu re s t eady-s t a t e conditions in these com­

ponents for operat ions the next day. 



CHAPTER V 
FLOW PATTERNS AND PHASE DISTRIBUTION 

Analytical and s e m i - e m p i r i c a l predic t ions connected with two-

phase flow a re based on idealized flow m o d e l s . It has been genera l ly 

accepted that the slippage between the gas and liquid phases va r i e s with 

the flow r e g i m e . Investigations by Baker(^4) ĝ d̂ by Bergel in and 

Gazelyl'^^''^") have been made to c o r r e l a t e the p r e s s u r e drop a s s o c i ­

ated with two-phase flow for pa r t i cu la r types of flow p a t t e r n s . The 

cur ren t investigation is concerned with the effect of the liquid v iscos i ty 

on the flow pa t te rn and phase d is t r ibut ion . Th is , in tu rn , s e r v e s as an 

aid in de termining the slip ra t io and the p r e s s u r e drop in the two-phase 

mix tu re . 

Histo r i ca l 

The flow of liquid and gas mix tu r e s in hor izonta l channels has 

been separa ted into the following ca tegor i e s by Alves .^^ ' ) They a r e 

repor ted in the i r o rde r of t r ans i t ion for a constant liquid flow r a t e and 

an increas ing gas flow r a t e . They a r e : 

^' Bubble Flow. The gas phase cons i s t s of bubbles which 

move slowly along the upper port ion of the liquid phase . 

2. Plug Flow. The bubbles combine to form gas pockets w^hich 

flow along the surface in long segments at s l ightly g rea t e r 

ve loc i t i es . 

^' Stratified Flow. The gas pockets or plugs combine to form 

a smooth interface between the tw ô p h a s e s . Gas r e m a i n s 

on top due to i ts bouyancy, 

4. Wavy Flow. The interface between the two phases becomes 

i r r e g u l a r , resul t ing in a wavy in ter face between the gas and 

the liquid phase . 

5. Slug Flow. The amplitude of the waves i n c r e a s e s resu l t ing 

in sealing of the tube so that s lugs of gas in te rmi t ten t ly 

race down the channel . 

36 
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6. Annular Flow. The gas phase becomes concentra ted in a 

rapid s t r e a m down the center of the channel with the liquid 

phase surrounding i t . Small bubbles of gas a r e usual ly en­

t ra ined in the liquid phase . 

7. Spray Flow. The gas envelops the outer liquid p e r i m e t e r 

and c a r r i e s it along as d i spe r sed d r o p l e t s . 
(28) 

B e r n e r t has suggested that s eve ra l of the repor ted flow pat­

t e rns may be considered as metas tab le r e g i m e s because the phase 

veloci t ies and void volume fract ions a r e not allowed to r each s teady-

state conditions. It is highly probable that the mos t stable flow pat­

t e rns a re r ep resen ted by the annular and s t ra t i f ied flow r e g i m e s . 
(3) 

Mart inel l i et a l . p resen ted a s e m i - e m p i r i c a l co r re la t ion for 

the two-phase p r e s s u r e drop based on an annular flow model . Visual 

studies were made of the flow pa t t e rns , although the effect of the v a r i ­

ation of the flow pat tern was not cons idered in their co r re l a t ion . How­

ever , the analysis was based on whether the individual liquid and gas 

phases were in a laminar or turbulent s t a t e . The r e su l t s of the flow 

pa t te rn survey indicated a genera l ag reemen t with the observa t ions of 

Alves . 

Bergel in and Gazely conducted v isua l flow studies and per formed 

an exper imenta l investigation p r i m a r i l y concerned with the s trat i f ied 

flow pa t t e rns . The r e su l t s of thei r v isual survey a r e shown in fig­

u re 5 .1 . A semi - theo re t i ca l analys is based on an ideal ized s t rat i f ied 

flow model served to adequately predic t thei r exper imenta l p r e s s u r e 

drop data. 

Invest igators have r epor t ed the r e su l t s of the i r v isua l flow 

studies in a var ie ty of ways . R icha rdson ' s r e po r t includes a survey of 

the var ious investigations in the field and thei r methods of co r re l a t ion . 

At the p resen t t ime the re is no genera l co r re l a t ion avai lable in 

the l i t e r a tu re that can adequately pred ic t flow pa t t e rn s for a wide v a r i ­

ety of conditions. Invest igators a r e in d i s ag reemen t as to the bound­

a r i e s of the var ious flow r e g i m e s and the types of flow p a t t e r n s . The 
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lack of agreement is mainly due to the following fac tors : (a) the v a r i a ­

tion in the geometry of the mixing tee and the tes t sect ions that were 

used in the var ious invest igat ions; (b) the h y s t e r e s i s effect which oc­

curs during the t rans i t ion between flow pa t t e rns ; (c) the thin film on 

the surface of the tes t sect ions which tend to obscure the flow configu­

rat ion during the visual su rveys ; and (d) the gradual change of the flow 

reg ime from one type to another . Although the t rans i t ion of the flow 

pa t te rns a r e depicted as l ines by the inves t iga tors such as shown in 

figure 5.1, the t rans i t ions a r e actual ly gradual changes . 

Exper imenta l Scope 

The effect of the v i scos i ty of the liquid phase on flow configura­

tions was investigated exper imenta l ly by means of photographs, a v i su ­

al flow regime study, and a phase dis t r ibut ion study. 

Photographs were taken of the r ep resen ta t ive flow pa t t e rns at a 

liquid viscosi ty of 500 cp. These p ic tu res were compared with R icha rd ­

son 's photographs of a i r - w a t e r m i x t u r e s . A visual flow r eg ime study 

was conducted in the 1x2 .5 - inch Luci te t es t sect ion at liquid v i s c o s ­

i t ies of 1, 20, 150, 250, and 500 cp. Constant liquid flow r a t e s w e r e 

maintained as the gas flow ra te was i n c r e a s e d . The g a m m a - r a y a t ten­

uation sys tem produced a continuous t r a c e of the void volume fract ion 

for any des i red location along the length of the tes t sect ion. Void vol­

ume fractions taken during the exper imenta l investigation provided an 

approximate dis tr ibut ion of the gas and liquid phases along the v e r t i ­

cal width of the tes t sect ion. Exper imenta l conditions were se lec ted 

so that the effects of liquid v iscos i ty , quality, and liquid flow r a t e on 

the phase distr ibution could be adequately evaluated. 

Resul t s 

Visual Ana lys i s -Pho tog raphs . Photographs of r ep re sen t a t i ve 

flow pat terns at a liquid v i scos i ty of 500 cp a r e shown in figure 5.2 

through figure 5.11 . They a r e p resen ted in the o r d e r of t r ans i t ion for 

a constant liquid flow ra te and an inc reas ing ra te of gas flow. The flow 
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Figure 5.2 Bubble Flow. (Viscosity 500 cp) 

\ 

Figure 5.3 Transi t ion from Bubble to Plug Flow. (Viscosity 500 cp) 
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I 
Figure 5.4 Plug Flow. (Viscosity 500 cp) 

Figure 5.5 Transi t ion from Plug to Stratified Flow. (Viscosity 500 cp) 
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Figure 5.6 Stratified Flow. (Viscosity 500 cp) 
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Figure 5.7 Wave Flow. (Viscosity 500 cp) 

\ 

Figure 5.8 Transi t ion from Wave to Slug Flow. (Viscosity 500 cp) 

Figure 5.9 Slug Flow. (Viscosity 500 cp) 

I 
Figure 5.10 Transi t ion from Slug to Stratified Annular Fro th 

Flow. (Viscosity 500 cp). 
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\ 

Figure 5.11 Stratified Annular Froth Flow. (Viscosity 500 cp) 
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pa t te rns for the lower r a t e s of gas flow a r e s imi l a r to those r epor t ed 

by Alves . However, the annular and s p r a y flow pa t t e rns a r e not p re sen t 

at the higher flow r a t e s . Instead, a flow pa t te rn designated as "St ra t i ­

fied Annular F r o t h " is p r e s e n t . It cons i s t s of a highly turbulent 

s t r eam of gaseous slugs of varying s i z e s . The liquid s t r e a m su r round­

ing the slugs appears to be a froth at the ve ry high r a t e s of gas flow. 

The gaseous slugs move in a random, j e r k y motion down the length of 

the channel . This effect was evident for a major i ty of the flow config­

urat ions encountered in the p r e sen t invest igat ion. It i nc reased in f r e ­

quency and intensity as the gas flow ra te and /o r liquid v iscos i ty 

inc reased . 

The effect of the liquid v iscos i ty on the flow pa t t e rn can be seen 

from a compar ison of the p ic tu res taken at 500 cp in the cu r r en t study 

and the p ic tures taken by Richardson for a i r - w a t e r m i x t u r e s . They a r e 

shown in figure 5.12 thru figure 5.15. A smoother interface is noted 

for mos t of the flow configurations at the higher liquid v i s c o s i t i e s . The 

a i r - w a t e r mix tu res exhibited a g r e a t e r amount of froth for the high air 

and liquid flow r a t e s as compared with the a i r - g l y c e r o l m i x t u r e s . The 

smoother interface between the two phases and the reduct ion in frothing 

at the higher liquid v i scos i t i es can be a t t r ibuted to the l aminar condi­

tion of the liquid phase in th is v i scos i ty region . 

F low-Regime Study. The r e su l t s of the flow reg ime study a r e 

presen ted in figure 5.16 through figure 5.20. It can be seen from 

these f igures that , as the liquid v i scos i ty i n c r e a s e s , the t r ans i t ion from 

one flow pa t te rn to another occu r s m o r e rapidly, and at higher gas flow 

r a t e s . However, the t r ans i t ion per iod between fully es tabl ished flow 

pa t te rns takes longer at the higher liquid v i s cos i t i e s . Therefore the 

bands between flow pa t t e rns , which a r e denoted by l ines in the f igures , 

widen as the liquid viscosi ty i n c r e a s e s . 

The flow reg ime invest igat ion covered the range of flow r a t e s 

encountered in the cu r ren t invest igat ion of slip r a t i o . R icha rdson ' s 
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Figure 5.12 Plug Flow Pa t t e rn for Ai r -Wate r Mixtures from Richardson. 

Figure 5.13 Wave Flow Pa t t e rn for Ai r -Wate r Mixtures from Richardson. 

Figure 5.14 Slug Flow Pa t t e rn for Ai r -Wate r Mixtures from Richard 
son. 

^^^M^^^lffr*''^!'J^^>'' 
••i>m^^-s^mmimi»ffmt¥«m»r, - r 'IMIMMI 

Figure 5.15 Annular Flow Pa t t e rn for Ai r -Wate r Mixtures from Richardson. 
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Figure 5.20 Flow Pa t t e rn Boundaries for a Liquid Viscosity of 
11 cp. (Water) 
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flow pa t te rn study for the s ame tes t sect ion was conducted for the same 

range of a i r flow ra te s but for higher water flow r a t e s . It is shown in 

figure 5.21. A compar ison of figure 5.20 and figure 5,21 r evea l s that 

the strat if ied and wavy flow r eg imes gradual ly d isappear as the liquid 

flow ra te is inc reased for the pa r t i cu la r chajinel geomet ry and d imen­

sions used in the cur ren t invest igat ion. 

Phase Distr ibution Study. The effect of the liquid v iscos i ty , 

quality, and liquid flow ra te on the phase dis t r ibut ion is quanti tat ively 

descr ibed by plots of the void volume fract ion v e r s u s channel width. 

The width is denoted as the ve r t i ca l d is tance from the lower to the 

upper surface of the inner port ion of the t e s t sect ion. The expe r imen­

tal values for the flow conditions a r e depicted as var ious "Run Num­

b e r s " and a re tabulated in table C . l . 

The effect of the liquid v i scos i ty on the phase dis t r ibut ion is 

shown in figure 5.22 through figure 5.27. Eleven equally spaced point 

values of the void volume fract ion a r e plotted along the ve r t i ca l w^idth 

of the tes t section in these f igu res . It can be seen from these f igures 

that: (a) as the liquid viscosi ty is d e c r e a s e d from 500 cp to 1 cp, the 

void volume fraction tends to envelop a g r ea t e r c r o s s - s e c t i o n a l a r e a 

of the channel; (b) as the gas and liquid flow ra t e s a r e inc reased (from 

Run 11 to Run 55), the void volume fract ion appears to "round out" to 

an approximate s emic i r cu l a r d is t r ibut ion along the width of the channel . 

The effect of the quality of the two-phase mix tu re on the total 

void volume fraction and phase dis t r ibut ion is shown in f igure 5.28 

through figure 5.32. It can be seen from these f igures that , for con­

stant liquid flow ra te s and increas ing quali t ies and a i r flow r a t e s ( i .e. , 

Runs 11, 15 and Runs 51, 55): (a) the total void volume fract ion at the 

higher liquid v iscos i t ies tends to i n c r e a s e ; and (b) the gas phase b e ­

comes m o r e concentrated in the cen te r of the tes t sec t ion . As the l iq­

uid viscosi ty d e c r e a s e s , the intensi ty of the effects noted at the higher 

v iscos i t ies d e c r e a s e s somewhat . 
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60 

Figure 5.21 Flow Pa t t e rn Bound­
a r i e s for A i r -Wate r 
Mixtures (from 
Richardson). 
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Figure 5.22 Cross - sec t iona l Distr ibution of Void Volume F rac ­
tion for Run 11 and Various Liquid Viscos i t ies . 
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Figure 5.23 Cross - sec t iona l Distr ibution of Void Volume Frac ­
tion for Run 22 and Various Liquid Viscos i t ies . 
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Figure 5.24 Cros s - sec t iona l Distr ibution of Void Volume Frac­
tion for Run 33 and Various Liquid Viscosi t ies . 
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Figure 5.25 Cros s - sec t iona l Distr ibution of Void Volume Frac­
tion for Run 33 and Various Liquid Viscos i t ies . 
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Figure 5.26 Cross - sec t iona l Distr ibution of Void Volume F r a c ­
tion for Run 44 and Various Liquid Viscos i t ies . 
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Figure 5.27 Cross - sec t iona l Distr ibution of Void Volume Frac­
tion for Run 55 and Various Liquid Viscos i t ies . 
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Figure 5.28 Cros s - sec t iona l Distribution of Void Volume Frac ­
tion for a Liquid Viscosi ty of 500 cp and Run 11, 
15, 51, 55. 
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Figure 5.29 Cross - sec t iona l Distribution of Void Volume Frac ­
tion for a Liquid Viscosi ty of 250 cp and Run 11, 
15, 51, 55. 
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Figure 5.30 Cross - sec t iona l Distr ibution of Void Volume F rac ­
tion for a Liquid Viscosity of 150 cp and Run 11, 
15, 51, 55. 
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Figure 5.31 Cross - sec t iona l Distr ibution of Void Volume Frac ­
tion for a Liquid Viscosity of 60 cp and 4.9 cp and 
Run 31, 35. 
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The effect of the liquid flow r a t e s on the total void volume f r a c ­

tion and phase dis t r ibut ion is also shown in figure 5.28 through fig­

u re 5.32. It can be seen in these f igures that , for constant qual i t ies and 

increas ing gas and liquid flow r a t e s ( i . e . . Runs 11, 51, and 15, 55), (a) 

the total void volume fraction at the higher liquid v i scos i t i es tends to 

r emain the s a m e ; and (b) the major por t ion of the gas phase shifts from 

the upper port ion of the tes t sect ion to the center and flattens out 

s l ightly. These effects a lso tend to d iminish as the v iscos i ty of the l iq­

uid phase d e c r e a s e s . 



CHAPTER VI 
SLIP RATIO AND VOID VOLUME FRACTION ANALYSIS 

Introduction 

The slip ra t io may be expressed by a m a s s balance of the liquid 

and gas phases for an adiabatic sys tem by the following equation: 

where 

O = the slip ra t io 

a = void volume fraction 

X = quality 

P£ _ density of the liquid component 
pa density of the gas component 

The derivat ion of equation 6.1 is shown in Appendix B. 

Equation 6.1 suggests a strong dependence of slip ra t io upon the 

void volume fraction for a pa r t i cu la r set of inlet flow conditions (i .e. , 

quality). The void volume fraction, in turn, is dependent on: the flow 

pat tern; the shear s t r e s s between the two components and between the 

walls of the channel; the v iscos i t ies of the liquid and gas phases ; and 

the sys tem p r e s s u r e and t e m p e r a t u r e . The interact ion of these com­

ponents within the two-phase sys tem is complex. Therefore the void 

volume fraction is difficult to co r r e l a t e for a wide range of flow pa t ­

t e rns and physical conditions. Mart inel l i has noted that the void vol­

ume fraction appears to be markedly affected by the viscosi ty of the 

liquid phase. However, no significant analysis of an exper imenta l na­

tu re is cur rent ly available in the l i t e ra tu re di rect ly concerning the ef­

fect of v iscosi ty of the liquid phase on the slip ra t io in two-phase flow. 

Therefore , the cu r ren t study has been initiated to invest igate this p rob ­

lem. Flow ra t e s and qualit ies a r e selected so that the effect of the 

liquid flow ra te on the slip ra t io for var ious liquid v iscos i t ies can also 

be exper imental ly evaluated. 

55 
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The effect of the liquid v i scos i ty on the sl ip ra t io is p resen ted in 

t e r m s of an empi r i ca l cor re la t ion and a compar i son with the Mar t ine l l i 

void volume fraction predic t ions . 

Test P r o g r a m 

The object of the p r o g r a m was to de te rmine the effects of the 

liquid viscosi ty, liquid flow r a t e s , and quality on the slip ra t io of two-

phase, two-component mix tu re s . The v iscos i ty of the liquid phase was 

var ied for a set of p rede te rmined flow conditions. Twenty-five liquid 

and gas flow r a t e s , consist ing of five values of qual i t ies and five values 

of liquid flow r a t e s , were se lec ted for the investigation, and they a r e 

tabulated in table C. l , The max imum gas and liquid flow ra t e s w^ere 

determined by the highest p r e s s u r e that the Lucite t es t section could 

withstand. The minimum a i r and liquid flow r a t e sett ings were d e t e r ­

mined by the lowest a i r and liquid flow r a t e set t ings that could be 

accura te ly measu red . 

The viscosi ty of the liquid phase was va r i ed in steps from 

0.75 cp to 500 cp. A total of 145 exper imenta l runs was made . Four 

sets of twenty-five runs (see table C.l) were made at liquid v i scos i t i es 

of 1.1, 150, 250, and 500 cp. Four se t s of five runs were made at a 

liquid flow ra te of 0.5 Ib jn /sec ( i .e . . Runs 31-35) and at liquid v i s c o s i ­

t ies of 2.8, 4.9, and 60 cp. An addit ional twenty-five runs , randomly 

selected over the range of liquid v i scos i t i e s , se rved as a check on the 

previous runs . Measuremen t s taken of the s tat ic and total p r e s s u r e , 

t empera tu re , flow ra te , and void volume fraction se rved a s a bas i s for 

calculating the sl ip ra t io , a s shown in Appendix C. All the exper imenta l 

determinat ions were made at i so the rma l conditions at p r e s s u r e s r a n g ­

ing from 14.8 to 18 psia. 

Resul ts 

Slip Ratio Corre la t ion. The r e s u l t s of the exper imenta l i nves ­

tigation indicated that the liquid v i scos i ty had a not iceable effect on the 

slip ra t io . At a liquid v iscos i ty of 1. 1 cp, the s l ip r a t io var ied from 
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1.5 to 4.5. For the same inlet flow r a t e conditions and at a liquid v i s ­

cosity of 500 cp, the slip ra t io var ied from 8.5 to 24.9-

The data were plotted on the bas i s of the slip ra t io v e r s u s the 

inlet flow conditions (i .e. , quality) which suggested an equation of the 

following form: 

a = aju^^x" , (6.2) 

where a, m, and n r e p r e s e n t empir ica l ly de te rmined constants . 

Two methods were applied to the data to de te rmine the con­

s tants . One method consis ted of obtaining the bes t curve that fit the 

data at each par t icu la r v iscos i ty satisfying the equation 

a - b x " . (6.3) 

A value of n = 0.77 was obtained by averaging the values of n 

obtained at each viscosi ty value. This value of n = 0.77 was then sub­

stituted into equation 6.3 and the values of b were de te rmined by ob­

taining the best fit of this equation at each viscos i ty . The values of b 

were then plotted against viscosi ty , as shown in figure 6.1. The fol­

lowing equation resu l ted in an adequate cor re la t ion . 

b = 80 12°-^ . (6.4) 

Equation 6.4 was then substi tuted into equation 6.3, giving the follow­

ing equation: 

= 80^°-^° x°-^^ (6.5) 

The data obtained in the exper imenta l investigation w e r e connipared 

with equation 6.5 in figure 6.2. An e r r o r ana lys is is p resen ted in 

figure 6.3, which indicates that over seventy five pe rcen t of the data 

can be predicted to within +10 percent by equation 6.5. 

Applying the method of leas t squares to the data obtained from 

the 145 exper imental runs , t he re resu l ted a second method for evaluat­

ing the constants in equation 6.2. The r e su l t s a r e indicated by the 

following equation. 

^ ^g ^0 .288 ^0-753 ( 6 ^ ) 

The data obtained in the exper imenta l investigation w e r e compared with 

predict ions from equation 6.3, as shown in figure 6.4. An e r r o r 
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Figure 6.1 Determinat ion of Viscosity T e r m for Slip Ratio 
0.77 

Corre la t ion , O = bx 

J I I I I I 

Figure 6.2 Proposed Slip Ratio Corre la t ion as a Function of 
the Liquid Viscosi ty and the Quality of the Two-
phase Mixture, a = 80 /i""^" x°-^''. 
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Figure 6.3 Comparison of Measured and Pred ic ted 
Slip Ratio, a = 80 /i°-^° x° -" . 
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Figure 6.4 Proposed Slip Ratio Corre la t ion as a 
Function of the Liquid Viscosity and 
the Quality of the Two-phase Mixture, 
a = 79 i-i"-^^^ x°-^". 
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analysis is p resen ted in figure 6.5, which indicates about the same 

accuracy as obtained by equation 6.5. A compar i son between figure 6.2 

and figure 6.4 indicates that equation 6.5 c o r r e l a t e s the viscosi ty pa­

r a m e t e r be t ter and therefore will be used in the follow^ing ana lys i s . 

It was noted in the preceding chapter that, throughout the liquid 

viscosi ty range investigated, when the quality was held constant and the 

liquid flow ra te s were var ied , the c r o s s - s e c t i o n a l dis t r ibut ion of the 

gas phase changed significantly while the total void volume fraction r e ­

mained fairly constant. This indicated that the re was no significant 

mass-f low ra te effect in the region invest igated. The r e su l t s of the 

slip ra t io investigation do not revea l any nnass-flow r a t e effect e i ther . 

R ichardson ' s s l ip - ra t io cor re la t ion , a = 37 x , p red ic t s values 

of slip rat io for a i r - w a t e r mix tu res which lie in the s ame region as the 

p resen t cor re la t ion pred ic t s for a i r - w a t e r m i x t u r e s . However, t he re 

is a difference in the exponent of the quality t e r m of the two c o r r e l a ­

t ions. The difference is p r i m a r i l y due to a combination of the following: 

(a) the omission of the liquid v iscos i ty effect in R icha rdson ' s c o r r e ­

lation; (b) the large amount of sca t te r in the lower liquid v iscos i ty 

regions in the cu r ren t study and in R icha rdson ' s data (approximately 

+30 percent) which served as a bas i s for the co r re l a t ions ; and (c) the 

l imited range of quali t ies invest igated in the cu r r en t study. 

Mart inel l i Void Corre la t ion . The effect of the liquid v iscos i ty 

is evident when the r e su l t s of the c u r r e n t exper imenta l investigation 

a r e compared with the Mar t ine l l i void co r re l a t ions , a s shown in fig­

u re 6.6 through figure 6.11. In the region of lower liquid v iscos i ty for 

a i r - w a t e r mix tu res , as shown in figure 6.6 and on the left side of fig­

u re 6.11, the data a r e slightly higher than would be predic ted by the 

Mart inel l i cor re la t ion . This t rend was noted by many other inves t iga­

to r s , as has been mentioned e a r l e r in Chapter I. However, as the 

viscosi ty of the liquid phase i n c r e a s e s , the deviations noted between 

the Mart inel l i void cor re la t ion and the cu r r en t exper imenta l data in­

c r e a s e , as shown in figure 6.6 through figure 6.11. The exper imenta l 



61 

100 

a 
tu 

< 
10 — 

I -< a: 

•^20% 

^ , 7 9 ^ 0 2 8 8 , 0 . 7 5 2 

VISCOSITY, 
centipoise 

O - I.I 
O- 2.8 
V - 4.9 
O - 20 
•A- 60 
$3 - 150 
A - 250 
Q - 500 

I I I I 

SLIP RATIO-MEASURED 

Figure 6.5 Comparison of Measured and Pred ic ted Slip Ratio, 
o = 7 9 M ° - ' ' ' X ° - " 3 . 



62 

iij 

_l 
O > 
9 0 2 
o 
> 

0.1 

WATER (l.lcp) 

O W^ 

D W^ 

o W^ 

V w 
' ^ 4 

A W. 

LOCKHART AND MARTINELLI 

J \ I I I I I 

Figure 6.6 Proposed Void Volume Frac t ion Corre la t ion for a Liquid 
Viscosity at 1.1 cp. (Water) 

10 

08 

0.6 — 

o 
< 

o > 
9 02 
o 

0 I 

t - ^ ^ ^ ^ ^ £ ^ > S ^ ftv 
— 2.8cp 1 ^ -

4,9cp 

Xvt -ic 60 cp 

Xvt O 20 cp 

Xvt V 4,9cp 

Xft O 4.9 cp 

Xft O 2.8cp 

1 1 1 

20cp Z ^ ^ . , . ^ ^ 
60cp ^ 

1 1 1 1 1 1 

* « 

1 1 1 

\ 

"v 

II IIN 1 1 
10 100 
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Figure 6.8 Proposed Void Volume Frac t ion Corre la t ion for a Liquid 
Viscosity of 150 cp. 

F igure 6.9 Proposed Void Volunne Cor re la t ion for a Liquid Viscosi ty 
of 250 cp. 



64 

lij 

s 
_l 
O > 
9 0.2 
o 
> 

0.1 

O W/ 

v w , 

A W. 

REPRODUCIBILITY RUNS 
Q W/t 

^ 4 
S3W^^ 

LOCKHART AND MARTINELLI 

10 100 

Figure 6.10 Proposed Void Volunne Frac t ion Corre la t ion for a Liquid 
Viscosity of 500 cp. 
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p r o g r a m was originally set up for a fixed set of qual i t ies and liquid 

flow r a t e s , which were to be va r i ed over a la rge range of liquid v i s ­

cos i t ies . Therefore , the deviations noted p resen t ly a r e p r i m a r i l y due 

to the inc rease in the v iscos i ty of the liquid phase. These void devia­

tions a r e noted to occur in the region where the slip r a t io i n c r e a s e s 

considerably. 

The r e su l t s of the exper imenta l p r o g r a m can be co r r e l a t ed in 

t e r m s of the Mart inel l i void p a r a m e t e r s by a single curve drawn 

through the data points, as shown in figure 6.11. However, a c loser 

investigation indicates that the sl ip ra t io cor re la t ion a = 80 fx -^^x '̂ ^ 

can r e p r e s e n t the data m o r e accura t e ly at each v i scos i ty level, as 

shown by the solid lines in figure 6.6 through figure 6.11 which do not 

interconnect , as shown in figure 6.12. The slip ra t io can a lso be 

de termined at any des i red liquid v i scos i ty level from the void c o r r e l a ­

tion presen ted in figure 6.12 by using it together with equation 6.1 and 

a given set of flow conditions for the liquid and gas connponents. 

The r e su l t s of the p re sen t void study indicate that the Mart inel l i 

void cor re la t ion is l imited to the region of lower liquid v iscos i ty . How­

ever, further investigation is r equ i r ed at a higher quali ty range and for 

values of liquid v iscos i t ies s imi l i a r to the cu r r en t study in o rde r to 

confirm the deviations noted in the p resen t invest igation. 

Discussion of Resu l t s . A not iceable effect of the liquid v iscos i ty 

on the slip ra t io is evident from the data, although the r ea sons for this 

effect a r e not readi ly apparent . However, it can be seen from equa­

tion 6.1, that the void volume fraction is an impor tant p a r a m e t e r in the 

determinat ion of the sl ip ra t io . The p re sen t study indicates that this 

p a r a m e t e r is s trongly affected by a change in the v i scos i ty of the liquid 

phase. Therefore , a c loser examination of the void volume fraction 

revea l s a possible explanation of the m e c h a n i s m respons ib le for the 

effect of liquid v iscos i ty on the sl ip r a t io . 

It has been noted from the void dis t r ibut ion graphs in Chapter V, 

that, as the liquid v iscos i ty i nc r ea sed for a fixed set of flow conditions. 
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the gas phase tended to concentra te in the center of the tes t section 

while the major portion of the liquid phase r ema ined along the side 

walls of the t e s t section. This t r end is depicted in figure 5.22 through 

figure 5,27. The shear s t r e s s between the walls of the t e s t section 

and the g lycerol mixture i nc reased as the v i scos i ty of the liquid phase 

was increased from 1.1 cp to 500 cp. This se rved to r e t a r d the flow of 

the liquid phase . Since the amount of liquid enter ing the tes t section 

per unit t ime remained the same , the c r o s s - s e c t i o n a l a r e a that the 

glycerol mix ture occupied inc reased , as noted from a considerat ion of 

the continuity equation W = VAp, where W is the flow ra te , V is the 

velocity, A is the a rea , and p is the densi ty of the incompress ib le 

liquid phase. The compress ib l e gas phase was then forced into a 

smal le r a rea , which se rved to i nc rease the veloci ty considerably. The 

net r e su l t was a la rge i n c r e a s e in the ra t io of the veloci ty of the gas 

phase to that of the liquid phase, i .e . , of the slip ra t io . 



CHAPTER VII 
TWO-PHASE PRESSURE DROP STUDY 

Introduction 

The effect of the v iscos i ty of the liquid phase on the p r e s s u r e 

drop was de te rmined for a i r - g l y c e r o l m ix tu r e s flowing together . The 

data were co r re l a t ed in t e r m s of the Mar t ine l l i p a r a m e t e r s and then 

compared to the r e su l t s of Lockhar t and Martinelli ,^^' ' and of 

Richardson.V*^/ The cu r r en t investigation was conducted in conjunction 

with the study of slip rat io in o rde r to provide a m o r e complete e x p e r i ­

menta l pic ture of the effect of the v iscos i ty of the liquid phase in two-

phase , two-component flow. 

His tor ica l 

Lockhar t and Mar t ine l l i p r e s e n t e d a co r r e l a t i on for two-phase 

p r e s s u r e drop using the assumpt ions and equations outlined in Appen­

dix A, together with equation 1.1 and equation 1.2. The t e s t s were con­

ducted in hor izontal channels at a tmospher i c p r e s s u r e and room 

t e m p e r a t u r e , using a i r and a var ie ty of hydrocarbons and water . Levy ' s 

theoret ica l analys is also verif ied the p a r a m e t e r s se lec ted by Mart inel l i , 

as shown in figure 1.1. 

Subsequent studies have for the mos t p a r t modified and extended 

the Mart inel l i co r re la t ions so as to include a wider range of p r e s s u r e s 

( i .e . , other than a tmospher ic ) and flow p a t t e r n s , for both single and 

two-component flow. Other "F r i c t ion -Fac to r " methods have been p r e ­

sented by Bergel in and Gazely '^^/ for s t ra t i f ied flow pa t t e rn s , and by 

Schneider et al.S °' for steady flows ( i .e . , excluding slug and s t ra t i f ied 

flow reg imes) . These invest igat ions and o the r s in th is a r e a have been 

summar ized and evaluated in l i t e r a t u r e surveys by Isben,^-^ ' by 

Masnovi,^^^^ and by Bennett.(^^) 

Richardson conducted a p r e s s u r e - d r o p study during his inves t i ­

gation of a i r - w a t e r mix tu re s in hor izonta l channels . His data were 

p resen ted in t e r m s of the Mar t ine l l i p r e s s u r e - d r o p p a r a m e t e r s and 
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were compared with the r e su l t s of the co r re la t ion of Lockhar t and 

Mart inel l i , as shown in figure 7 .1 . The r e su l t s covered a quality 

range from 0.000246 to 0.0552 and a liquid flow r a t e range f rom 

0.302 pound per second to 2.65 pounds pe r second. R icha rdson ' s data 

agreed fair ly well with the Lockhar t and Mar t ine l l i co r re l a t ion , as 

noted from figure 7 .1 , although the data appeared to be slightly higher 

than the corre la t ion . 

Exper imenta l Investigation and Resul ts 

Two-phase p r e s s u r e - d r o p m e a s u r e m e n t s were taken for the 

same range of liquid v i scos i t i e s and flow r a t e s as cons idered in the 

study of slip ra t io . S ingle-phase liquid p r e s s u r e - d r o p m e a s u r e m e n t s 

were also taken, resul t ing in the f r ic t ion-factor plots for the l aminar 

and turbulent region, as shown in figure 7.2 and figure 7.3. Values of 

Cg, Cj, m, and n were de te rmined from the f r ic t ion-factor p lo ts . These 

values were used for the calculat ion of the Mar t ine l l i p a r a m e t e r con­

stants in X.̂ .̂ and Xtf which a r e shown in Appendix A. The resu l t ing 

equations were 

Xt. - - (%e J " - (^j(£) (^) <'•'' 
and 

g' ^^g 

"̂ - (^)'-" {^r (̂ ) <-' • t t 

The data obtained f rom the exper imenta l study have been ca lcu­

lated by means of equations 1.1, 1.2, 7 .1 , and 7.2, and the r e s u l t s a r e 

tabulated in Appendix D. The r e s u l t s a r e also shown in graphica l form 

in figure 7.4 through 7.9. 

Based on the Mar t ine l l i l amina r - tu rbu l en t flow boundar ies as 

outlined in Appendix A, the l iquid-phase component of the two-phase 

mix ture with liquid v i scos i t i e s of 2.8 cp and 4.9 cp lie in the t r ans i t ion 

region. All the flow ra t e s with liquid v i scos i t i e s g r e a t e r than these 

values lie in the laminar region, w h e r e a s all the flow r a t e s with liquid 
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viscosi t ies lower than these values lie in the turbulent region. In fig­

ure 7.4 through figure 7.9, the solid line denotes the region where the 

Xii p a r ame te r applies and the dotted line denotes the region where the 

Xyt p a r a m e t e r applies . In the region of lower liquid viscosi ty , the two 

phases a r e both in a turbulent state ( i .e . , forjU = 1.1 cp and 0.75 cp) and 

the Mart inel l i predict ion c o r r e l a t e s the data of the cu r ren t invest iga­

tion reasonably well. As the liquid viscosi ty is increased, the liquid 

phase moves into the t rans i t ion region between the turbulent and the 

laminar s ta tes , and the data fall midway between the solid and dotted 

l ines . Therefore , the data in this region also agree reasonably well 

with the Mart inel l i predict ion. However, in the regions of higher liquid 

viscosi ty, (i .e. , fi = 150 cp to 500 cp), the data fall approximately 1 5 p e r ­

cent lower than predicted by the Mart inel l i cor re la t ion . This deviation 

can ei ther be at tr ibuted to the higher liquid viscosi ty or to the geometry 

of the tes t section. Since the tes t section is rectangular , the "hydraulic 

rad ius" concept was used to evaluate the d iamete r in the p a r a m e t e r 

Xyi when the liquid was in a laminar s tate . Vennardv33j notes that 

e r r o r s may be introduced by using the hydraul ic radius method for the 

determinat ion of the equivalent d iamete r in the l aminar region. He 

points out that the friction forces act throughout the fluid in l aminar 

flow, as opposed to turbulent flow, where these friction forces act 

p r imar i ly in the region close to the boundar ies of the fluid and the con­

tainer . The magnitude of this e r r o r cannot be accura te ly de termined 

from the p resen t investigation. F u r t h e r studies in c i r cu la r channels at 

liquid v iscos i t ies of 500 cp a r e needed to de termine the effect of the 

use of the hydraulic radius concept for the calculation of the d iameter 

on the Mart inel l i cor re la t ion . 

No significant effect of flow ra te was noted in the region where 

the gas was in a turbulent state and the liquid was in a laminar s ta te , 

as shown in figure 7.6 through figure 7.8. However, a slight effect of 

liquid flow rate was noted in the region where the gas and liquid were 
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both in a turbulent s ta te , as shown in figure 7.4. Nonetheless , no posi­

tive conclusions could be reached because of the smal l amount of data 

taken in this region. 



CHAPTER VIII 
RESULTS AND CONCLUSIONS 

The effect of the liquid v iscos i ty on the s l ip ra t io , flow r eg ime , 

flow distr ibut ion, and p r e s s u r e drop on two-phase , two-component m i x ­

tu re s has been exper imenta l ly invest igated. The following is a brief 

s u m m a r y of the r e su l t s obtained from this study and the conclusions 

that were der ived from the r e s u l t s . 

Resul ts 

Flow P a t t e r n s and Phase Dis t r ibut ion 

Visual Analysis Pho tographs . A compar i son of the photo­

graphs taken for two-phase gas- l iquid m i x t u r e s at a liquid v i scos i ty of 

500 cp and of 1 cp revealed that the in ter faces between the two phases 

and the tes t sect ion walls tended to smooth out cons iderably as the v i s ­

cosity of the liquid phase was i n c r e a s e d . This was due mainly to the 

change of liquid phase f rom a turbulent to a l amina r s t a t e . 

Flow Regime Study. The o c c u r r e n c e of the var ious types 

of flow pat te rns was graphical ly depicted by plotting the gas flow r a t e 

v e r s u s the liquid flow ra te for a liquid v i scos i ty range f rom 1 cp to 500 cp. 

The re su l t s of these plots followed the genera l t r end of the r e su l t s pb-

tained by Richardsonfor a i r - w a t e r m ix tu r e s at higher r a t e s of liquid flow. 

As the liquid v iscos i ty inc reased , the t r ans i t ion f rom one flow pa t te rn 

to another occu r r ed m o r e rapidly, and at h igher r a t e s of gas flow. 

P h a s e Dis t r ibut ion Study. The change in the void volume 

fraction for the two-phase mix ture was graphica l ly p resen ted for v a r y ­

ing liquid v i scos i t i e s , liquid flow r a t e s , and qua l i t i e s . The r e su l t s in ­

dicated that the total void volume f rac t ion : (1) i n c r e a s e d as the liquid 

v iscos i ty dec reased ; (2) remained the s ame for vary ing gas and liquid 

flow ra t e s at constant qual i t ies ; and (3) i nc reased for inc reas ing qual ­

i t ies and gas flow r a t e s at constant liquid flow r a t e s . The gas phase 

tended to concentra te m o r e towards the cen te r of the channel as the gas 

and liquid flow r a t e s were i nc r ea sed . 
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Slip Ratio and Void Volume F rac t ion Analysis 

Slip Ratio Cor re la t ion . A cor re la t ion was de te rmined 

from the data of the exper imenta l study. The resu l t ing equation, 

a = 80jLt '30^0,77^ co r re l a t ed seventy-f ive percent of the data to within 

l l O percen t . No flow pa t t e rn or m a s s flow ra te effects were evident 

in the data obtained from the exper imenta l study. 

Martinell i Void Cor re la t ion . The exper imenta l data indi­

cated that slightly higher values of void volume fract ions w^ere obtained 

than were predicted by the Mart inel l i void co r re l a t ion in the region of 

lower liquid viscosi ty ( i .e . , wa te r ) . The deviation i nc reased as the l iq­

uid viscosi ty was ra i sed to 500 cp, which indicated a la rge effect due to 

liquid viscosi ty in this region. No m a s s flow or flow pa t t e rn effect was 

apparent over the ent i re range of the exper imenta l study. The r e su l t s 

of the exper imenta l p r o g r a m could be co r r e l a t ed by a single line drawn 

through the data. However, a m o r e accura te co r re la t ion involved indi­

vidual curves drawn through the data in each liquid v iscos i ty range , 

which corresponded to the empi r i ca l s l i p - r a t io co r re l a t ion a = SOjii • x ' ' 

Two-phase P r e s s u r e Drop Study. The Lockhart and Mar t i ­

nell i p r e s s u r e - d r o p cor re la t ion agreed reasonab ly well with the data 

obtained from a i r - w a t e r mix tu re s at liquid v i scos i t i e s of 0.75 cp and 

1.1 cp, and for the t rans i t ion region where the liquid phase changed 

from a turbulent to a l amina r s t a te , at liquid v i scos i t i es of 2,8 cp and 

4.9 cp. However, as the liquid v iscos i ty i nc reased to 500 cp, the data 

from the cu r ren t study fell to about 15 percent below the pred ic ted 

curve of Lockhart and Mar t ine l l i . A slight effect of liquid flow ra te 

was noted in the data for a i r - w a t e r m i x t u r e s . No flow^ pa t t e rn effect 

was noted throughout the range of the exper imenta l study. 

Conclusions 

The following conclusions can be drawn from the r e su l t s of the 

exper imenta l investigation: 



78 

(1) The viscosi ty of the liquid phase is an impor tant p a r a m e t e r 

in the determinat ion of the s l ip ra t io or the void-volume fract ion in 

two-phase , two-component flow. 

(2) Richardson ' s rev is ion of the Mar t ine l l i void co r r e l a t i on is 

valid for a i r - w a t e r mix tures only. Deviations from this co r r e l a t i on 

may be expected to inc rease as the liquid v iscos i ty is r a i sed above this 

level . The Lockhart and Mart ine l l i p r e s s u r e - d r o p co r r e l a t i on is ade ­

quate for a liquid viscosi ty range from water ( i .e . , 1,1 cp) to at l eas t 

150 cp, 

(3) The use of the t r a v e r s i n g technique with the g a m m a - r a y at­

tenuation sys tem provides a valuable means of obtaining the magnitude 

of the void volume fraction and the dis t r ibut ion of the two phases at any 

des i red c ro s s section along the length of the tes t sect ion. 

(4) The s l ip - ra t io and p r e s s u r e - d r o p re su l t s do not indicate any 

considerable var ia t ion due to changes in flow pa t te rn or liquid flow 

ra te s for the range of flow conditions and liquid v i scos i t i es encountered 

in the p re sen t invest igation. 

A further study of the cu r r en t p rob lem for the s ame liquid v i s ­

cosity range in c i r cu la r channels at higher p r e s s u r e s and liquid flow 

ra te s would be useful in providing a m o r e comprehens ive evaluation of 

the effect of the l iquid-phase v iscos i ty in two-phase flow. It is hoped 

that the cu r ren t investigation will act as a guide for the formulat ion of 

physical flow models for use in future theore t i ca l inves t iga t ions . 



APPENDIX A 
MARTINELLI CORRELATIONS 

Mart inel l i et al.,^^'^' ' proposed a set of empi r ica l cor re la t ions 

which were based on the following postula tes for two-phase , two-

component sy s t ems : (a) the static p r e s s u r e drop per unit length of the 

liquid phase is equal to the static two-phase p r e s s u r e drop per unit 

length of the gas phase when they a r e flowing concurrent ly in the chan­

nel; (b) the volume of the gas phase plus the volume of the liquid phase 

at any instant is equal to the total volume of the channel. 

Although the second postulate l imi ted the analysis to annular 

flow, the cor re la t ions have been applied to a var ie ty of flow pa t te rns 

with a reasonable degree of success . 

Void volume fraction and p r e s s u r e drop -were co r r e l a t ed on the 

bas is of a paranneter which is defined as follows: 

,2 I A P \ /f AP 
'<̂  = i f i ] A ^ 4 • f̂ -" 
Using the Fanning equation for the liquid and gas phases . 

and 

Ai ;^ 2 g De 2g Dep^ A ^ 

^H /g 2 g De 2 g De Pg K\ 

(A.2) 

(A.3) 

a r e obtained, in which the fr ict ion fac tors defined by the Blas ius equa­

tion a r e 

and 

^g 
^p ~ -NT m • (-A-5) 

'g NRef" 

The constants Gp C„, m, and n depend on whether the liquid or gas 

phase flowing concurrent ly in the channel is in a turbulent or l amina r 
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state . The t ransi t ion region is a r b i t r a r i l y defined at a Reynold's num­

ber between 1000 and 2000 and is de termined by assuming each fluid to 

flow separate ly in the channel. 

Therefore , the general ized form of the p a r a m e t e r X is 

Cg ( N R e i f (Wg)^ Pt • 

For tt flow (i.e. , liquid turbulent, gas turbulent , and C^= Cg, m = n), 

2-m / ,, . \ m 

Wc X \ t - [IM 1 ^ 1 l - ^ l . (A.7) 
g' ^'^g' ^ i 

and for vt flow (i.e. , liquid v iscous , gas turbulent , and also assuming 

The values of C^, Cg na, and n a r e determined by plotting the friction 

factor ve r sus the Reynolds number for a number of s ingle-phase fluid 

flow runs in the des i red tes t section. 

The static two-phase p r e s s u r e - d r o p r e su l t s a r e cor re la ted in 

t e r m s of the following p a r a m e t e r s : 

0 | Wi .M). 
and 

where 

AP\ AAEN 
*g= \Tl)^J^) • <^"' 

f Ap' 
VA^ 

T P / \ " ^ / g 

= two-phase frictional p r e s s u r e - d r o p gradient 
TP 

AP\ 
T'f] = s ingle-phase , frictional p r e s s u r e - d r o p gradient of 

8 the gaseous phase flowing alone in the channel. 

( ——J = s ingle-phase , frictional p r e s s u r e - d r o p gradient of 
-̂  the liquid phase flowing alone in the channel. 



APPENDIX B 
DERIVATION OF THE SLIP RATIO EQUATION 

Applying the continuity equations to the gas and liquid phases 

flowing simultaneously in a channel , we obtain the following equat ions : 

Wg = ^ g ^ g ^ g ( ^ 1 ) 

and 

Wi = V̂  A^p^ (B.2) 

where W^ and W^ a r e the m a s s flow r a t e s of the gas and liquid phases , 

Ag and Ag a r e the c r o s s - s e c t i o n a l a r e a s that each phase occupies in 

the channel, and Pg and Pn a r e the dens i t ies of the gas and liquid phases. 

The void volume fract ion for the gas and liquid phases may be 

defined by the following equat ions: 

a = Ag/AT (B.3) 

and 

1 - a = A ^ / A T , (B.4) 

where A-j- is the total c r o s s - s e c t i o n a l a r e a of the channel . 

Substituting (B.3) and (B.4) into (B.l) and (B.2), and dividing 

(B.l) by ( B . 2 ) , the following equation is obtained: 

^ g ' ' ^ g ^ / X 
—M - B _ S ( 3 5) W^ (1 - a ) Vg Pi 

The quality of the gas and liquid phase may be defined by the 

following equations: 

X = Wg/WT (B.6) 

and 

l - x - W ^ / W T . (B.7) 

where W-p is the total flow ra te of the gas and liquid phase s . 

Substitution of (B.6) and (B.7) into (B.5) and r e a r r a n g e m e n t 

gives the following equation: 
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V g ^ X 1 - g Pg_ 
V^ " 1 - X a Pg (B.8) 

Definition of 0 as 

a - V g / v ^ (B.9) 

and substitution of (B.9) in (B.8) gives the following equation: 

^=^IZ^P^. , (B.IO) 
1 - X a Pg 

which is the slip ratio equation corresponding to equation 6.1. 



A P P E N D I X C 
S A M P L E C A L C U L A T I O N S 

A s a m p l e c a l c u l a t i o n b a s e d on a t y p i c a l t e s t r u n s e l e c t e d f r o m 

tab le C. l is u s e d in the fol lowing c o m p u t a t i o n . The da ta and the r e ­

su l t s c o m p i l e d f r o m t h e s e c a l c u l a t i o n s a r e shown a t the end of t h i s 

s e c t i o n in t ab l e C.2 . 

Tab le C . l . Inlet F low Cond i t i ons for E x p e r i m e n t a l P r o g r a m 

Liquid flow 
r a t e , 

I b m / s e c 

Wi^ 

0.2 

W ^ 2 

0.35 

W ^ 3 

0.50 

W ^ 4 

0.65 

Wi3 

0.80 

X i = 

0.00497 

< n 
0.001 

Wgzi 
0.00175 

Wg31 

0.0025 

Wg41 

0.00325 

^ g s i 

0.004 

X2 = 

0.00833 

g l2 

0.00168 

Wg2a 

0.00294 

Wg3a 

0.0042 

Wg4a 

0.00546 

^ g 5 2 

0.00672 

Q u a l i t y 

X 3 -
0.01169 

W g l 3 

0.00237 

^ g Z 3 

0.00414 

Wg33 

0.00592 

Wg43 

0.0077 

^ g 5 3 

0.00948 

X,= 
0.01505 

Wgl4 

0.00306 

Wg24 

0.00535 

Wg34 

0.00764 

Wg44 

0.00994 

^ g 5 4 

0.0122 

X5 = 

0.0184 

W g i s 

0.00375 

Wg35 

0.00656 

Wg35 

0.00938 

Wg45 

0.0122 

Wg55 

0.015 

*Wg - gas flow r a t e in Ibj-n/sec 

Se lec t ion of E x p e r i m e n t a l Cond i t i ons 

Twen ty - f ive e x p e r i m e n t a l r u n s c o n s i s t i n g of five flow r a t e s 

and five q u a l i t i e s w e r e u s e d in the c u r r e n t i n v e s t i g a t i o n . They a r e 

d e s i g n a t e d a s Runs 11 , 12, . . . 2 1 , . . . to Run 55 , depending on the p a r ­

t i c u l a r qua l i ty and flow r a t e s a s shown in t a b l e C 1. The fol lowing 

c a l c u l a t i o n i s b a s e d on Run 7 / l 5 - l l , i . e . , a l i qu id flow r a t e of 0.2 pound 

p e r second , a qua l i ty of 0 .00497, and a g a s flow r a t e of 0.001 pound p e r 

second . 
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Viscosity Determination 

Using the equipment i l lus t ra ted in figure 3.3, the following ex­

per imenta l data were taken: 

(a) Water-bath t empera tu re 26.2° cent igrade 

(b) Efflux t ime for No. 400 v i scomete r 101.5 seconds 

(c) Viscometer constant (from table 3.1). . . . 1.110 

(d) Density of glycerol mixture assuming 
90 percent concent ra t ion . . p = 1.23 g m / c c (see figure C.l) 

(e) Viscosity of the glycerol mixture at 26.2°C. 

jJ. - bp t 
= (1.23)(1.110)(101.5) 
- 138.5 centipoise 

(f) Concentration of g lycerol mixture 

F r o m figure C.2 89.4 percent 

Therefore , for a des i red v iscos i ty of 150 cp, the t empera tu re of 

the liquid phase (i .e. , g lycerol mixture) should be kept at 25.2°C (see 

figure C.2). 

Flow Rate Determination 

The difference in the lengths of the liquid columns in the U-tube 

naanometer connected to the orifice plate of the sys tem m e a s u r e d the 

flow ra te s of the fluids under considerat ion. The inc rementa l lengths 

between the liquid columns were de termined in the following manner 

for a liquid viscosi ty of 150 cp and a liquid flow ra te of 0.2 Ib^^^sec. 

The Reynolds number in the 0.5215-inch d iamete r orif ice was 

_ ^ W (4)(0.2)(3600)(12) 
^ ^ TTDpt ~ (7r)(0.5215)(150)(2.419) 

= 58.25 

F r o m figure 3.5, 

K = 0.714 

W ^ / K = 0.2/0.714 = 0.28 
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Figure C.l Densi t ies of Glycerol -water Solutions 
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760 

Figure C.2 Viscosi t ies of Glycero l -water Mixtures from Sheely. 
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F r o m figure C.3, at p= 1.23, L = 2.85 inches (for the indicating 

fluid with a specific gravity of 1.72), where L r e p r e s e n t s the difference 

of heights of the fluids in the U-tube mano,meter. The a i r ra te was 

determined from graphical plot of a i r flow ra te v e r s u s "L , " which was 

based on the investigation of Grace and Lapple.^ •̂ '' 

Void Volume Frac t ion Determinat ion 

The void volume fraction was de te rmined by applying equa­

tion 2.2 to eleven equally spaced in terva ls from the t r a c e s taken for 

the full, the empty, and the run t r a v e r s e . Typical values for 

Run 7/15-11 at interval six were : I = 680, Ij = 375 and Ig = 760. T h e r e ­

fore, by applying equation 2.2 to these va lues , 

_ In ( 6 0 0 / 3 7 5 ) , 
6 ln(760/375) ^ '^^^ 

Applying Simpson 's rule to obtain the total void volume fract ion for the 

eleven points, 

«-T = iT)iw) [1(0) + 4(0.00142) + 2(0.0142) + 4(0.32) + 2(0.745) 

+ 4(0.844) + 2(0.844) + 4(0.862) + 2(0.826) + 4(0.405) + O] 

a-j. = 0.486 (see figure 5.22) 

Slip Ratio Determinat ion 

The density of the liquid phase was 

/ ^ i - % o S - G . G i y c e r o l = (62 = 4)(l .23) 

= 76.8 pounds/ft^ 

The gas phase was a s sumed to be at a s ta t ic p r e s s u r e equal to 

that of the liquid phase during the two-phase run. According to the Gas 

Tables by Keenan and Kaye,w4j the perfec t gas law applies to the 

p resen t case for the range of p r e s s u r e s and t e m p e r a t u r e s encountered 

in the exper imenta l investigation. There fore , 

Pa = 
P (144)(14.81) 

g RnT 0 = f^Tl^a = ''-"«p-V"^ 
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INCHES OF MANOMETER FLUID, L 
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Figure C.3 Ratio of Liquid Flow Rates to Orifice 
Coefficient for Two Manometer Fluids 
and Varying Densit ies of Glycerol -
water Solutions. 
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The quality was de termined from the m e a s u r e d gas and liquid 

flow r a t e s , using equation B.6: 

0.001 
X 

0.2005 + 0.001 
0.00497 

The slip rat io was then de te rmined by using equation B.IO: 

0.00497 (1-0 486) 76.8 , , , 
o = -̂  = 5 45 

(1-0.00497) 0.486 0.0744 

Mart inel l i Cor re la t ion 

Void Volume Frac t ion Cor re l a t ion 

Fo r a liquid viscosi ty of 150 cp, the liquid is in a l amina r 

state and the gas is in a turbulent s ta te . The re fo re , the p a r a m e t e r X ̂ t 

is de te rmined by the use of equation 7.1: 

.2 _ 78 (4)(3600)(12)(0.001) 
(5) (0.0449) 

(o.25-i) (0.2205) (150)(2.419)(0.0744) 
(0.001) (0.0449) (76.8) '^vt 0.269 

= 34,400 

where 

^ R e " 4 W / P M ; 

and P is the p e r i m e t e r of a c r o s s - s e c t i o n a l a r e a of the tes t section. 

P r e s s u r e Drop Cor re la t ion 

Using equation A.9 and the exper imenta l data as show^n in 

table C.2, 

02 _ AP 
AT T P 

0.00737 
0.00584 = 1.262 
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Run No. 

Liquid Vis 

7 / 7-11 
12 
13 
14 
15 

7 / 8-21 
22 
23 
24 
25 

31 
32 
33 
34 
35 

7 / 9-41 
42 
43 
44 
45 

7 / 9-51 
52 
53 
54 
55 

a W^* 

lo s i t y = 500 cp 

0.342 
0.40 
0,415 
0.439 
0.437 

0,374 
0,398 
0.402 
0.415 
0.425 

0.364 
0.384 
0.394 
0.402 
0.423 

0.346 
0.372 
0.408 
0.413 
0.426 

0.342 
0.400 
0.415 
0.439 
0.437 

Reproduc ib i l i ty Runs 

7 / 9 -41 -A 
7 /13-25 

44 
54 
55 

0.34 
0.439 
0.423 
0.409 
0.432 

0.1955 
0.193 
0.196 
0.1965 
0.203 

0.341 
0.345 
0.355 
0.356 
0.350 

0.497 
0.508 
0.499 
0.502 
0.492 

0.65 
0.644 
0.646 
0.654 
0.644 

0.81 
0.79 
0.802 
0.806 
0.793 

0.65 
0.352 
0.647 
0.815 
0.798 

Liquid Vi scos i ty = 250 cp 

5 /25-11 
12 
13 
14 
15 

21 
22 
23 
24 
25 

*W^ = 

**Wg = 

0.435 
0.468 
0.481 
0.484 
0.498 

0.401 
0.431 
0.464 
0.483 
0.488 

I b m / s e c 

I b j ^ / s e c 

0.222 
0.216 
0.1922 
0.215 
0.226 

0.354 
0.348 
0.342 
0.344 
0.35 

Wg** 

0.000983 
0.00167 
0.00235 
0.00305 
0.00375 

0.00175 
0.00294 
0.00414 
0.00534 
0.00657 

0.00247 
0.00416 
0.00592 
0.00765 
0.00938 

0.00322 
0.00545 
0.0077 
0.0099 
0.0124 

0.00398 
0.00673 
0.00948 
0.0123 
0.0151 

0.00317 
0.00656 
0.00993 
0.0121 
0.015 

0.00099 
0.00167 
0.00235 
0.00307 
0.00375 

0.00174 
0.00288 
0.00411 
0.00535 
0.0065 

X 

0.005 
0.00858 
0.01182 
0.0153 
0.0181 

0.0051 
0.00845 
0.01152 
0.0148 
0.0184 

0.00495 
0.00813 
0.01173 
0.015 
0.0187 

0.00493 
0.0084 
0.01177 
0.01492 
0.01925 

0.00489 
0.00844 
0.01165 
0.01505 
0.0187 

0.00485 
0.01855 
0.01532 
0.0146 
0.01845 

0.00444 
0.00767 
0.01208 
0.01407 
0.01632 

0.00489 
0.00821 
0.01188 
0.0153 
0.01823 

a 

9.75 
13.1 
16.9 
20.1 
24.2 

8.51 
12.75 
17.2 
20.82 
24.9 

8.3 
12.6 
17.52 
21.6 
24.7 

8.86 
13.45 
16.25 
20.2 
24.6 

8.7 
13.15 
16.2 
19.05 
22.6 

8.97 
24.1 
20.0 
18.85 
22.0 

5.96 
9.41 

13.53 
15.71 
17.22 

7.48 
11.08 
14.12 
16.63 
19.8 

Xvt Xtt * i ' 

103 
64.4 
49.0 
38.3 
32.8 

82.5 
52,0 
40,4 
31.9 
26.5 

77.5 
48.2 
35.1 
28.2 
23.4 

69.6 
43.2 
32.0 
26.0 
21.0 

64.5 
40.6 
30.2 
24.3 
20.2 

70.9 
26.22 
25.42 
25.01 
20.35 

76,2 
47,0 
33.7 
28.1 
19.9 

59.5 
37.9 
27.65 
22.1 
18.6 

1.01 
1.10 
1.13 
1.143 
1.22 

1.03 
1.045 
1.13 
1.145 
1.172 

1.02 
1.05 
1.085 
1.23 
1.31 

1.048 
1.10 
1.15 
1.30 
1.38 

1.11 
1.188 
1.293 
1.2 
1.587 

1.045 
1.17 
1.3 

1.587 

1.07 
1.18 
1.22 
1.365 
1.435 

1.46 
1.52 
1.66 
1.89 
1.96 



Table C.2 . (cont inued) 
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Run No. W^ w. ••vt Xtt 

Liquid V i s c o s i t y = 250 cp (continued) 

5 /25 -31 
32 
33 
34 
35 

41 
42 
43 
44 
45 

6 / 4-51 
52 
53 
54 
55 

0.388 
0.438 
0.450 
0.453 
0.495 

0.386 
0.404 
0.463 
0.475 
0.492 

0.420 
0.446 
0.472 
0.519 
0.537 

Reproduc ib i l i t y Runs 

7 /14-11 
21 
34 
42 
54 
55 

Liquid Vis 

6 / 5-11 
12 
13 
14 
15 

21 
22 
23 
24 
25 

6 / 8-31 
32 
33 
34 
35 

41 
42 
43 
44 
45 

0.390 
0.389 
0.462 
0.407 
0.470 
0.490 

0.511 
0.524 
0.49 
0.481 
0.499 

0.641 
0.661 
0.651 
0.624 
0.646 

0.761 
0.751 
0.775 
0.761 
0.765 

0.1978 
0.354 
0.470 
0.657 
0.820 
0.820 

cos i t y = 150 cp 

0.425 
0.473 
0.480 
0.497 
0.542 

0.435 
0.473 
0.495 
0.518 
0.529 

0.461 
0.493 
0.513 
0.527 
0.547 

0.468 
0.476 
0.542 
0.536 
0.543 

0.204 
0.202 
0.200 
0.204 
0.21 

0.354 
0.344 
0.356 
0.357 
0.355 

0.455 
0.472 
0.460 
0.451 
0.461 

0.650 
0.656 
0.642 
0.653 
0.654 

0.00173 
0.00419 
0.00595 
0.00758 
0.00922 

0.003 
0.0059 
0.00717 
0.0099 
0.0122 

0.00398 
0.00672 
0.00945 
0.0123 
0.015 

0.00099 
0.00174 
0.00763 
0.00544 
0.0121 
0.015 

0.00099 
0.00168 
0.00238 
0.00305 
0.00375 

0.00175 
0.00294 
0.00414 
0.00535 
0.00656 

0.0025 
0.00425 
0.00592 
0.0077 
0.0094 

0.00326 
0.00547 
0.00778 
0.00997 
0.0123 

0.00337 
0.008 
0.0112 
0.0155 
0.01814 

0.00466 
0.00885 
0.0109 
0.0156 
0.0185 

0.00521 
0.00888 
0.012 
0.0159 
0.01925 

0.00502 
0.00489 
0.01595 
0.00821 
0.01455 
0.01795 

0.00483 
0.00822 
0.01178 
0.0147 
0.0176 

0.00492 
0.00848 
0.0115 
0.0148 
0.0182 

0.000546 
0.00893 
0.0127 
0.0168 
0.02 

0.00498 
0.00826 
0.01195 
0.015 
0.01845 

5,45 
10.52 
14.08 
18.95 
18.75 

7.41 
13.1 
12.85 
17.25 
19.1 

7.23 
11.0 
13.5 
14.6 
16.4 

8.09 
7.85 

18.72 
11.82 
15.9 
18.05 

6.95 
9.55 

13.6 
15 .71 
16.0 

6.6 
9.78 

12.2 
14.3 
17.0 

6.59 
9.45 

12.56 
15.65 
17.2 

5.8 
9.34 

10.0 
13.31 
16.0 

71.5 
33.6 
24.8 
18.6 
16.6 

50.4 
28.2 
23.4 
17.5 
14.85 

42.6 
27 
20.2 
16.22 
13.57 

71.8 
59.3 
18.95 
30.22 
17.1 
14.22 

55.1 
34.6 
25.4 
20.6 
17.48 

44.1 
27.8 
21.3 
16.7 
14.05 

36.6 
23.55 
17.37 
13.7 
11.62 

34.9 
22.2 
15.9 
13.2 
10.9 

1.035 
1.24 
1.48 
1.61 
1.86 

1.181 
1.435 
1.47 
1.76 
1.95 

1.375 
1.56 
1.8 
2.02 
2.18 

1.02 
1.236 
1.582 
1.44 
1.966 
2.19 

1.3 
1.44 
1.487 
1.56 
1.74 

1.29 
1.4 
1.58 
1.81 
2.18 

1.159 
1.26 
1.31 
1.415 
1.456 

1.46 
1.79 
1.735 
2.16 
2.43 



Tab le C.2 . (cont inued) 

Run No. a W^ Wg 

Liquid V i scos i t y = 150 cp (continued) 

6 / 8-51 
6 / 9-52 

53 
54 
55 

0.434 
0.480 
0.51 
0.536 
0.56 

Reproduc ib i l i t y Runs 

7 /15-11 
15 
25 
35 
45 
53 
55 

L iqu id Vis 

7 /16-31 
32 
33 
34 
35 

Liquid Vis 

7 /16-31 
7 /17-32 

33 
34 
35 

Liquid Vis 

7 /20-31 
32 
33 
34 
35 

Liquid Vis 

7 /21-31 
32 
33 
34 
35 

Liquid Vis 

7 /24-11 
12 
13 
14 
15 

0.486 
0.516 
0.512 
0.538 
0.545 
0.528 
0.564 

0.798 
0.788 
0.798 
0.795 
0.796 

0.2005 
0.202 
0.35 
0.499 
0.65 
0.799 
0.807 

cos i ty = 60 cp 

0.486 
0.543 
0.582 
0.590 
0.595 

0.493 
0.502 
0.508 
0.504 
0.505 

cos i ty = 20 cp 

0.586 
0.624 
0.660 
0.689 
0.705 

0.489 
0.497 
0.495 
0.498 
0.495 

cos i ty = 4.9 cp 

0.709 
0.715 
0.724 
0.735 
0.75 0 

cos i ty = 2. 

0.744 
0.746 
0.751 
0.766 
0.769 

cos i ty = 1. 

0.735 
0.768 
0.777 
0.777 
0.793 

0.494 
0.494 
0.497 
0.497 
0.504 

8 cp 

0.504 
0.494 
0.493 
0.497 
0.498 

1 cp (Wate 

0.204 
0.2126 
0.2005 
0.203 
0.2006 

0.004 
0.00678 
0.00948 
0.0122 
0.0151 

0.001 
0.00375 
0.00653 
0.00936 
0.0121 
0.00947 
0.0149 

0.0025 
0.0042 
0.00592 
0.0076 
0.00938 

0.0025 
0.0042 
0.00592 
0.00764 
0.00938 

0.0025 
0.0042 
0.00593 
0.00764 
0.00938 

0.0025 
0.0043 
0.00593 
0.00772 
0.0094 

r) 

0.001 
0.00168 
0.00236 
0.00306 
0.00375 

X 

0.00498 
0.00853 
0.01172 
0.0151 
0.0186 

0.00497 
0.01825 
0.01825 
0.01842 
0.01828 
0.01172 
0.01812 

0.00504 
0.00828 
0.01151 
0.0148 
0.01822 

0.00508 
0.00838 
0.0118 
0.0151 
0.0186 

0.00503 
0.0084 
0.01178 
0.0151 
0.01828 

0.00494 
0.00865 
0.01188 
0.0153 
0.01849 

0.00488 
0.00782 
0.01161 
0.01485 
0.0183 

a 

6.48 
9.31 

11.31 
13.1 
14.6 

5.45 
17.95 
18.05 
16.25 
15.4 
10.5 
13.9 

5.48 
7.2 
8.55 

10.63 
12.85 

3.57 
5.04 
6.06 
6.8 
7.79 

1.93 
3.13 
4.2 
5.11 
5.72 

1.528 
2.66 
3.56 
4 .24 
5.06 

1.47 
1.97 
2.82 
3.58 
4.01 

Xvt 

33.6 
20.95 
15.8 
12.7 
10.56 

58.6 
17.6 
14.27 
12.58 
11.55 
15.92 
10.78 

24.8 
16.05 
11.95 

9.6 
7.6 

14.55 
9.35 
6.93 
5.54 
4.62 

7.4 
4 .72 
3.33 
2.83 
2.36 

5.85 
3.7 
2.71 
2.15 
1.825 

Xtt 

6.66 
4.26 
3.19 
2.54 
2.15 

6.66 
4.0 
3.0 
2.39 
2.01 

6.2 
4.03 
2.83 
2.28 
1.9 

n 

1.274 
1.357 
1.468 
1.554 
1.64 

1.262 
1.64 
1.77 
2.24 
2.52 
2.16 
2.62 

1.632 
2.14 
2.4 
2.82 
3.0 

2.12 
2.53 
3.87 
4,28 
4,36 

3.38 
4.62 
5.35 
6.32 
7.75 

3.62 
4.66 
5.95 
7.48 
8.85 



Tab le C.2 . (continued) 

Run No. a 

Liquid V i scos i t y = 1 

7 /27-21 
22 
23 
24 
25 

7 /22-31 
32 
33 
34 
35 

41 
42 

7 /23 -43 
7 /22 -44 

45 

7 /24-51 
52 
53 
54 
55 

Reproduc 

7 /27-25 
31 
32 
35 
41 
45 
55 

Liquid Vi 

7 /28-51 
52 
53 
54 
55 

0.792 
0.776 
0.780 
0.763 
0.790 

0.76 
0.762 
0.764 
0.77 
0.778 

0.726 
0.747 
0.769 
0.805 
0.818 

0.732 
0.759 
0.758 
0.758 
0.769 

ibi l i ty Runs 

0.782 
0.762 
0.766 
0.769 
0.737 
0.778 
0.764 

s cos i ty = 0. 

W^ 

1 cp (Wate 

0.348 
0.350 
0.3508 
0.3508 
0.00656 

0.5033 
0.5033 
0.5033 
0.504 
0.504 

0.667 
0.664 
0.6493 
0.6493 
0.6493 

0.8 
0.8 
0.8 
0.8 
0.8 

0.35 
0.498 
0.498 
0.5 
0.652 
0.655 
0.802 

Wg X 

r ) (continued) 

0.00175 
0.00294 
0.0042 
0.00535 
0.00656 

0.0025 
0.0042 
0.00593 
0.00762 
0.00938 

0.00324 
0.00546 
0.077 
0.00995 
0.0122 

0.004 
0.00672 
0.00948 
0.0122 
0.015 

0.00656 
0.0025 
0.0042 
0.00938 
0.00325 
0.0122 
0.015 

75 cp (Water) 

0.7978 
0.7978 
0.7978 
0.802 
0.802 

0.004 
0.00674 
0.0095 
0.0122 
0.015 

0.00498 
0.00833 
0.01182 
0.01501 
0.01878 

0.00494 
0.008275 
0.01165 
0.01488 
0.0183 

0.00484 
0.00818 
0.0117 
0.0151 
0.01842 

0.00497 
0.00833 
0.01169 
0.01505 
0.0184 

0.0184 
0.00499 
0.00836 
0.0184 
0.00495 
0.0183 
0.01835 

0.00499 
0.00839 
0.01177 
0.015 
0.01835 

0 X 

1.081 
1.99 
2.79 
3.92 
4.19 

1.295 
2.14 
3.01 
3.72 
4.35 

1.36 
2.28 
2.94 
3.24 
3.72 

1.5 
2.18 
3.1 
3.98 
4.59 

4.3 
1.29 
2.12 
4.65 
1.465 
4.35 
4 .7 

vt Xtt 

6.08 
3.86 
2.83 
2.27 
1.87 

6.2 
3.8 
2.83 
2.28 
1.9 

6.14 
3.86 
2.83 
2.27 
1.9 

6.08 
3.86 
2.83 
2.27 
1.9 

1.9 
6.08 
3.79 
1.9 
6.2 
1.9 
1.9 

5.6 
3.56 
2.61 
2.09 
1.75 

*l 

4.02 
5.86 
6.3 
7.34 
8.9 

3.61 
4.84 
6.45 
7.22 
8.65 

3.61 
5.2 
7.16 
8.11 
9.48 

4.28 
6.15 
7.85 
9.55 

10.9 

8.4 
3.76 
5,2 
9.0 
3.71 
9.4 

11.3 

4.92 
7.1 
9.05 

11.0 
12.5 
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