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PREFACE 

The purpose of this thesis is to detennine the pressure 

drop that occurs in mist flowo Mist flow has been neglected 

in much of the work that has been done in the field of two

component, two-phase flowo The lack of material concerning 

mist flow is very apparent in the literatureo 

In the research carried out in this investigation an 

express ion of the pressure drop of mist f low in tenns of the 

properties of the components has been foundo Air and water 

were used as the componentso 

This work has been performed through a graduate fellowship 

sponsored by the Pan Kmerican Petroleum Corporation to whom 

thanks is given for t heir e nthusiasm in this work and the 

financial assistance awarded. 

I thank Dr. Jo H. Boggs for his s uggestion for carrying 

out the research and for t he writing of t his paper. Profe,s s or 

B. s. Davenport who gave needed advice in setti ng up the equip

ment certainly deserves a word of t hanks. I also thank Pro

fes s or John w. Hamblen for his h elp i n programming , for s olution 

on an IBM 650 digital computer 9 t he necessary computations. 

To my father , Professor Co Mo Leonard who throughout t his 

work has given guidance and understanding, I dedica te this papero 

iii 



TABLE OF CONTENTS 

Chapter Page 

Io INTRODUCTION • 0 0 0 0 0 • • 0 • 0 0 .. • • 1 

II. REVIEW' OF THE LITERATURE • • • 0 0 0 • • • 0 • 3 

III. THE RESEARCH EQUIPMENT • • 0 ,O 0 0 0 0 ·• 0 12 

IV. PROCEDURE 0 • • 0 0 0 0 0 • 0 • • • • 0 18 

v .. THE DATA " 0 • 0 0 0 0 0 • • 0 0 0 21 

VI. CORRELATING TUE DATA . 0 0 0 , 0 0 0 0 0 0 • b 0 27 

VII. COMPUTATIONS 0 0 • 0 0 • • • • 0 0 37 

VIII. CONCLUSIONS 0 0 • 0 • o· 0 0 0 • 41 

BIBLIOGRAPHY • • • • • 0 0 0 0 • • 0 • 0 • . . 0 0 0 43 

APPENDIX • 0 • 0 • 0 • • 0 • 0 • 0 0 0 • 0 0 • 0 0 45 

iv 



LIST OF TABLES 

Table Page 

' 1 o · DATA FOR MIST FIOW 0 0 O 0 0 • •. 0 0 0 0. 0 0 0 • 0 0 23 

IIo DATA FOR AIR ONLY o o o o o o e o o o o o o o o o o 26 

111. CORRELATION ERROR 0 0 0 0 0 0 0 0 0 D O O O O O O 0 35 

IV. CORRELATION PARAMETERS 0 0 0 O 0 0 O 0 0 0 • 
" 0 

0 0 39 

LIST OF ILLUSTRATIONS 

Figure Page 

lo Flow patterns of vertical 9 two~component, two-phase flow 5 

Martinelli correlation for viscous-turbulent flow o • 0 7 

Relation of liq_uid ... volume fraction to X:. O O O O 0 0 0 9 

Pressure tap detail a o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 12 

5. Mixing section o • o ., o ., o • o a o a o • • ., ., o • o 14 

6. Flow diagram 0 0 0 0 0 0 0 0 0 0 0 0 0 O O O O O O O 0 17 

7. Calibration curves of water rotarneters 0 • 0 0 0 0 0 . 0 20 

s. Pressure drop for the gas flowing alone o O O 0 0 0 0 0 22 

9. Nesbit 0 s flow pattern chart 0 0 0 0 0 o e 0 0 O 0 0 0 0 28 

10., Relation of ¢mist to xrilist 0 0 0 0 0 0 0 0 0 0 0 0 0 0 " 30 

llo Relation between ,p.293 
mist 

d xP.257· 
an '•t• 0 0 mis • 0 0 0 0 0 0 0 32 

V 



SYMBOLS AND ABBREVIATIONS 

A cross-sectional area 9 sq ft 
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CHAPI'ER I 

I NTRODUCTION 

One of the present day methods of oil recovery uses air as 

a drilling fluido Being able to predict the pressure drop that 

occurs as water is picked up a nd carried to t he s urface in t his 

air stream is importanto Also, t he pressure drop t hat occurs in 

pipe lines carrying two different fluids is of interesto 

Thus, as a research project undertaken for Pan American 

Petroleum Corporation, a method of predicting the pressure drop 

t hat occurs in t he t ype of two-component, two-phase flow known 

as mist flow has been devisedo The particular mi s t flow t ha t 

t his investigation was interested was vertically upward, iso

t hermal mi s t flOWo 

The study of two-component, two-phas e flow has b een a problem 

which has yielded little to analytica l solut i ono The work which 

has been d one in evalua ting pressure drop and heat transfer is 

large ly of an experimental na t ureo Several investiga tors have 

made studies of this t ype of f low i n an effort to de t enni ne a n 

expression that would predict, with a good degree of accur a cy, the 

pressure drop which occurs during two-component, two-phase f lowo 

Various flow patterns can exist in two-component, two-phase 

flow a nd one school of t hought is to correlate t he press ure drop 

specifically as it occurs during ea ch o f the f [ ow pa. tternso 
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Another plan is to correlate the pressure drop for two-component, 

two-phase flow ignoring the flow pattern that existso 

To determine the relationship that exists between the 

variables of mist flow (density, pressure, viscosity, etca), the 

necessary equipment was set up in the Mechanical Engineering 

Laboratory of Oklahoma State Universityo From the data accumu

lated, a correlation was obtained that would predict the pressure 

drop for mist flowo 



CHAPTER II 

REVIEW OF THE LITERATURE 

An analysis of two-component, two-phase flow is compli

cated by the type of flow pattern; whether the flow is hori

zontal, vertical upward, vertical downward, or at some other 

angle; and whether the components are in viscous or turbulent 

flow conditionso 

Mist flow during vertical upward flow is a special type of 

flow pattern which can exist during two-component, two-phase flowo 

It has been found that as a gas is pumped into a line which is 

delivering a liquid isothermally and vertically upward, a type 

of flow exists called bubble flowo In general the pa ths of the 

bubbles are heliceso As the a ir rate is increased the bubbles 

fonn slugs which occupy the entire cross-section of the channel 

and move upward with the same velocity as that of the liquido 

This type of floi is called slug flowo A further increase in 

the air rate us~s the slugs of water to separate allowing the 

slugs of air to connecto The liquid then occupies an annular 

path around the channel and the interf ace between the liquid and 

gas is rough and uneven. This flow pattern is known as semi

annularo Annular flow is obtained by additional increase of the 

gas rate which causes the gas core to become clearly definedo At 

very high gas rates the liquid b reaks up into fine droplets and 

3 
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is dispersed evenly into the entire flow areao This is called 

mist flowo These flow patterns are shown in Figo lo 

Several methods have been used to analyze the pressure drop 

that occurs in two-component, two-phase flowo One of the most 

encouraging schemes is set forth by Martinelli (9)o However, 

his experiments did not include data for mist flow. In Marti-

nelli's work he describes the flow by stating whether each com-

ponent is flowing viscously or turbulently. This is known as 

the flow mechanism. Note that this method makes no distinction 

as to the type of flow occuring such as mist, slug, etc. A 

Reynolds number of 2000 is used to divide viscous flow from 

turbulent flOWo 

Martinelli states that~ 

tp 
= fJ2 [ ~PJ 

g [.~L 
g 

where [!~] tp= pressure drop for two-component, two-phase 

flow, psi per ft; 

t:~] g = [ pressure drop for the gas flowing alone, psi 

per ft; and 

~g = a dimensionless parameter. 

The dimensionless parameter, fJ, is a function of another 
g 

(1) 

dimensionless variable, X~ The variable Xis a function of the 

ratios of weight rates, densities, and viscosities of the liquid 

and gas; the Reynolds number; and whether each component is 

flowing viscously or turbulentlyo The relation between~ and X' 
g 

for the cas~ of the gas flowing turbulently and the liquid flow-
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ing viscously is shown in Fig. 2. According to this figure, 

~ does not exist below a value of twoo Thus, according to Eqo 1 
g 

the smallest pressure drop that could occur in this type of flow 

is four times the pressure drop of the gas flowing alone. 

The followi ng notation is used to denote the particular 

flow mechanism that exists: 

Xtt - liquid turbulent, gas turbulent; 

Xvt - liquid viscous, gas turbulent; 

Xtv - liquid turbulent, gas viscous; 

xr liquid viscous, gas viscouso vv 

The Reynolds number of each component of the flow is cal-

culated using the total flow area through which the mixture is 

flowingo This results in a pseudo Reynolds number which is used 

throughout this investigationo For mist flow the g as rates are 

very high and the water r a tes ere relatively low. Therefore 9 the 

type of flow mechanism that is usually encountered in mist flow 

can be described as viscous-turbulent. For viscous-turbulent 

flow: 

where Re = g 

cl = 

C = g 

wl = 

w = g 

fl = 

!°g = 

J11 = 

xr vt 
-o.s = Re g 

Reynolds number for the gas fl<M"ing alone; 

64 for smooth pipes; 

0.184 for smooth pipes; 

liquid rate, lbs per min; 

gas rate, l b s per min; 

liquid density, lbs per cu ft; 

gas density, lbs per cu ft; 

liquid viscosity, lbs per sec-ft; and 

(2) 
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Pg= gas viscosity, lbs per sec-fte 

Using Eqo 1 and 2 makes it possible to predict the pressure 

drop of two-component, two-phase flow knowing only readily 

obtainable informationo 

Later Martinelli and Lockhart (7) correlated all types of 

flow into one correlationo Thus the fonner X' was replaced by a 

new parameter, X"o The relations that exist between xr and X' are: 

xtt = xLll 
tt 

(3) 

x\rt 
-2 (4) = x· 
vt 

xr -2 (5) = xtv . tv 

xr -2 (6) = X 
vv vv 

An extension of Martinelli's and Lockhart's work showed that 

the liquid-volume fraction was a function of the parameter, X'o 

The liquid-volume fraction is defined as the percent of the flow 

volume occupied by the liquido Thomsen (12) and Taylor (11) 

measured the liquid-volume fraction 9 R1 , by trapping a represent= 

ative sample of the flow mixture between quick-closing valvesi 

blowing down the pipe, and measuring the liquid contento Lock-

hart, however, measured R1 by trapping the liquid between ~uick

closing valves, washing out the tube with a large quantity of 

volatile s olvent, and evaporating the excess solvento Both of 

these experiments confirmed that t he liquid-volume fra ction could 

be expressed as a function of x·o A plot of this relation is 

shown in Figo 3o 

The postulates upon which Lockhart and Martinelli based 

their calculations are ~ 
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1. Static pressure drop for the liquid component 

must equal the static pressure drop for the 

gaseous component regardless of the flow 

pattern as long as an appreciable radial static 

pressure difference does not exist. 

2. The volume occu1c,ied by the liquid plus the 

volume occu])ied by the gas at my in...'iltant must 

equal the total vollume of the pipe. 

Taylor's and Thomsen°s experiments were carried!! out using 

air as the gas; and water, kerosene, diesel fuel 9 SAE 40 oil 9 or 

benzene as the liquid. 

Yagi and Sasaki (14) investigated vertical mist flow using 

glass tubes of 8, 10.25, 12.5, and 17.5 mm inside diameter. They 

used air and various liquids. As a result of their experiments 9 

Yagi and Sasaki concluded thatz 

tti] = 5000 ~l 
mist g 

[ui ] o.75 

2gd [~] (7) 

where ~] mist = pressure drop for mist flow 9 psi per ft; 

.I' = average density o:f the mixture, lbs ]J,er cu ft, 
I gl 

u1 = average velocity of the liquid 9 ft per sec, 

d = inside diameter of tube 9 ft; 

G = mass rate of flow of the mixture 9 lbs per sq 

ft-sec; 

p 1 = viscosity of the liquid, lbs per sec-ft 9 and 

g = acceleration of gravity 7 ft per see=seco 

Several investigators have attempted to correlate the pressure 

drop in mist flow by ,,assuming the gas-liquid mixture to be a 
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homogeneous substanceo However, the determination of the prop-

erties of the new substance is difficult to attaino How such 

items as viscosity should be evaluated make this method unpop-

ularo 

Yagi and Kato (13) stated that the pressure drop in hor~ 

izontal mist flow could be expressed as: 

u p 
_! _!!.! )( 1 
u p 

g i 

where t~il . = pressure drop for mist flow 9 psi per ft; 
~ mist 

(8) 

t*] = pressure drop for gas flowing alone, psi per ft; 
g 

P1 = liquid viscosity, 1 bs per ft-sec; 

d = inside diameter of tube, ft; 

u 1 = pseudo liquid velocity, ft per sec; 

u = pseudo gas velocity, ft per sec; 
g 

p = average static pressure of mixture, psf; avg 

P. = inlet static pressure of mixture, psf; 
l. 

V 
1 = liquid volume rate, cfs; and 

V = gas volume rate, cfso 
g 

In work done by Bergelin (2) he states that the orientation 

of the tube has little effect upon the pressure drop during two-

component, \'two-phase flow at high gas rateso 



CHAPT1'~R III 

THE RESEARCH EQUIPMTI:NT 

Pyrex tubing, 12 ft long and with an inside diameter of 

0.301 in. and an outside diameter of o.500 in. was used as a 

test section. Pressure taps were located 10 ft apart thus 

giving 40 pipe diameters of undisturbed flow both before and 

after reaching the respective pressure tap. The taps were made 

by drilling 3/32 in. holes perpendicular to the wall of the test 

section with brass rod and emery powder-oil solution. Then 

short glass capillary tubes were shaped to fit the test section 

and then •ground to give a snug fit as shown in Fig. 4. They 

were held in place with cement. The test section was then mounte4 

Pressure tap : I 

----- ----- - __ .lJ -----------.--1 . I 
I 

Fig. 4. Pressure tap detail 

I 
I Test 
I section 
I 
I 
I 
I 
J 
I 
I 
I 
I 
I 
I 
I 
I 

in a vertical position with the entrance at the lower end. 

12:·· 
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The mixing section was made from 2 in. copper pipe shaped 

to the cross-section shown in Figo 5., Four 21/·64 in0 holes 

were drilled into each side of this shell and steel nuts were 

tapped to 1/8 in~ taper pipe threadso These were then soldered 

over each hole., A screening section was made from 1 ino copper 

pipe 2 in. in length and 160 mesh brass screemvire. This unit 

was soldered to the top of the mixing section to insure that the 

water entered the test section in the form of a mist. To the top 
\ 

of the screening section a reduction to 1/2 in., copper tubing was 

brazed. Into the bottom of the mixing section was E1oldered a 

1-1/4 in .. copper pipe 6 in. long to wbich the air lilne 
I 

I 
Also in the bottom of the mixing section a drain valve 

\ 

vided., 

wli'l? attachedo 
' 

was pro= 

Eight nozzles were designed to spray the water into the mixing 

section., These screwed into the nuts provided on the sides of 

the mixing sectiono The nozzles were made by mldering a plate of 

30 gauge brass shim stock over the hole in a 1/4 in. flare to 1/8 

in. pipe brass fittingo Into the center of the brass plate a 

#80 hole was drilledo The necessary water manifolds were built 

from 1 in. and 1/4 in., copper tubing and were connected to the 

mixing section with valves;;. to control the flow of water to each 

nozzle as shown in Fig. 5. This completed the construction of 

the mixing section. The mixing section was then mounted in place 

and connected to the lower end of the test section by a 3 in. 

length of rubber tubingo 

Rotameters were used to measure both the rate of air and 

water flow. Air velocities in the range of 70 to 200 ft per sec 
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were desireda Thus a rotameter with a range up to 8 cfm was 

used to measure the air ratea It had 3/,4 ino pipe entrance and 

exit fittings and 3/4 ino galvanized pipe was used to connect the 

exit to the entrance of the mixing sectiono A 3/4 ino globe valve 

was used to control the flow of air to the rotametero Both a 

temperature well and a pressure tap were provided so that the 

air temperature and pressure as the air entered the rotameter 

could be measuredo 

Water rates in the range of Oto Oo5 lbs per min were usedo 

To measure these rates, two rotameters were usedo One had a range 

of 50 to 130 lbs per hr of liquid of a specific gravity of Oo80 

and the second one had a range of 20 to 60 lbs per hr of liquid 

of the same specific gravitya In order to obtain a complete 

range of water rates the small rotameter was used to measure the 

difference between the water supplied by the large rotameter and 

the water which was supplied to the mixing sectiono Thus a 

range of water rates was available from Oto 2o2 lbs of water per 

min using these rotameterso A centrifugal pump was used to main

tain a head of approximately 70 psig on the water systemo The 

water was delivered by 3/8 in. copper tubing from the rotameters 

to the mixing section. A 36 ino mercury manometer was used to 

measure the pressure drop in the test section. The test section 

was connected to the manometers with air filled rubber tubing. 

A 36 ino mercury manometer was also used to measure the static 

pressure at the entrance to the test sectiono 

The air was supplied by a double-acting, two-cylinder com

pressoro The air was delivered into storage tanks and was then 



delivered to a pressure regulator which maintained a maximum 

pressure of 30 psig on the systeme From the regulator the air 

16 

was passed through a filter which consisted of a steel tank with 

cotton batting to absorb any moisture or oil that might be entrained 

in the air., 

The top of the test section was connected to a 3/8 ino globe 

valve with rubber tubing and then exhausted to the atmosphereo 

This made it possible to vary the0 average pressure in the test 

sectiono 

Figure 6 shows the complete flow diagram of the equipnent., 

The appendix gives manufacturers of the equipment o 
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CHAPfER IV 

PROCEDURE 

The procedure for obtaining data was begun by starting the 

compressor and opening the main water valve. Air was al.lowed to 

flow through the test section and water into the mixing section 

and out of the drain. During the time when the water and air 

systems reached equilibrium, ambient temperature and pressure 

were noted. Water and air temperatures were then recordedo 

The air rotameter was then:adjusted to a desired air rate 

and kept at this position as the water rate was varied to the 

desired rates. Air rates used ranged from 4.cfm to 8 cfm. 
'> 

Air ~-. 

rates lower than 4 cfm allowed some water to fiow annularly up 

the test section. \Vater rates were varied from O to 1.3 lbs per 

min. Larger water rates than this also caused·annular flow. 

Afte.r equilibrium was reached at each air and water rate, the 

pressure drop in the·test section and the ~tatic pressure at the 

entrance to the test section were notedo The existing conditions 

made it possible to have the air and water enter the test section 

within! 1° F of the ambient temperature. This condition made 

it unnecessary to use any insulation on the test section. 

At the.conclusion of a series of runs the ambient temperature 

and pressure as well as the temperature of the a.ir and water were 

again recorded. 

18 



The calibration of the water rota.meters had been carried out 

previously. The calibration curves of these rotametersa~eshown 

in Fig. 7. 

19 
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CHAPTER V 

THE DATA 

A digital computer was used to make the calculations from 

the five items of data which were secured for each run. The 

five items recorded were: (1) run number; (2) air rate; (3) 

water rate; (4) average static pressure, (2 P. + ~P)/2; and 
1 

(5) the pressure drop of the mixture. These data are shown in 

Table Io 

There were 45 runs made with air alone at various average 

static pressures which supplied the pressure drop of the gas 

flowing alone and the info:nnation for computing Re. These 
g 

data are shown in Table II. The plot of the average s~atic 

pressure versus the pressure drop for the gas flowing alone 

is shown in Fig. s. 

All data are taken at 65° F. 

21 
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TABLE I 

DATA FOR MIST FLOW 

Run Nir Water Pressure Pressure Average 
No. rate; rate; drop, drop, static 

mixture; gas; pressure; 
cfm lbs per psi per psi per in. hg abs 

min ft ft 

1 4 00062 Oa314 001185 370122 
2 4 0,095 0,334 0.185 39,02 
3 4 0.128 0.402 0.185 39,62 
4 4 00160 0.441 0.185 40~62 
5 4 0.190 0.451 0.185 40~82 
6 4 0.221 09460 Ool85 41922 
7 4 0.254 0.470 0.185 41"22 
8 4 o.2s6 0.500 0.185 41"62 
9 4 0.318 0.540 00185 42"62 
10 4 0.000 0.187 0.187 33.89 
11 4 o.318 o.530 0 .. 185 41089 
12 4 0.349 0"550 0.185 42.69 
13 4 00380 001564 0.185 43.89 
14 4 0.413 o.6os 0.185 44.89 
15 4 0.444 0.608 00185 44.89 
16 4 0.477 0.,628 0.185 45.69 
17 4 o.507 0.705 0.185 47.49 
18 4 o.540 o.745 0.185 48.69 
19 4 0.570 0.774 0.185 49.69 
20 4 0.602 0.765 0.185 50.09 
21 .4 o.634 0.804 0.185 50.69 
22 5 0.000 0.284 0"284 36,69 
23 5 0.318 o.774 0.270 49"49 
24 5 0.349 o.795 0.210 50.49 
25 5 0.380 0.804 0.268 50.89 
26 5 o.413 0.833 09266 51.49 
27 5 0.444 0.882 0.266 52.49 
28 5 0.477 0.924 0.265 54.49 
29 5 0.507 0.944 0.263 54.89 . 
30 5 o.540 0.982 0.261 55.69 
31 5 0.570 1.000 0.260 56.09 
32 5 0.602 10010 0.258 56.49 
33 5 0.634 1.090 0.256 58.49 
34 5 0.667 1.100 0.255 58.89 
35 5 0.000 0.295 0.295 37.41 
36 5 0.031 0~460 0.283 40.81 
37 5 0.062 0.440 o.2ao 40.81 

.38 5 0.095 0.480 0.278 41.41 
•39 5 0.128 o.s10 0.276 41.61 
40 5 0.160 o.598 o.275 43.41 
41 5 0.190 09579 0.214 44.81 
42 5 00221 0"619 0.273 46.01 
43 5 0.254 0.680 0.272 48.01 
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'f.ABLE I (Continued) 

Run A'ir Water Pressure Pressure Average 
Noo rate; rate; drop 9 drop 9 static 

mixture; gas; pressure; 
cfm lbs per psi per psi per ino hg abs 

min ft ft 

44 5 00286 01'707 0~271 49.21 
45 5 00318 0.735 00270 50.01 
46 5 OoOOO 0 0 284 00284 39.88 
47 5 00031 00314 00278 41088 
48 5 Oa062 0.372 o.275 42068 
49 5 00095 Oa402 00275 42.88 
50 5 0.128 0.549 o.273 47008 
51 5 0.160 00588 00271 48.48 
52 5 00190 0.600 0.271 49008 
53 5 00221 00648 0.270 50.68 
54 5 0.254 o.688 0.266 5L08 
55 5 0.286 00707 0.265 53.08 
56 5 Oo:318 0.725 o.265 53.48 
57 6 OoOOO 0.402 0.402 40.78 
58 6 o.o:n OoLJ,50 00385 4L98 
59 6 0.062 00510 00382 43058 
60 6 00095 o.688 0.375 48038 
61 6 00128 0.735 00371 49.18 
62 6 0.160 0.745 0.371 49.38 
63 6 00190 00874 0.365 53.18 
64 6 0?221 00882 00364 53~78 
65 6 0~25,4 00904 0.363 54.,38 
66 6 00286 0.9124 0.,360 54.,78 
67 6 Oo:318 10020 0.,356 57.,98 
68 6 OoOOO 00402 0.,402 40009 
69 6 00318 0.,963 0.360 55089 
70 6 0.349 0.,!)63 0.,360 56009 
71 6 Oo2H:30 lo030 00356 57.89 
72 6 00413 1.040 0.35f:i 58029 
73 6 00444 1.,080 00352 60009 
74 6 00477 Ll40 0.,350 61.,49 
75 6 0.,000 00392 Oo ;392 44088 
76 6 Oa031 00431 00376 46008 
77 6 0.,062 09491 0~374 47.,28 
78 6 00095 0.579 0.370 50.,28 
79 6 001213 00707 0.364 54.,08 
80 6 00160 09707 0.,362 55008 
81 6 00190 o.774 0.,360 56.,08 
82 6 0.,221 00833 0.357 58.48 
83 7 0.,000 0~530 0.,530 44078 
84 7 00031 0.,717 0.,508 49058 
85 7 00062 0.,755 0.50'7 50.78 
86 7 00095 Oo'784 o.502 51.38 
87 7 0.,128 o.s74 0.,4-92 53~98 
88 7 00160 1.000 0.,475 57e78 
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TABLE I (Continued) 

llitun Air Water Pressure Pressure Average 
No. rate; rate; drop 9 drop, static 

mixture; gas; pressure; 
cfm lbs per psi per psi per in. hg abs 

min ft ft 

89 7 0.190 1.060 0.468 59.98 
90 7 0.221 L090 0.468 60.38 
91 7 0.254 1.120 0~460 61.78 
92 7 o.2s6 1.160 0~458 62.98 
93 7 o.318 1.170 0.,451 63.38 
94 7 0.000 0.540 0.540 44.69 
95 7 0.318 1.170 0.460 62.49 
96 8 0.000 0~697 0.697 49.98 
97 8 0.0::;1 0.924 0.658 56.38 
98 8 0.062 1.030 0.635 59.78 
99 8 0.095 1.050 o.635 59.98 
100 8 0.128 L090 0.620 60.98 
101 8 0.160 1.150 0.602 62~98 
102 8 0.190 1.180 o.598 63.98 
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TABLE II 

DATA FOR AIR ONLY 

' Run No. Air rate, Pressure drop, Average static pressure, 
cfm psi per ft in. hg abs 

103 3 0,118 31,52 
104 3 0,118 33,52 
105 3 0,118 35,72 
106 3 0,11s 37.52 
107 3 0,11s 39.72 
108 3 0,118 42,52 
109 3 0.110 43,72 
110 3 0.110 45,92 
111 3 0.110 48,72 
112 3 0.110 51,32 
113 4 0.186 34.72 
114 4 00186 35.32 
115 4 0.176 36072 
116 4 OolS6 39.92 
117 4 0.186 4L52 
118 4 0.186 43052 
119 4 0.186 46.92 
120 4 00186 47.92 
121 4 0.186 51032 
122 5 0.285 37.,52 
123 5 00274 39.72 
124 5 0.274 41.72 
125 5 0.285 43.32 
126 5 0.274 46.12 
127 5 00270 47.12 
128 5 o.265 ql.12 
129 5 0.,265 51.92 
130 6 0.392 40,92 
131 6 o.383 43.,32 
132 6 0.374 45.12 
133 6 0.374 48.32 
134 6 0.374 51ol2 
135 6 0.363 52,32 
136 6 0.363 54,72 
137 7 0.529 44.92 
138 7 0.519 47,32 
139 7 0.500 49.12 
140 7 o.500 51o92 
141 7 0.491 54.52 
142 s 0.697 50.32 
143 8 o.687 51o32 
144 8 0.678 52.32 
145 8 o.678 53.32 

0.668 53.72 
( 

146 8 \ -
14i7 8 o.638 58.32 



CHAPTER VI 

CORRELATING THE DATA'-

After collecting the data the task of correlating the data 

was beguno A plot of the data on Nesbitos (10) chart is shown in 

Fig. 9o His chart shows the combinations of the Reynolds number 

for the gas and liquid which will produce the various flow pat-

ternso As can be seen all of the data taken falls within the 

region of complete mist as defined by Nesbito 

A comparison of the data obtained, to the pressure drop as 

predicted by Martinelli shows that his correlations are not 

applicable to the data gathered in this testo Pressure drops 

as low as 1.1 times, the pressure drop for the gas flowing alone 

were enceunteredo Indeed, it would seem that as the li(luid rate 

was gradually increased from zero that the pressure drop should 

also gradually increase from that due to the gas alone o . 

Thus Martinelli's correlation has been disregarded as it 

does no.t seem applicable to the case of mist flow. 

In order to determine the validity of.the Yagi and Sasaki 

equation (Eqo 7), it was used to calculate the pressure drop of 

each of the runso In order to use their equation some assumption 

as to the value of the average liquid velocity had to be madeo 
' 

The velocity of the liquid was assumed to be the same as that 

of the gas., Wi.th this assumption, Eq .. 7 gives pressure drops for 

mist flow approximately eighteen times the actual pressure drpps 

27 
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measured. It is felt that the Yagi and Sasaki equation would 

mot be useful as a practical tool to predict JJ,ressure drop in 

mist flow. Usually some special method \m:JJ uld be required to 

obtain the actual liquid velocity in. mist flow., 

'l'he procedure used to correlate the data collected in this 

test, consisted of listing the factors that could affect the 

pressure drop and arrange them into dimensionless groupso 

This is similar to the procedure that Martinelli used,, 'fhe 

dimensionless numbers used as th.e factors which were thought to 

affect p,ressure drop were :Re . , W /W , 
g 1 g ~ 1/ P.. , and 111 /p. • g r g 

29 

The pressure drop of the nrnixture \!fas computed as a function 

of the air flowing alone at the s,1,1.m:e average static pressure as 

that of the mixtureo Therefore: 

~] , , t= ¢mist [~i:] L ~L llll.S [ g 
(9) 

wl1ere t*J = pressure drop for mist flow 9 ]::isi 1,er ft; 
mist 

[:LP F.'] ~ = pressure drop for gas flowing alone, psi per ft, 
g and 

ffe1 = a dimensionless J)aram.eter,, 
mist 

The dimensionless parameter 9 ¢. t' was then said to be a function 
· lnl.S 

of the parameter, x: ' • mist 
X mist was defined as: 

w /\ P1 
X He _! (10) mist= g w Pg p g f!. 

where the symbols are as used before,, 

The values of~. t and~. t were calculated by using Eqo 
mi,s m1.s 

9 and 10,, 

A plot of f'; . t versus JC . t is shown in Fig,, 10 o 'fhis 
mis· mis 
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:n 

plot could serve as the relation between flf • t and x: . t' how-mis mis · 

ever, it is thought that a mathematical expression of¢. t= mis 

f(»~ist.) would be a much more useful toolo Therefore, by 

trial and correction methods, exponents of¢. t and X:. t mis mis 

were detennined such that ¢ . t versus X( • t ,vould plot into mis mis . 

a straignt l.ine on a linear scale as shown in Figo 11.. From 

Fig .. 11 an equation could be determined of the form: 

¢ n - m X' P + b mist - mist (11) 

where n, m, p, and bare constants to be determined and the other 

symbols are as previouslr explainedo 

Th.e values of n., m,, p, and b that were found to give the 

best results were: 0.293 n = 

m = 0.00436 

p = 0.257 

b = 0.562. 

Thus the final form of Eqo 11 becomes: 

(12) 

As an example of how to predict pressure drop for mist flow 

using Eq/'9:,<10,. and 12, assume the data of run noo 66: 

Air rate= 6 cfm, 

Water rate = 00286 lbs per min, 

Average static pressure= 54.78 in. hg abs 9 

Pressure drop for gas flowing alone= 0.360 psi per ft, 

Temperature= 65° F 9 

Diameter= 0.0251 ft, and 

Area = 4. 94 x 10-4 sq_ ft. 
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s·o1ution: 

54.78 in. hg abs= 3880 lbs per sq ft abs 

p = p 
g RT 

where P = pressure of gas, lbs per sq ft; 
0 

R = gas constant,ft per R; and 

T = absolute temperature, 0 R. 

65° F = 525° R 

~ 3880 
g = 53a3 X 525 = 0.1382 lbs per cu ft 

~= 62.4 lbs per cu ft 

P1 62.4 = 451 -= 0.1382 /'g 

W = b x V g I' g g 

where V and are as used previously. 
g g 

W = 0.1382 x 6 = 0.830 lbs per min g 

wl 0.,286 
W- = o.s3o = o.345 

g 

= 7.,53 x 10-4 lbs per sec-ft 

= 10239 x 10-5 lbs per sec-ft 

-4 _7_. 5 .... 3 ....... x ___ l .... O_ = 
1.,239 X 10-5 

V. 
Velocity= -f-

(13) 

Eqo 13 

(14) 

Eq. 14 

(15) 

where A:"= cross-section of flow channel, sq ft; and V is as used g 

before. 

V~locity = 

Re = g 

btJ ,-, g d 

6 = 202.2 ft per sec Eq. 15 

(16) 



where the symbols are as used beforeo 

Re = g 
001382 X 202.2 X 000251 

-5 1.239 X 10 

:x:-mist = 56,740 X 451 X 00345 X 60.8 

»: 0.257 
inist = 175.1 

¢, o.~93 
mist = 0.00436 X 175.l + o.sa2 

= lo325 

¢mist = 2.61 

34 

,Eq. 16 

= 5.,359 x_108 
Eq,. 10 

Eq. 12 

L!r] . . = 2061 .x o.:.;ao = o.941 psi per ft 
~ mist 

Eq~ 9 

The measured pressure drop was 0.924 psi per fto Therefore, 

the error is: 

00941 - 0.924 
00924 = 1.8 percent,, 

These computations are a sample of those which were made 

for each set of data. The results for all of the runs are listed 

in Table :rII. 

The average error was found to be 5o9 percent. 
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TABLE III 

CORRELATION ERROR 

Run Pressure drop, Pressure drop, Error; 
No. measured; computed; 

psi per ft psi per.ft percent 

1 00314 0,281 -10 .. 2 
-2 o.334 0;334 0.,1, 
3 0.402 0,382 - 4,9 -
4 0.,441 o,420 - ",6 ' 
5 0,451 o,456 i 2 ' I' 
6 o.460 0,490 6,5 
7 0,470 0.526 llo9 
8 o.soo o,556 11~3 
9 o.540 0.,581 7,6 
11 0,530 0,586 10,6. 
12 o.sso o,609 10o9 
13 o.564 o.628 11.4 
14 0,.608 0,649 608 
15 0.608 01'675 11.0 
16 0.62s o.695 10.7 
17 o.705 0.703 - 0.1 
18 0.745 0.718 - 3.5 
19 o.774 Q.731 - 5.4 
20 0.765 o.750 - 1.8 
21' 0.804 0.767 - 4~5 
23 o.774 0.784 1.4 
24 00795 0.815 2,5 
25 0.804 0.842 4.7 
26 0.833 0.868 4.2 
27 0.882 o.893 1(>2 
28 0.924 0.906 - lo9 
29 0.944 0.924 - 1,9 
30 0.982 0.942 - 4o0 
31 1 .. 000 0.963 - 306 
32 1.010 o,gso - 2o9 
33 1.090 0~_902·· ·- 9 .. 9 
34 1.100 1.001 - 8.9 
36 0.460 0~310 -32~5 
37 o.440 00409 - 6,,9 
38 0.480 0.489 1.8 
39 o .. 510 o .. 556 9ol 
40 0~598 o.605 1.1 
41 0.579 0.745 11.5 
42 0.619 o.684 10.5 
43 0.688 0.715 4.0 
44 0.7.07 0.748 5 .. 8 
45 o.735 0.780 6.2 
47 0.,314 0.301 - 3.9 
48 0.372 o_.394 6.0 
49 0.402 0.476 18.4 
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TABLE III (Continued) 

Run Pressure drop, Pressure drop, Error 
No. measured; computed; 

psi per ft psi per ft percent 

50 o.549 o.519 - 5"3 
51 0~588 0~565 - 31'8 
52 o.s00 0<?610 1,7 
53 0.648 Oi>645 - 0,4 
54 o.6ss 0.,678 - lo3 
55 0.707 0.104 - 01'4 
56 0.725 00740 2,1 
58 0.450 00417 - 7\>2 
59 0~510 o.543 604 
60 0.688 0.614 -10.6 
61 0.735 o.691 - 5.8 
62 0.745 o.767 2.9 
63 0.874 0.791 - 9.4 
64 0.882 0.844 - 4.2 
65 0.904 0.897 - 0.7 
66 0.924 0.941 1.8 
67 1.020 0.954 - 6.4 
68 0.963 0.983 2.1 
70 0.963 1.,029 6.8 
71 1.030 1.046 L5 
72 1.040 1.085 4.3 
73 1.080 1,,100 11'8 
74 1.140 1.122 - 1.5 
76 0.431 0.392 - 8"8 
77 0,491 o.s1:; 495 
78 0.579 0.596 2~9 
79 0.101 o.649 - 81'1 
80 0.707 0.710 0"5 
81 0.774 0.160 - 1~7 
82 o.s:;3 0.795 - 4~5 
84 0.111 o.515 -28.0 
85 0.755 0.675 -10"5 
86 o.748 o.soo 21;11 
87 0.874 0.878 0~5 
88 lfOOO 0.911 - s.s 
89 1.060 0.957 - 9.6 
90 1.090 L026 - 5.8 
91 1.,120 1.067 - 4.6 
92 1.160 L116 - 3.7 
93 1.r10 Ll55 - L2 
95 1.170 1.187 1.,4 
97 0.924 00636 -31.1 
98 1.030 00789 -2303 
99 1.050 0.945 - 9.9 
100 10090 1.047 - 3o9 
101 lol50 1.110 - 3"4 
102 1.180 L186 Oo5 



CHAPTER VII 

COMPUTATIONS 

All computations were made with an IBM 650 digital com-

putero The values of the pressure drop for each run were com-

puted using Eq. 9, 10, and 12 as previously mentioned. The 

pressure drop was also computed using the Yagi and Sasaki 

equation (Eqo 7)~ Th.e values of .ii. • t and X: • t w .. ere .com. puted ·. · 1um1s mis 

using Eq. 9 and 10 and using the actual pressure dropo From 

th 1 ~.293 d v,0.257 l ltd' ese va ues JOmist an a.mist w~re ca cu a!. A sample of 

f .· ~:293 nd w0o257 • d 
the calculation O JOmist a· ""'mist as carr1e out for each run 

is now shown is detail. Again assume the data of run no. 66: 

Calculations: 

Nir rate= 6 cfm 9 

Water rate= 0.286 lbij per min 9 

Average static pressure= 54078 in. hg ~bs, 

Pressure drop of mixture= o.924 psi per ft, 

Pressure drop of the gas· flowing alone= 0.360 psi 

per ft, 

Temperature= 65° F, 

Diameter= 0.0251 ft, and 

A 4 94 10- 4 sq ft rea = .. x o 

54.,78 in. hg abs= 3880 lbs per sq ft abs 

65° F = 525° R 
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{ = 

~ = 

.P1 - = ,Pg 

w = g 

wl 
r= 

g 

P1 = 

Pg = 

3880 = Ool:382 lbs per cu 5:3.3 X 525 

62.4 lbs per cu ft 

62.4 451 = 0.1382 

o.1::ss2 X 6 = o.830 lbs per min 

0.,286 = o.345 0.,830 

7.,53 X 10-4 lbs 

1.239 X 10-5 lbs 

7o53 X 10-4 

1 0 239 X 10-5 

per sec-ft 

per sec-ft 

ft Eqo 13 

Eqo 14 · 

Velocity = 6 _4 = 202 .. 2 ft per sec Eq 0 15 
60 X 4.,94 X 10 

Re 
g 

' 

= 

~~ist = 

0.,1382 X 20202 X 0.0251 
-5 1 0 239 X 10 

- 56,740 Eq. 16 

56,740 X 451 X 0,,345 X 60 0.8 = 5 0 359 X 108 

Eqo 10 

__ 0.257 
~ist = 175.,1 

¢mist 
0.,924 2.56 Eqo, 9 = 0.360 = 

ffe293 
· mist = 10318 

0 .. 293 and v:P. •. 257 The values of .0mist, limist ,¢mist , ~mist were plotted 

as explained before., All of the calculated values of these four 

parameters are tabulated in Table IVo 
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TABLE VI 

CORRELATION PARAMETERS: 

Ru~ Jt. ¢'1 .-yfo257 ~\fo293 '.ttl.il\li; mist No. ., ........ \ ' mist mist 

' 108 1 1,709 X 1,697 ·130,5 1.167 
2 2,499 1,805 143,9 1,188 
3 3.,316 2,172 · 15418 11'255 
4 4,043 2:,353 162,9 1,289 
5 4,777 2,437 170;0 1.29s · 
6 5,503 2,486 176,3 1.305 
7 6,325 2,540 18207 1,314 
8 7,053 2,702 187,9 1,338 
9 7,658 2,918 191,9 lo368 
11 7,792 2,964 192,8 10361 
12 8,391 2,972 196,5 1,376 
13 8,887 3,048 199,4 1.386 
14 9.443 3,286 202,5 1.417 
15 10.142 3,286 206,3 1,417 
16 10,716 3,394 209,2 1,430 
17 10,958 3,810 210,4 1.479 
18 11.384 4,027 212,5 1 .. 504 
19 11.774 4,183 214,4 1.,520 
20 12.336 4tl35 216,9 10515 
21 12,838 4,345 219,2 10538 
23 6,595 2,866 184,7 1,;;361 
24 7,095 2,944 188,2 1,372 
25 7'!'664 3,000 192,0 1,379 
26 8,233 3,131 195,5 1,397 
27 s.682 3,315 198.,2 1,420 
28 8,985 3.,486 200,0 1,441 .. 
29 9,481 3,589 202,7 lo4:54 
30 9,953 3,762 205,3 1,474 
:n 101'431 3,846 207,8 1,483 
32 10,938 3,914 210,3 1,491 
33 11,126 4,257 211,3 1,528 
34 11,626 4,313 213,7 1,534 
36 o,779 1,625 106,7 1,152 
37 1,559 1,571 127.5 10141 
38 2,354 10726 141,7 lol73 
39 3,157 lt847 . 152,8 1~197 
40 3,.783 2,174 160,l 1,255 
41 4a.352 2,113 166~0 1,245 
42 4'!9:30 29267 171,4 1,271 
4::5 5t430 2,529 175,7 10312 
44 5,965 2,608 180,0 1 .. 324 
45 6.,527 2,722 184,2 1,341 
47 o,759 1.,129 106,0 1,036 
48 1,491 1,.352 126,0 1,092 
49 2,274 10461 140.,5 1,117 
50 2,790 

108 
2.010 148,0 1,227 

\ 

51 30387 X: 2el69 155.6 1.,254 
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TABLE VI (Continued) 

Run .)(mist 9Sfuist xfJo257 ,sf>o293 
Noo mist mist 

52 30973 X 108 2,214 162,1 1.262 
53 4~476 2,400 167,2 10292 
54 5.104 2,586 172,9 1.,321 
55 5.530 2,667 176115 lo333 
56 6.103 20735 181 .. 0 1.342 
58 o.757 1.168 105.9 1 .. 046 
59 ·1.460 . 1,335 125 .. 3 1~088 
60 2.015 1,834 13602 ;t..194 
61 2.,671 1,981 146.4 1.221 
62 3.325 2,008 154.9 1.226 
63 3.667 2,394 158f8 10291 
64 4 .. 218 2,423 164,6 1.,296 
65 4.794 2,490. 170,1 1.306 · 

· 66 5.359 2,566 175.,1 1.:ns 
67 50629 20865 177.3 1 .. 361 
69 5.840 2,675 179 .. 0 1.334 
70 6.386 2,675 183 .. 2 L,334 
71 6.737 . 2!'893 185.,7 1.365 
72 7,272 2,929 18904 1.370 
73 7 .. 584 3,068 19104 1.,388 
74 7.,962 3.257 19308 1 .. 413 
76 0.690 1,146 103.4 1 .. 040 
77 1.346 1,312 122 .. 7 10083 
78 1.,939 1,564 13408 lol40 
79 2.429 1,942 142~9 10214 . 
80 2.,981 1,.953 1501>6 lt,216 . 
81 3.477 2,150 156.7 lo251 
82 3.879 2,333 161,1 1.,281 
84 0.641 1,411 10105 1.106 
85 111253. 1,489 12005 1.123 · 
86 1.,897 1,561 134.1 1 .. 139 ...•. 
87 2',.434 1.776 142.9 1.183. 
88 2,842 2.105. 148 .. 7 l .. 243 . 
89 3.251 20264 154.0 l •. ~70 .· 
90 3.,757 .2 .. 329 159 .. 8 l 02.81 
91 4 .. 220 2,434 164.,7 10297 
92 4 .. 661 2~532 168.9 1,.312 
93 5.150 2~594 173,.3 l.i322 
95 5.223 2.543 173 .. 9 l.0314 
97 0.,564 1.,404 98.,2 1.104 
98 1.064 1~622 115.6 1 .. 152 
99 lo625 1 .. 653 .128.8 1.158 
100 2.1.54 1.,758 138,5 1.179 
101 2 .. 607 

108 
1 •. 910 14505 10208 

102 30048 X 1.973 151.4 1.,220 



CHAPTER VIII 

CONCLUSIONS 

Much work has been done by many investigators toward 

deriving an expression of the pressure drop of two-component, 

two-phase flowo Martinelli and others have expressed the 

pressure drop for two-component, two-phase flow in terms of 

the Reynolds number of each component in the flow. 

:Much evidence has been accumulated which points toward 

the idea that a correlation for predicting the pressure drop 

for each type of flow ~~ttern would be much more accurateo 

The data gathered in this test indicated that Martinelli¥s 

correlation do·es not apply to mist flow o The Yagi and Sasaki 

relation seemed plausible, however 9 the difficulty in eval-

uating the average liquid velocity makes this equation un-

wieldy. 

In this experiment it was found that the pressure d. rop 

which occurs during vertically upward, isothermal, mist flow 

can be predicted by the use of: 

[~~] mist = 

$100293 
mist 

and x: . t = mis Re 
g 

\If 
1 -w 
g 

¢mist t~~J 9 
g 
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Where {1Lp·~ dr f fl . 1 · ft ['-I~ = pressure op or gas owing a one, psi per ; 
g 

Re = Reynolds number of gas flowing alone; 
g 

w1 = Liquid rate, lbs per min; 

W = gas rate, lbs per min; 
g 

{"1 = liquid density, lbs per cu ft; 

LJ = gas density, lbs per cu ft; lg 

p1 = liquid viscosity, lbs per sec-ft; and 

Pg = gas viscosity, lbs per sec-ft. 

The range of values used were: 

Air rate, 0.376 to 1.29 lbs per min; 

Water rate, 0 to 0,.667 lbs per min; 

Re, 25,700 to 88,300. 
g 

It was noted that at air rates snall~r than 4 cfm it was 

impossible to maintain mist flow in the test section. The water 

tended to cling to the entire periphery of the wall of the test 

section or proceed up the tube in streams against the wall 

depending on the water rate. Visual observation was used to 

insure that the data being taken was of mist flow. Reproduc-

ibility was remarkably good. Time after time the same pressure 

drop was noted at the same air and water rate. 

The correlations derived from this experiment (Eq. 9, 10, 

and 12) will predict the pressure drop of vertically upward, 

mist flow of air and water within five percent of the actual 
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LIST OF EQUIPMENT 

1 - Fischer and Porter rotameter #B-851349, 0-8.5 cfm air at 

0 psig and 0 tube #5A-25, 11. pipe inlet and outlet,, 100 F, .!Ii 1Bo 

1 - Fischer and Porter flowrator #J5•1812, 45-132 lbs per hr 

liquid of specific gravity of Oo78-0o8lo 

1 - Fischer and Porter flowrator #J5-1811, 'tube #2K-25, 19-69 

lbs per hr of liquid of specific gravity of 0078-0.810 

2 - Meriam Instrument Co .. 36 in. standard cleanout manometers 

using mercury •. 

1 - Comme~cial Filters Corp. f~:J.,flow filter, Model WF6, 2 ino 

pipe inlet and outlet, cotton batting packing. 

of 

1 - FisherG<>vernor Co. pressure regulator, type 630, serial no. 

2035007; maximum inlet pressure, 11)00 psi; maximum outlet 

pressure, 30 p:si o 

1 - Fairbanks-Morse·Co., centrifugal pump, 1750 rpn, fig 0 5500, 

llOo 29690 

Th.e air was supplied by a Pennsylvania Pump and Compressor 

Co. 2,, stage air c~mpressor, serial no. 4727, class llAT,. rated 

at 100 cfm at 400 rpno The compressor was driven by a 25 hp 

electric motor. 

Miscellaneous valving and piping to properly connect the 

above equipaent o 
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