
' ^ . _ 

ANL-6291 

MASTER 

argonne Bational Xaboratorg 

HEAT TRANSFER TO A MIST FLOW 

by 

Jerald D. Parker and Richard J. Grosh 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



LEGAL NOTICE 

This report uias prepared as an account of Government sponsored 
tuork. Neither the United States, nor the Commission, nor any 
person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, 
with respect to the accuracy, completeness, or usefulness 
of the information contained m this report, or that the use 
of any information, apparatus, method, or process disclosed 
m this report may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for 
damages resulting from the use of any information, apparatus, 
method, or process disclosed m this report. 

As used m the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee 
of such contractor, to the extent that such employee or contractor 
of the Commission, or employee of such contractor prepares, dis
seminates, or provides access to, any mfdrmation pursuant to his 
employment or contract with the Commission, or his employment with 
such contractor. 

Price $3.00 . Available from the Office of Technical Services, 
Department of Commerce, Washington 25, D.C. 



ANL-6291 
Engineering and Equipment 
(TID-4500, 16th Ed.) 
AEC Resea rch and 
Development Report 

ARGONNE NATIONAL LABORATORY 
9700 South Cass Avenue 

Argonne, Illinois 

HEAT TRANSFER TO A MIST FLOW 

by 

Je ra ld D. P a r k e r * and Richard J. Grosh 

Purdue R e s e a r c h Foundation 

Lafayette, Indiana 

January 1961 

Argonne National Labora tory Subcontract 31-109-38-704 
September 1959 to August I960 

Technical Report No. 5 

*Work repor ted he re formed the bas i s of a Ph.D. Thesis in 
Mechanical Engineering at Purdue University. 

Operated by The Universi ty of Chicago 
under 

Contract W-31-109-eng-38 



N O T E 

The definition of the t e rm quality, which appears 

in this thesis , is based upon mass flow ra t e s . 

This follows the convention most commonly ob

served in the cur ren t l i te ra ture and differs from 

the definition given in some thernnodynamic texts 
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ABSTRACT 

P a r k e r , Je ra ld Dwain. P h . D . , Purdue Universi ty, January, 

1961. Heat Trajisfer to a Mist Flow. Major Professor : Richard J . 

Grosh. 

An experimental and analytical study was made of the heat t r a n s 

fer charac te r i s t i cs of a mis t flow of s team and water droplets flowing 

vert ical ly upward in a round tube. A simplified analytical model, 

based on momentum, m a s s , and energy considerat ions, was developed 

which show ^ qualitatively that severe tempera ture fluctuations a re 

charac te r i s t i c of such flows under constant wall heat flux conditions. 

The experimental investigation was made with s team at 3u psia 

flowing through an e lectr ical ly heated one-inch ID copper tube, four 

feet in length. The quality was varied by the injection of water into the 

steam pr ior to its entry into the heated section. Total mass flow ra tes 

of 200, 300, and 400 lbs per hour were maintained for the t e s t s . Heat 

fluxes were varied from 3,020 to 20,700 Btu /hr square feet, and inlet 

qualities were var ied from 89 to 100 percent . 

The experimental data showed that the analytical model gave a 

fairly accurate qualitative description of the tube wall t empera ture 

variation with length. The analysis of the data seemed to indicate that 

the assumptions of equilibrium between phases and constant values for 

the mass t ransfer coefficient for droplets were incor rec t . 

ix 



An electronic spray analyzer used in the investigation proved to 

be useful for the detection of droplets but was of little value in de ter 

mining droplet spec t rums . 

Very high values of heat t ransfer coefficient were found for the 

annular-mis t flow region that exists just ups t ream from the mist flow 

region. In the mist flow region two distinct types of heat t ransfer were 

noted, depending upon whether the spheroidal state existed for the drop

lets str iking the heated tube wall. Fo r wall t empera tures below a ce r 

tain value heat t ransfer coefficients 3 to 6 t imes those for dry s team 

were noted. Fo r wall t empera tu res above this cr i t ical value the heat 

t ransfer coefficients were almost identical to those for dry s team, 

even with considerable moisture present in the mis t . 

X 
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INTRODUCTION 

The t ransfer of heat to an evaporating fluiJ is a common problem 

in many modern engineering p r o c e s s e s . In many of these p rocesses 

the energy for heating is supplied by a nuclear react ion, a chemical 

reaction, or by e lec t r ica l heating. In such cases , the energy supplied 

per unit a r ea is usually constant or nearly constant over the heat t r a n s 

fer surface. Thus, a sharp decrease in the heat t ransfer coefficient 

could cause overheating at some position on the surface, in some cases 

leading to a condition called "burnout" where the surface is permanently 

damaged. 

One type of burnout which occurs with high heat-flux boiling s y s 

tems is that due to a transit ion from nucleate to film boiling. Extensive 

work has been done during recent yea r s on methods of predicting the oc

currence of this type of burnout in evaporator tubes. 

Another type of burnout, somet imes called net boiling burnout or 

two-phase burnout, occurs in sys tems with relatively high qualities 

present and in some cases even with modera te heat fluxes. Several in

ves t igators have attributed this sudden change in heat t ransfer coefficient 

to a change in the two-phase flow pattern brought about by the vaporiza

tion p roces s . That i s , a change from an annular -mis t flow pat tern. 



where the tube wall is wet, to a dispersed or mist flow where the tube 

wall is relatively dry, appears to be a logical explanation for the ob

served decrease in film coefficients. 

Although a number of invest igators have noted this t ransi t ion, no 

one has yet made a careful study of the transit ion phenomena. No de

tailed information is available for values of heat t ransfer coefficients 

in the liquid deficient region where a dispersed or mis t flow is assumed 

to occur . In this region there is insufficient liquid present at the wall 

to completely cover the wall with a liquid film. It is the objective of 

this thesis , therefore , to investigate the heat t ransfer mechanism of a 

mis t flow of s team and water droplets flowing vert ical ly upward through 

a round tube at constant wall heat flux. A round, ver t ical tube was 

chosen in o rde r to eliminate the complexities caused by corners and by 

gravitational fo rces . 

Mists of various types occur in many industr ial p rocesses and yet 

very little information is available on their heat t ransfer cha rac te r i s t i c s . 

One of the more important and recent applications where mis t s a re im

portant is in rocket motors with molten fuel droplets suspended in the 

s t r e a m . Studies of mis t have long been of importance in the field of 

meteorology. 

This investigation may help to shed some light on this a rea of the 

r a the r complex subject of heat t ransfer to two-phase flows. It is hoped 

that this study may also lead to a be t ter understanding of the transi t ion 
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region between annular and mist flow, which may in some way lead to 

a bet ter understanding of two-phase burnout in evaporator tubes. 



( 

LITERATURE SURVEY 

Very little information was found in the l i te ra ture pertaining 

directly to the subject of heat t ransfer to mi s t s . As late as 1957, 

Coll ier (10), made a thorough review of the existing two-phase heat 

t ransfer l i t e ra tu re . In the summary he stated that there was no avail

able experimental data for local conditions in the liquid deficient region 

of evaporator tubes. It is in this region that mist flow occurs . No 

ar t ic les having a direct bearing on the subject were found for the period 

from 1957 to the present . Therefore , the l i te ra ture surveyed and dis

cussed in the following sections has to do only with background ma

te r ia l s an'l thus includes mate r ia l on the subjects of two-phase flow, 

two-phase burnout, spray and droplet behavior, and droplet m e a s u r e 

ment techniques. 

Two-Phase Flow 

In recent y e a r s , severa l a r t ic les have appeared summariz ing the 

work done in the field of two-phase flow and listing most of the im

portant references on tlie subject. Among these summar ies a re those 

of Gresham (2ci), Santalo (59), Bennett (6), Isbin, et al (33), and Boggs 

and Fitch (o). Since these ar t ic les include fairly complete bibliographies, 

only the two-phase flow references that are of more recent date or those 
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which have an important bearing on the subject of this thesis will be 

reviewed. 

Much of the work done in the field of two-phase flow has been 

directed toward the identification of the various flow pat terns that can 

exist and toward the prediction of p r e s s u r e drop during isothermal flow 

of gas-liquid s y s t e m s . A comparison of the flow pat terns presented by 

many of the invest igators has been made by Ambrose (3). This com

parison indicated good agreement considering that the t ransi t ions be 

tween flow patterns a re vague and were detected visually. Ambrose 

l is ts the following pat terns which were generally observed to occur as 

the gas-phase mass velocity was increased: 

1. Pu re liquid 

2. Bubble flow (bubbles move along the upper part of the pipe 

at about the same velocity as the liquid). 

3. Plug Flow (al ternate plugs of gas and liquid). 

4. Stratified flow (vapor flowing above the liquid). 

5. Wavy flow (vapor above a wavy liquid surface) . 

6. Slug flow (periodic frothy slugs pass through the pipe at a 

g rea te r velocity than the average liquid velocity). 

7. Annular flow (liquid flows in a film around the inside wall of 

the pipe and the gas flows at a higher velocity as a central 

core) . 



8. Mist o r spray flow (gas with liquid entrainment flowing in a 

pipe with wetted walls). 

9. Pure gas . 

Of course , some of the above pat terns apply only to horizontal 

flow. 

In a sys tem in which a boiling occurs , the rat io of liquid to vapor 

changes with distance from the entrance of the tube, and the flow pat

t e rns therefore change. At sufficiently high qualities one would expect 

the mis t or spray flow to eventually develop. 

It is interest ing to note that the description of mis t flow given by 

Ambrose includes wetted walls. It should more properly be given the 

name of annular -mis t flow. It is probable that a true mist flow would 

e- is t in adiabatic flow only under unusual conditions. Droplets d i s 

persed in the turbulent gas core usually diffuse toward the duct wall and 

build up a liquid film. This would not be the case of course if sufficient 

heat were being added at the wall to evaporate the droplets as they 

s t ruck. In some cases the liquid film may be so thin as to be practically 

invi-sible to the eye, especially if the surface of the film is laminar . 

This author, ( J . D . P . ) , observed thin water films on the inside of glass 

tubes with a 20 power microscope that were barely noticeable to the eye. 

One of the invest igators who studied the various flow patterns for 

a number of liquid gas combinations was Baker (4). Baker utilized the 

information of Jenkins, Gazley, Alves, and Koster in to make the plot 
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I The maximum liquid ra te occurs when —— X (// =120 according 
G 

g 
to the char t . Therefore the maximum liquid ra te for d ispersed flow 

4 
when G = 2 . 8 6 x 1 0 would be 

g 

120 G 
G, = . , ^ = 4 X 10 h X ip 

The quality would be 

X = ^ - ^ = 0.0071 . 
g L 

This is a surpr i s ing resul t since it r ep resen t s a s t eam-wate r 

volume rat io of only 5.75 at the assumed conditions. Of course Bake r ' s 

chart may not be valid for the conditions that we have stated. 

An even more surpr i s ing resul t that can be obtained from the 

chart is that it predicts a change from the dispersed pat tern to the an

nular pattern with a decreasing liquid flow ra te , assuming that the gas 

rate remains constant. This would indicate that as an annular film 

becomes thicker with increasing liquid ra te a point would eventually be 

reached where the film of liquid would be broken up by the action of the 

gas and dispersed as drops in the core . There must be some definite 

l imit to the thickness of an annular film if there is to be no dispersion 

of droplets into the core . This factor must be considered in the design 

of film cooled rocket motors (79). 
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It is indeed surpr i s ing , considering the high degree of importance 

of two-phase flows in industr ial equipment, that so little has been done 

to carefully descr ibe the two-phase flow reg imes in any general man

n e r . Even the most generalized work, due to Baker , is still a far cry 

from the type of definition needed. 

Two-Phase Flow P r e s s u r e Drop 

Most of the work done in the a rea of two-phase flow has been di

rected toward the prediction of p r e s su re drop. One of the ear l ies t 

studies on local p r e s su re drops in boiling was that of McAdams, vVoods, 

and Bryan (43), who investigated the evaporation of water flowing through 

a four -pass , horizontal , s team-jacketed one-inch copper pipe. Each 

pass was four feet long and contained three separa te s team jackets . 

Low mass flow ra tes permit ted nearly all of the entering liquid to be 

vaporized when desired. P r e s s u r e drops measured in this investigation 

were used in a la ter repor t (44) to determine apparent friction factors 

as a function of s team quality. The resul ts are shown in Fig. 2. At the 

right side of the chart is shown the range of friction factors for the flow 

ra t e s of the experiment , assuming that the substance flowing is all vapor. 

On the left is shown the range of friction factors for the various mass 

flow r a t e s , assuming that the substance is all liquid. In the range of 

qualit ies from 0. 4 to 1.0 the values of the apparent friction factor a re 

not much higher than would be obtained by a l inear interpolation between 
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these terminal values of f. The authors stated that for values of f in 

the range of qualities from zerxi to 0.4 it is likely that the abnormally 

low values of f can be due to the e r r o r of assuming no slip between the 

liquid and vapor phases . At very low qualities this assumption of no 

slip is completely invalid. 

The conclusion of the investigation therefore was that for high 

qualities the friction factor can be computed from Reynolds number 

based on a mean viscosity of the mixture . The mean viscosity would be 

a function of the quality 

1 _ 1 - X ^ J^ 

m d "̂ v 

Thus , for very high quali t ies , such as might exist with a mist flow, 

the friction factor would be very near the value for one-phase flow of 

the vapor at the same mass flow ra te . 

Various schemes have been tried by invest igators to develop 

friction factors for the prediction of two-phase p ressure drops. For 

example, Davidson et al (13), obtained a fairly good correlat ion of ap

parent friction factors for forced convection boiling of water by plotting 

them against the product of the Reynolds number and the ratio of inlet 

specific volume to outlet specific volume. Tliey suggested that the 

specific volume ratio cor rec t s for the effects of separation of the mix

tu re , bubble sl ip, e tc . However, such a scheme appears to be of little 

value in attempting to predict local p r e s s u r e drops , such as for example, 
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) the pressure drop in the mist flow region of the evaporator tube. 

A very extensive investigation of pressure drop in isothermal, 

two-phase flow systems was conducted by Martinelli and others (37), 

(40), (41). The work eventually led to a correlation which made use of 

the parameters <̂  and 2 where 
L 

(AP/AL)r[,p 

•̂ L ^ TAPTAL)" 

(il.P/AL)^ 
X _ . L̂  
^ (AP/AL)^ 

The functional relation between 0 and X depended upon which 

of four a rb i t ra r i ly defined types of flow existed. These flows, in turn, 

depended upon the Reynolds number for the flow of each phase. The 

types were designated as viscous-turbulent , v i scous-v iscous , turbulent-

viscous, and turbulent-turbulent , depending upon the values of the 

Reynolds numbers . Mist flow, for example, where the liquid rate is 

low and the gas rate is high, would usually come under the classif ica

tion of viscous- turbulent . The four types of flow defined by Lockhart 

and Martinelli do not necessar i ly distinguish the flow patterns that have 

been identified visually. In fact, experiments (40) in which the liquid 

surface tension was changed by Nekal B-X indicated changes in the 

flow patterns observed at given flow r a t e s , but did not indicate ap

preciable changes in p r e s su re drop. Although it s eems strange , tais 



tends to support the idea of Martinelli and Lockhart that the type of flow 

should be defined by Reynolds numbers instead of by visually observed 

pat terns when making p r e s s u r e drop calculat ions. 

Martinell i and Nelson (42), combining the previous resul ts for 

i so thermal , two-phase flow with the experimental data of (44) and (13), 

developed a method for predicting p r e s su re drop during boiling in 

evaporator tubes. In boiling, the quality changes with length and the re 

fore the value of 2 in the Mart inel l i -Lockhart correlat ion changes with 

length. By using the relationships developed previously and by assum

ing that the p r e s s u r e drops corre la ted by the relat ionships were entirely 

due to friction, the following relationship was obtained: 

L-JL J TPF = ( i - x ) ' - " *[ 

lO 

It was found that the high p re s su re data of (13) was overest imated 

when the equation above was integrated and applied to determine total 

p r e s su re drop over the tube lengtli. It was also noted that at the cr i t ical 

AP 
T P F 

point the value of —r^g— should have approached unity, but instead, 
^ ^ O 

the value of 5 was obtained. Therefore the corre la t ion for 0 used 
L 

previously had to be corrected by extrapolation from the cri t ical 

p re s su re to include the effect of p r e s s u r e . This gave a new plot for 
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<j> with p r e s s u r e as a p a r a m e t e r . With this new curve they were able 
L 

dP / dP 
to compute local values of (—) /^~JT ) ve r sus quality for 

dL T P R / "^^ O 

various p r e s s u r e s . The result ing curve for local friction p r e s s u r e drop 

is shown in Fig. 3. The curve is based upon the assumption that the 

general Mart inel l i -Lockhar t type of correlat ion can be applied to non-

isothermal , s t eam-wate r sys tems and that the method of extrapolation 

used to determine the effect of p r e s s u r e is valid. 

By further assuming that saturated water entered the tube, that 

a l inear relationship existed between quality and length, and that a 

dP 
point-to-point evaluation of 0. and (— ) was valid, the authors were 

L dL Q 

able to integrate the relationship for local p r e s s u r e drop along the tube. 

This gave a relationship for the total friction p re s su re drop as a func

tion of exit quality. The resul t of the integration is shown in Fig. 4. 

Throughout their derivation the authors assumed the flow was 

turbulent-turbulent . In many mist flows the flow type would likely be 

viscous-turbulent , and under such conditions the curves shown in F igs . 

3 and 4 would not be valid, 

Martinell i and Nelson sdso calculated values of p r e s su re drop due 

to momentum changes during evaporation. The derivations were made 

for each of the two possible ext reme exit conditions: 

1. Liquid and vapor completely mixed (mist ) . 
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2. Liquid and vapor completely separated and moving at dif

ferent veloci t ies . 

The value of the actual p r e s s u r e drop due to accelerat ion would 

probably lie between these two ex t remes . 

The total p r e s s u r e drop in an evaporator tube can be obtained by 

adding the accelerat ion drop to the frivjtion drop. The curves presented 

previously for friction p r e s su re drop a re also s t r ic t ly applicable only 

to a horizontal tube of constant d iameter . 

In comparing the predicted values of accelerat ion p res su re drop 

with the measured values of (44), Martinelli and Nelson noted that in 

the cases where the vaporization was gradual the derivation based on 

the assumption of separated phases was most applicable. In those runs 

where the vaporization was more rapid a bet ter correlat ion was ob

tained with the assumption of complete mixing of the phases . This 

would indicate that a mist flow may be more likely to occur at a given 

quality if the heating has been rapiJ . 

Dengler (16) measured p re s su re drops for vaporizing water in a 

20 foot vert ical copper tube of one inch inside d iameter . Heat was sup

plied by five closely spaced s team jackets and p r e s su re drops were 

measured by means of manonieters connected to taps located between 

the jackets . Feedwater entered the tube near the saturation condition 

an i at ra tes of 240 to 5, 550 pounJs per hour. Exit quality varied from 

0 to 100 percent , exit p r e s su re from 7. 2 to 29 pounds per square inch 
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absolute, and temperature difference between the condensing s team and 

the vaporizing water from 0 to 40 degrees F . In o rde r to determine the 

local volume fraction of the mixture Dengler added a radioactive t r ace r 

to the liquid feed. By the use of a Geiger-Muel ler counter, variat ions 

in radioactivity were noted at various positions along the tube, and 

these variations were related to the volume fraction. The volume f rac

tion was used to obtain the p r e s su re gradients due to gravitational and 

accelerat ion effects. F rom these and the measured total p r e s su re drop 

the frictional p r e s su re drop was obtained. Values of the pa ramete r 0 

obtained in this manner were found to be about 20 percent higher than 

those obtained by Lockhart and Mart inel l i . 'When the tempera ture dif

ference was greater than that necessary to initiate nucleate boiling in 

the tube, values of (/> were founJ to be up to three t imes the predicted 

values. 

Weiss (71) studied two-phase p r e s su re drop using a heated 0. 174 

inch s ta inless steel tube. The range of p r e s s u r e s covered was from 20 

to 1.400 psia and the heat fluxes were from 100,000 to 500,000 Btu per 

'hour square foot. Exit qualities at the two-phase burnout points were 

greater than 75 percent . His data agreed within plus or minus 30 per

cent with the values predicted by the Martinell i-Nelson method. The 

results seemed to indicate that the exit flow was closer to a mist type 

of flow than to the separa ted type of flow, although this was not de ter 

mined experimental ly. 



One of the few studies directed pr imar i ly to the investigation of 

flowing mis t s was that of Leonard (36). He investigated p res su re drops 

for mis ts of a i r and water flowing vert ical ly upward through a 12 foot 

long pyrex tube with an inside diameter of 0. 301 inches. P r e s s u r e taps 

were centered 10 feet apart on the tube. The following correlat ion, 

which was determined by digital computer techniques, correlated the 

p re s su re drops to within five percent of the measured values: 

[ALjxnis t mist [ A L J , 

where gi°\"^^ = (0.00436) X°'."^7 + 0.562 
mis t mis t 

W p u. 
T T ^H 

and X . . = N. ^ ^ "̂  mist Re W p u. 
g g V 

The range of values studied by Leonard were: 

W = 0. 376 to 1. 29 pounds per minute 
g 

W = 0 to 0. 667 pounds per minute 

N„ = 25,700 to 88,300 . 
Re 

Leonard stated that Mart inel l i ' s (37) correla t ion for v iscous-

turbulent flow did not seem to apply to mist flow. It s e e m s , however, 

that Leonard may not have taken into account the accelerat ion and 

gravitational effects, since his correlat ion is for total measured p r e s 

sure drop. 

Discussions of two references on mis t flow given by Leonard will 
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be repeated here since t rans la t ions of the a r t i c l es were not available. 

They are investigations by Yagi and Sasaki (75) and Yagi and Kato (74). 

Yagi and Sasaki investigated p r e s s u r e drops in ver t ica l mist flow 

using glass tubes of 8, 10. 25, and 17. 5 mm inside d iameter . They 

used air and var ious liquids for their exper iments . They concluded 

that the p r e s s u r e drops could be corre la ted by 

^ 2 _ 0. 75 _ - 0 . 6 

L-"^] mist ^^8 L^SDJ L d̂ J 

This equation is difficult to use, since in most cases the velocity 

of the drops and therefore the average density of the mixture a re un

known. 

Yagi and Kato (74) gave the following expression for p r e s su re 

drop in horizontal mis t flow: 

Q, 0.8 P . 
(1 + - i i ) L 

Q ^ P 
g avg 

As in the equation of Yagi and Sasaki, it is necessary to know the 

slip velocity between phases in order to utilize this express ion. Thus 

this equation s eems to have little prac t ica l value in predicting p r e s su re 

drops to mists , since p r e s s u r e drops a re eas ie r to measure than slip 

velocities. 



Because such a meager amount of experimental data is available, 

evaluation and comparison of the various schemes for prediction of 

p r e s s u r e drop in mis t flows cannot be made. It appears that more 

studies are needed in this a r ea . 

Two-Phase Burnout 

Two-phase burnout is somet imes called net boiling burnout, and 

is distinguished from local boiling or film boiling burnout. It has been 

known for many yea r s that for evaporator tubes operated at high exit 

qualities the heat t ransfer coefficients are relat ively low near the exit 

end. Under such conditions a change probably occurs in the flow pat

tern due to the changing liquid-vapor ra t io , and there resul ts a sharp 

decrease in the heat t ransfer coefficients. If heat is being added to the 

tube at a constant o r near constant r a t e , the tube will undergo a sharp 

tempera ture increase in the region where the coefficients decrease . 

When the tempera ture r i se is sufficient to cause damage to the tube, 

two-phase burnout is said to occur . 

Although evaporator tube performance has been studied by 

numerous invest igators , most of the ea r l i e r studies were directed to

ward performance of the entire tube. Many investigators studied only 

the inlet and outlet conditions of the tube and measured mean overall 

t empera ture differences. Most of the more recent studies have been 

directed toward determination of local conditions in evaporator tubes. 
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I However, very few of these studies have been concerned with local 

conditions of the high quality or liquid deficient region where mist flows 

occur. 

McAdams, et al (43), using the equipment described previously, 

measured the overall heat t ransfer coefficients to boiling water , using 

s team at var ious p r e s s u r e s in the jackets . The condensing s team side 

res i s tance was minimized by using octyl thiocyanate to promote drop-

wise condensation, and therefore the overal l coefficients were thought 

to be near the values of the inside film coefficients. One resul t of the 

investigation is shown in Fig. 5. The value of the coefficients dec reases 

oharply with increasing percent of feed vaporized above 40 percent . The 

authors attributed this decrease to the fact that there was insufficient 

liquid left to completely wet the inner walls of tlie tube. Observations 

made at the glass bends of the apparatus indicated that the flow had 

changed to a mist pattern when the low coefficients were experienced. 

Because the flow had to make a loO degree turn at the end of each 12 

foot run, the droplets in the flow were thrown against the outer wall at 

the turn and high coefficients were noted in the f irs t jacket downstream 

from the bend. 

A sha rpe r , ea r l i e r decrease in the coefficient was noted for the 

cases where the wall t empera ture was hi;^h, that i s , where the s team 

jacket p r e s su re was 71 psig. The higher wall tempera ture may have 

caused the spheroidal s ta te to exist , result ing in the lovvered 
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coefficients. With 71 psig in the s team jackets the t empera ture dif

ference between the wall and the boiling fluid would have been about 105 

degrees F . 

The use of condensing jackets for heating prevented any detailed 

observation of the local heat t ransfer coefficients. The values obtained 

are actually average values over a distance of approximately three feet. 

In 194S Witzig, Penny, and Cyphers (73) evaporated Freon-12 in 

an electr ical ly heated, horizontal tube evaporator . The tube was 0. 305 

inches inside diameter and 27.5 inches long. In one s e r i e s of runs the 

mass flow rate was held constant at 11.9 pounds per hour and the power 

was constant at 3,540 Btu per hour square foot based on outside a rea . 

In that s e r i e s of runs the wall t empera ture was very nearly constant up 

to the point where the quality was approxim.ately 70 percent . There the 

wall teniperatui 'e increa.^ed sharply froin about 30 degrees F to over 300 

degrees F , indicating a decrease in heat t ransfer coefficient apparently 

due to a dry wall condition. 

E. R. Wolfert of Westinghous'e Corporat ion in commenting on the 

paper stated, "Fur the r information on heat t ransfer ra tes in the region 

oeyond the point where 70 percent of tiie Freon is evaporated is needed 

as an evaporator must usually ca r ry the heat t ransfer to a point where 

the gas is not only all evaporated but actually superheated. '' 

F ikry (21) measured heat t ransfer ra tes to wet s team flowing 

through an electr ical ly heated con.^tantan tube of 0. 25 inch in.side 
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diameter . The four foot long tube was heated over a length of three 

feet. The quality of the mixture was varied from 2 to 85 percent . The 

heat added var ied from 6, 000 to 30, 000 Btu per hour square foot, but 

was never enough in any given run to change the quality by more than 

two percent . 

P re l iminary runb with water indicated good agreement with the 

Dit tus-Boelter equation. 

F ikry var ied the inlet quality by spraying cold water on the out

side of the bare s team line ups t ream from the test section. The flow 

4 4 

ra tes of s team in the pipe varied from 4. 14 x 10 to 7.47 x 10 pounds 

per hour square foot. 

Fourteen i ron-constantan thermocouples , welded to the outside of 

the constantan tube, measured the outside wall t empera tu re . This 

reading was cor rec ted to obtain the inside wall t empera tu re . This 

represented a ra ther large correct ion since the tempera ture difference 

between the wall and the fluid was usually in the range of from 2 to 3 

degrees F . 

The coefficients determined from these measurements ranged 

from 580 to 2, 740 Btu per hour square foot. The resu l t s were co r re l a 

ted in t e r m s of Reynolds and Nussel t numbers using the physical con

stants of dry sa tura ted s team. 
N.T = c N _ Nu Re 
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The value of c in the equation was a function of the s team quality. 

Fikry a rb i t ra r i ly divided the qualities into three ranges and de te r 

mined the value of c for each range to be 

70 - 80 percent quality 0.904 

55 - 65 percent quality 0. 887 

40 - 50 percent quality 0.840 

On this bas is of correla t ion the coefficients for a given Reynolds 

number a re much higher for wet s team than those for water or for dry 

s team flowing alone. Above SO percent quality the coefficients de

creased markedly from their maximum value. 

Dengler ( lb) , in the same study in which he was measur ing the 

previously described p r e s s u r e drops , also investigated the heat t r a n s 

fer mechanism. Three different meciianisms were used to explain his 

heat t ransfer r e s u l t s . At low qualities nucleate boiling seemed to be 

the controlling mechanism. At high qualities forced convection seemed 

to mask out the effei.t of nucleate boiling. At qualities ranging from 47 

percent at a mass velocity of 0. 171 x 10 pounds per hour square foot 

to 84 percent at 0.044 x 10 pounds per hour square foot, Dengler no

ticed a sharp decrease in heat t ransfer coefficients. He attributed this 

to a liquid deficient condition in which the tube wall had become e s 

sentially dry. This conclusion was supported by the readings taken 

with the Geiger-Muel ler counter. At one point he noted a sudden in

c rease in the counting ra te of the counter, which indicated a deposit of 



radioactive salt inside the tube. Tliis was suggestive that the tube 

wall had become dry at the region where the film coefficients had de

c reased . 

Mumm (49) investigated heat t ransfer to boiling water forced 

through an e lectr ical ly heated, horizontal , stainles-i s teel tube which 

was 0.465 inch inside diameter and 7 ft long. The investigation covered 

a range of p r e s s u r e s from 45 up to 200 psia, heat fluxes from 50,000 to 

250,000 Btu per hour square foot, and flow ra tes from 250,000 to 10 

pounds per hour square foot. Mumm noted that the local heat t ransfer 

coefficients increased with increasing quality up to a quality near 50 

percent. In that region the coefficients decreased rapidly toward a 

value near those of dry vapor at about 70 percent quality. 

Vanderwater (69) proposed an analytical model to predict con

ditions under which two-phase burnout would occur . His model sup

posed that a spray-annular type of flow occur red ups t ream from the 

region of burnout. Droplets were assumed to be constantly disappear

ing by diffusing into the liquid film, and the boiling action in the liquid 

film was assumed to be constantly forming droplets that are entrained 

in the core . Burnout was assumed to occur at the point in the tube 

where the liquid film disappeared. Vanderwater developed an equation 

to predict the liquid distribution and hence burnout. The model was 

used to cor re la te burnout data of severa l invest igators for ver t ica l , 

upward flow of s t eam-wate r mixtures in round and rectangular channels. 



29 

The values of the mass t ransfer coefficient for the droplets k 
d 

and the re -en t ra inment function E in his equation could not be de te r 

mined except by t r ia l and e r r o r means , using the burnout data which 

was to be cor re la ted . The distribution of the liquid at some point along 

the tube length also had to be assumed, which introduced a pa r ame te r 

z in the equation. 

The mass t ransfer coefficient was assumed to be of the form 

k = b G"̂  where G is the mass velocity of the total flow. Vanderwater 

concluded that j could not be g rea te r than 1.0 since his equation would 

then predict the wrong relation between mass velocity and quality at 

burnout. The value of j was also noted to influence the effect of inlet 

subcooling on burnout. Tliis pointed to a negative value of j as being 

desirable . F rom the burnout data he concluded that the best value of j 

was - } , and the value of b varied with the experimental conditions. 

The value of j for molecular mass t ransfer is ordinari ly 0 .8 . 

Vanderwater explained possible reasons for the difference and stated 

that droplets could not be expected to diffuse in the core in exactly the 

same manner as molecules . Also the evaporation of di'oplets at the 

tube wall could have formed vapor whose motion away from the wall 

hindered the droplet motion to the wall. This vapor motion was des 

cribed by means of a "boiling velocity" defined as 



V "U q" 
B h-

fg 

The mass t ransfer coefficient k , should decrease as V, in-
d b 

c r e a s e s . Vanderwater stated that V, increases as the mass velocity 

inc reases (the reason is not apparent); therefore k should also de

c rease with increasing G. 

The mean size of the drople ts , which could change with m a s s ve

locity, could also affect the relat ionship. 

It was found that, in general , the coefficient b decreased with an 

increase in p r e s s u r e , and the effect was grea tes t at the higher p r e s s u r e s , 

The re -en t ra inment function was described for round tubes by the 

relat ionship 
E - E . v f - 2 5 

b 

where E' is a constant. This predicted a large re -ent ra inment effect at 

low mass velocit ies and a smal l effect at high mass veloci t ies . Values 

of E' determined from the burnout data var ied by a factor of about 15, 

due p r imar i ly to a p r e s s u r e effect. The study seemed to indicate that 

the re -en t ra inment effect should be sma l l e r for rectangular tubes than 

for round tubes. 
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Vanderwater made no attempt to corre la te the pa rame te r z 
o 

represent ing the fraction of the liquid initially d ispersed at some ref

erence location. 

He concluded that the tendency for a mis t type flow would be 

g rea t e r during two-phase flow with heat t ransfer than without, p r i 

mari ly due to the effect of the boiling velocity. 

Droplet Behavior 

Three informative texts on the general p roper t ies of d i sperse 

sys tems have been published in recent y e a r s . The f i rs t , published in 

the Unite i States in 1946, was written by Dallavalle (12). The second, 

published in the Netheidands in 1953, was by Hermanns (30). The 

third was a Bri t i sh publication of 1957, and was written by Green and 

Lane (27). 

These books have very u.^eful information on the basic principles 

of drop and part icle behavior. The discussions include topics such as 

adiabatic evaporation, diffusion, drag coefficients, drop size and spec

trum determination, atomization, dusts , powders, foams, gels and 

liquid-liquid suspensions . Each book has a very complete bibliography 

on the subject However, they contain little or no information on the 

behavior of droplet.s in their own vapor, non-adiabatic sys t ems , heat 

t ransfer mechanisms , surface behavior, wall effects, and flow in 

confined spaces . 



Miesse (47) discussed the recent advances in spray technology in 

an article published in 1956. He summarized the subject under the fol

low itig topics: 

1. Droplet formation. 

2. Stream penetration (distance that a droplet penetrates into 

a stagnant gas l ayer ) . 

3. Secondary atomization (breakup of droplets into smal le r 

droplets) . 

4. Evaporation and ba l l i s t ics . 

Although most of the discussion is limited to liquid sprays in a i r , 

the general principles could be most useful in the study of flowing mis t s . 

Miesse also made the following conclusions: 

1. The phenomena of droplet formation, spray penetration and 

secondary atomization can be character ized principally by 

the Weber number, with secondary viscosity effects r e p r e 

sented by the Reynolds number . 

2. The ball is t ics of an evaporating droplet is depen^ient upon 

the rat io of a i r viscosity to the product of liquid density and 

evaporation rate; the variat ion of evaporation rate due to 

relative velocity effects was represented adequately by the 

Schmidt and Reynolds numbers , 

3. The relative ignorance in the following fields provides 

ample opportunity for extensive fundamental research : 



a. Atomization by jet impingement 

b. Coalescence of droplets 

c. Determination of the size distribution from physical 

properties of the liquid, injector, and surrounding 

atmosphere. 

An excellent bibliography is included with the article. 

One of the most thorough and complete works on droplet be 

havior is included in a publication on injection and combustion of 

liquid fuels (5) prepared by the Battelle Memorial Institute in 1957 for 

the United States Air Force. This monograph, which contains 723 

pages, was the work of a group of scientists who were experts in their 

fields. The six par t s of the publication are: 

1. Atomization of liquid fuels 

2. Bal l is t ics of droplets 

3. Evaporation of droplets 

4. Fluid dynamics 

5. Homogeneous combustion 

5. Heterogeneous combustion 

Each part includes a cr i t ical summary of the work done in that a rea 

and a list of significant r e fe rences . 

A listing of the more important investigations pertaining to 

spi'ays was prepared b,v the Pennsylvania State College and published 

by the Texas Company in 1948 (14). This bibliography, which includes 



abs t rac t s on most of the a r t i c l e s , was enlarged and published in a 

second edition in 1953 (53). This second edition included about 600 en

t r i e s and nearly as many abs t r ac t s . The abs t rac t s were of a non-

cr i t i ca l nature . 

Most of the ma te r i a l in the second edition mentioned above was 

included in a book edited by DeJuhasz (15) and published by the 

American Society of Mechanical Engineers in 1959. This book contains 

over 1, 300 re ferences to work done on sprays by invest igators in twenty 

four countr ies and includes the period from 1880 to 1958 inclusive. In

cluded a r e re fe rences to a r t i c l e s having a bear ing on the theoret ical and 

experimental studies of sprays such as , for example, studies of pow

ders and dusts . Many of the abs t rac t s a re quite detailed. DeJuhasz had 

compiled many of the abs t r ac t s as a reviewer for Applied Mechanics 

Reviews and was given permiss ion to use these abs t rac t s in his book. 

Because most of the important re ferences on droplet behavior a re 

included in (5), (15), (47), and (53), only those investigations that have 

an important bear ing on this thes is will be d iscussed. 

The three most common mathemat ical express ions for drop size 

distribution in sprays a re the Ros in-Rammler , Nukiyama-Tanasawa, 

and the log-probability equations. They may be written: 

d ^ 

o • o 1 d(v) 6d° d 
Rosin-Rammler --rr-. - e 

d(d) ^6 
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6 

î T u - rr d(v) b^ ,5 -bd* Nukiyama-Tanasawa -rrrs - —;:— d e d(d) r»6^ 
' 6 

log-probability 
d(v) 6 
d(d) " 77 

, 2 
(6lnl.) 

The Ros in -Rammler (55) expression was obtained from a ma the 

mat ical investigation of size distribution in powdered coal and other 

pulverized ma te r i a l . It has been found to be quite useful, however, in 

many instances for the study of spray dis t r ibut ions. 

The Nukiyama-Tanasawa (52) distribution equation resulted from 

an extensive investigation of the cha rac te r i s t i c s of sp rays produced by 

various a i r -a tomizing nozzles . Their equation has been found to fit 

var ious data reasonably well, even where the mechanism of droplet 

formation was entirely different from that in the investigations of 

Nukiyama and Tanasawa. These authors also developed an expression 

for the prediction of the Sauter (48) mean diameter of a spray p r o 

duced by an a i r -a tomizing nozzle. This equation is probably the only 

generally used equation for the prediction of mean drop s izes produced 

by a nozzle. The equation is: 

. = 585 -J^— + 5 9 7 ( - J ^ ) ° - ^ ^ 1 0 0 0 ^ ) ^ - ^ 
3- Avyr v^p^ Q g 



All proper t ies a re for the liquid. The Nukiyama-Tanasawa expression 

is entirely empir ica l in nature and, as may be noted, is not dimensionally 

co r rec t . 

The log-probability distribution equation is the resul t of ordinary 

s ta t is t ical analys is . 

A comparison and discussion of the methods of express ing drop

let size distribution are given by Bevans (7) and by Mugele and Evans 

(48). The lat ter authors introduced a new distribution equation called 

the upper- l imit equation, based on the equation of the normal or 

Gaussian distribution. The distributed quantity is y and 

y = In 2 J 
•̂  d - d 

m 

Mugele and Evans indicated that their equation fit the available 

spray data well and also predicted the various mean d iamete rs a c 

curately. 

Some consideration was given to using the Nukiyama-Tanasawa 

equation to predict mean droplet size in the exper iments of this thes i s , 

Ingebo (32) used a simple orifice injector sys tem, s imi lar to the one 

used in the investigation of this thes i s , to study spray vaporization 

ra t e s and drag coefficients of iso-octane sprays in turbulent a i r 

s t r e a m s . His measu remen t s indicated that it was doubtful that the 

Nukiyama-Tanasawa equation could be used to predict initial droplet 

size over a wide range of operating conditions with such an injection 
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sys tem. It is also very likely that heat t ransfer , which is a function of 

droplet rad ius , would severely modify the drop size distribution of a 

spray produced in a high t empera tu re gas or vapor s t r e a m , 

Longwell and Weiss (38) made a study of the mixing and d is t r ibu

tion of liquids in high velocity a i r s t r e a m s . They state that iner t ia ef

fects cause the diffusion ra te of droplets in a gas s t r e a m to be l ess 

than the diffusion ra te for molecules at the same condition. A rough 

i l lustrat ion of this effect was given, assuming that the velocity fluctu

ations in turbulent flow were sinusoidal and that Stokes law applies for 

the drag on the drop. The equation of motion of the drop became 

m ^ = 37r|jL^d(Ucoswe - — ) 
do"' 

where Z was the drop displacement from the mean position, and U 

was the peak velocity of the turbulent gas fluctuation relative to its 

t ime average velocity. Defining B by 
STTU. d 

B = ^ 
m 

a solution to the above equation was obtained: 

B U B sin w 0 - D cos u 9 
Z = — ( ^ ) . 

u + B 

By differentiating, the maximum amplitude Z was found. 
m 

Dividing Z by Z where Z = - they obtained: 
m o o w 



Z ^ 2 

Z ^ 2 ^ ^ 2 ' 

o w + B 

The frequency of motion of the drop was the same as that of the 

gas and therefore the velocity would be reduced in proportion to the 

amplitude. The eddy diffusion coefficient is proportional to the product 

of velocity and amplitude, therefore 

7 2 ^ 
d , m , B 

a " Z ' " 2 . „2 
g o u + B 

^d 
where — is the ra t io of the diffusivity of the drop to that of a gas 

"'g 

which could follow the motion of the gas s t r eam exactly. 

The authors i l lustrated this effect by assuming a typical drop of 

45 micron diameter in a 300 ft per second air s t r eam. The frequency 

for a 6 inch duct with fully developed turbulence was assumed to be 300 

radians per second. Fo r a kerosene drop these conditions gave a dif-
''d 

fusivity ra t io of — of 0. 35. 
a 

g 

The authors presented some experimental data for point injection 

of both naphtha and Diesel fuel. The naphtha vaporized much more 

readily than the Diesel fuel so that it was p r imar i ly in the gaseous 

state during spreading whereas the Diesel fuel was pr imar i ly in the 

form of droplets . The data showed higher diffusivity r a t e s for the 
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naphtha and also confirmed the general trend of frequency influence 

shown in the derived equation. 

The assumptions that Stokes law is valid and that the turbulence 

is sinusoidal in nature could possibly lead to e r roneous r e su l t s . As 

more information becomes available on the drag coefficients of a c 

celerat ing spheres and on the nature of turbulence, a more sophist ica

ted analysis should be possible. 

Alexander and Coldren (2) studied the deposition of drops from a 

turbulent a i r s t ream to the inner walls of a 1. 86 inch ID pipe. The 

spray was produced by an atomizing nozzle located at the entrance to 

the pipe. A constant a i r and water ra te flowed through the nozzle, and 

the authors used the Nukiyama-Tanasawa (52) equation to predict the 

mean drop size produced. This est imated drop size of 27 microns was 

maintained through all of the t e s t s , and varying amounts of a i r were 

mixed with the spray at the pipe entrance. Air velocit ies in the pipe 

varied from 80 to 295 ft per second, and the constant water ra te was 

0, 106 gpm. Liquid distribution measurements were made at dis tances 

of from approximately 8 to 68 inches from the nozzle. 

In discussing their r e su l t s , Alexander and Coldren divided the 

test section into two zones. In the first zone, the first one-third of 

the pipe, the profiles of local m a s s velocity of suspended liquid ac ros s 

the c ro s s section were bell shaped. By assuming negligible res i s tance 

to the t ransfer of droplets at the wall and that the eddy diffusivity of the 



main body was controlling, they were able to derive the following 

equation for droplet depletion in that zone: 

d(ln G, ) -4Rf a , 
d 1 d 

d(L) " r 2 • 
D u 

avg 

Values of eddy diffusivity of water droplets in zone 1 were given 

as a function of the average a i r velocity. They ranged from 0. 088 to 

0. 119 ft squared per second. These values should be considered as 

charac te r i s t i c of this par t icular system only, since the intensity of 

turbulence would be affected by the presence of the nozzle in this 

region, and the turbulence has a strong effect on the droplet motion. 

In the second zone, the local m a s s velocity profiles were flat 

over 7 5 percent of the duct radius and dropped sharply toward zero 

near the wall. This indicated that the main res i s tance to droplet 

t ransfer was in the gas layers near the wall. The data in this region 

was corre la ted by means of the equation 

1 17 
k = 12.06 (u ) 

d avg 

where k is the m a s s t ransfer coefficient for drops. 

It is interst ing to note that this positive exponent of 1.17 differs 

from the - | exponent used by Vanderwater in his analysis of burnout. 

This would seem to indicate that the boiling velocity has a t remendous 

effect on the ra te of droplet diffusion to the wall. 
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This value of k , determined by Alexander and Coldren is 10 to 
d -̂  

20 t imes the values for common gases under equivalent flow conditions. 

Fr iedlander and Johnstone (23) studied the deposition of s u s 

pended par t ic les from turbulent gas s t r e a m s . In thei r exper iments 

they used iron par t ic les with m a s s median d iamete r s of approximately 

3 and 5 microns , aluminum par t ic les of approximately 5 micron mean 

diameter , and lycopodium spores with a mean diameter of approxima

tely 30 mic rons . The par t ic les were mixed with air and passed through 

various sized glass and b r a s s observation tubes . Observation sections 

for the glass tubes were made by grinding a flat surface on the outer 

tube wall. Observation sections for the b r a s s tubes were made by cut

ting out sections and replacing them with new pieces . The par t ic les 

were made to adhere to the observation sections by the use of ei ther 

glycerol jelly or p r e s su re sensitive tape with adhesive on both s ides . 

Concentrations were determined by the use of f i l ters downstream from 

the observation tube. Direct observat ions made during the runs with a 

microscope gave resu l t s which agreed with the information obtained 

with the adhesive. Runs where re -en t ra inment was observed were not 

used in the presentat ion of their r e su l t s . 

In the analysis of their data Fr ied lander and Johnstone used an 

analogy s imi la r to that used by von Karman (70). In this analogy the 

flow was assumed to be made up of three layers : a turbulent core , a 

buffer layer, and a laminar sublayer. Reynolds'analogy was assumed 



to hold in the turbulent co re . Thus, for the turbulent core , 

pM_ _ dC_ 
Tg^ " du c 

By assuming that the diffusion ra te of the par t ic les was the same 

as that of the c a r r i e r gas , the authors were able to use the relationship 

above to predict the ra te at which par t ic les would diffuse in the turbulent 

co re . Fur the r , in the ca ses where the par t ic les were large enough to 

penetrate the buffer and laminar layers , all par t ic les diffusing from the 

turbulent core would s tr ike the wall. In such cases , by assuming zero 

concentration and velocity at the wall, integration of the first equation 

led to 

^ f 

u 2 

where f, the friction factor is defined by 

2T 

f = — ^ 
pu 

To determine whether a part icle of a given size could penetrate 

the relatively stagnant buffer and laminar layers after diffusing from 

the turbulent core the authors assumed that Stokes law was valid. 

Equating the viscous and inert ia forces acting on the par t ic le an ex

press ion was obtained for the distance that a part icle of given size and 

initial velocity would t rave l before coming to r e s t . The resul t was 

9 
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To est imate the initial velocity of the par t ic les entering the buf

fer layer from the turbulent core the authors used the resu l t s of 

Laufer' s (35) invt^stigation. Laufer made a careful study of velocity 

components for turbulent flow in a 10-inch tube at Reynolds numbers of 

50, 000 and 500, 000. Figure 6 shows the variation of v ' , the root mean 

square of the radial component of the fluctuating gas velocity as a func

tion of the friction velocity u* and the general ized coordinate r . 

V 
The curve levels off to values of —7- = 0.9 in the turbulent core 

U-' 

( r^> 30). 

In all of their calculations, Fr iedlander and Johnstone assumed 

that the par t ic les diffused to within one stopping distance of the wall. 

In every case the stopping distance was calculated by using an initial 

velocity of the part ic le equal to 0. 9 u*. For the reference conditions, 

the calculated stopping distances were always less than the thickness of 

ei ther the laminar sublayer or the combined thickness of the laminar 

and buffer l ayers . Thus they had to account for diffusion of the p a r 

t ic les in these l ayers . For these layers they used the following values 

of eddy diffusivity: 

+ + 
For the laminar sublayer, r = 0 to r = 5 

+ 3 
d 14. 5 

+ + 
For the buffer layer, r = 5 to r =30 

+ 
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Defining a nondimensional stopping distance by 

Lu 

V J2 

and using the procedure outlined by von Karman they derived the fol

lowing express ion for the base where the stopping distance was ca l 

culated to be less than the thickness of the laminar sublayer: 

I 
u ITpIf 50.6) 

In case the stopping distance is smal l the equation reduces to 

^ /£ 
77 "J^ 1 

2 4 2 4 
+ P d p^ u 

L _ L av^ M ' 
525 6.1(10)V 

V 

The following equation was derived for the base where the non-

dimensional stopping distance was between 5 and 30: 

2 

u 
5.04 

L 
- 0.959 

13. 73/ 

The experimental r esu l t s with the smal le r par t ic les fit the de 

rived equation reasonably well. The data for the la rger lycopodium 

par t ic les fell well below the curve predicted by the theory. No obser 

vations were made where the stopping distance was g rea te r than the 

combined laminar and buffer layer th ickness . 
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In order to determine which of the equations would probably ap 

ply in the case of a mist of s team and water droplets , calculations for 

stopping dis tances of droplets were made. The assumptions were 

made that the flow was at 30 psia in a one-inch tube. The friction 

factors used were based on Reynolds numbers assuming the flow to be 

dry saturated s team. Calculations of the stopping distance for var ious 

size drops and of the thickness of the laminar sublayer and buffer lay

e r s were made for three different Reynolds numbers . Initial velocities 

used in calculating stopping dis tances were assumed equal to 0. 9 u* . 

The resu l t s a r e shown in Table 1. 

TABLE 1 

A Comparison of Par t ic le Stopping Distances with 
Laminar Sublayer and Buffer Layer Thicknesses 

^ . ,̂  Laminar Buffer Stopping Distance „ , , T c£:—£2 Sublayer Layer 

Re d = 1 micron d = 10 d = 100 d = 250 y »5 y = 30 

10 3 . 2 5 x l 0 ' 3 . 2 5 x 1 0 " 3. 25 x l O ' " .188 6, 77 x l o ' ^ 40. 6 x l o " ^ 

1 0 ^ 2 4 . 8 x 1 0 ' ^ 24.8 X lO"^ 24.8 X lO"^ 1.55 . 885 x l o " ^ 5. 31 x lo"'^ 

1 0 ^ 1 9 6 x 1 0 " ^ 1 9 6 x 1 0 " ^ 1 9 6 x 1 0 " ^ 12.2 . 112xlO"^ , 6 7 2 x l o " ^ 

F rom these calculations it would seem that drops g rea te r than 10 

micron diameter , for example, could easily penetrate both the laminar 

5 
and buffer layers at a Reynolds number of 10 . 
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There seemed to be one inconsistency in the analysis of 

Fr iedlander and Johnstone. The root mean square of the radial com

ponent of the fluctuating gas velocity dec reases with r as shown in 

Fig . 6. Thus the par t ic les would be expected to decrease in velocity as 

they approach the wall. The value of the initial velocity to use in cal

culating the distance for stopping the part icle depends upon the position 

from which the stopping distance is to be calculated. By their analysis , 

the value of the stopping distance determines the point at v\hich eddy 

diffusion is assumed to become unimportant and therefore de termines 

the value of the diffusion coeffiv,ient. This should more correct ly be 

handled by a t r ia l and e r r o r solution. Fr ied lander and Johnstone 

always assumed that the initial velocity of the part ic le approaching the 

wall was ecjual to 0.9 u='= r ega rd le s s of the value of the stopping d is 

tance computed. It would seem that a considerable e r r o r could be in

troduced by this simplification. 

Their conclusion, that the rate of t ransfer of par t ic les is always 

less than, or at most , equal to the rate of t ransfer of the common gases , 

seems to be contradictory to the conclusion of Alexander and Coldren 

(2). The la t ter concluded that the value of k , is 10 to 20 t imes the 
d 

value for common gases under equivalent flow conditions. 

The assumption made by Fr ied lander and Johnstone, that the pa r 

t icles follow the gas eddies exactly, does not agree with the simple 

analysis of Longwell and Weiss (38), especially for l a rge r pa r t i c l e s . 



In 1952 Ryley (56) made a study of the flow of wet s team through 

nozzles, and he developed a new method for determination of ideal d i s 

charge coefficients. In defending gross simplifications made in his 

method Ryley claimed that he had made some advance on the existing 

theories and had been able to avoid certain anomalies of some of the 

older metnods. He further s tated, ''Any r igorous theory would have to 

take cognizance of differences in drop s ize , velocity, etc . , and would 

have to be approached from a s tat is t ical standpoint. Existing knowledge 

of the behavior of drops is quite inadequate to enable such a theory to 

be elaborated. " It would seem that a s imi la r s tatement could be made 

at the present t ime about elaborating a r igorous theory for heat t r a n s 

fer to wet s team. 

In discussing the t ransfer of heat from vapor to smal l drops 

Ryley stated that the small size probably limited the heat t ransfer to 

conduction. Both theory and experiments indicate that heat is t r a n s 

ferred with extreme rapidity to or from drops of very smal l s ize , 

-8 -9 

(10 to 10 ft diameter) but takes longer with l a rger drops , e s 

pecially for tempera ture differences less than two degrees F . 

In a l a te r ar t ic le (57) Ryley extended his theory to the case where 

dry s team entered the nozzle and moisture precipitated as droplets as 

the s t r eam neared the exit. 

In 1954 Ryley (58) presented a theoretical t reatment of the be

havior of water globules in s team. The subjects that he discussed 



were the t ra jec tory of globules, slip veloci t ies , descent of globules, 

and f racture of globules. 

Ryley divided water globules in s team into three s ize categories: 

1, C lus te r s of less than 8 x 10 inches d iameter ( less than 

150 molecules) . These do not exhibit the usual equil ibrium 

vapor p r e s s u r e , viscosi ty, o r surface tension of water . 

- K — 2 

2, Droplets between 8 x 10 inches and 10 inches d i am

e ter . These act as rigid spheres and have a smal l t e r 

minal velocity which is attained rapidly. 

3, Drops g rea t e r than 0.01 inch diameter which tend to set t le 

out o r break into droplets and hence a r e r a r e . Ryley 

stated that this last boundary is somewhat a rb i t r a ry since 

the maximum stable droplet size depends upon the relat ive 

velocity between the droplet and the s team. 

He stated that because of the impossibil i ty of bringing a sufficient 

concentration of energy on the body, c lus te rs and the sma l l e r size drop

lets were immune from f rac ture . For water the smal les t droplet that 

has been formed by fracture that has been detected was about one 

micron (3. 3 x 10 ft), and was produced by a spray nozzle. 

Ryley presented a f racture chart for water based on the a s sump

tion of breakage of the drop on a d iametra l plane perpendicular to the 

flowing vapor direct ion. For values of drag coefficients used in the 

calculations he used the conventional char t of drag coefficient versus 
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Reynolds number for spheres in steady flow. His chart is shown in 

Fig . 7. It gives the droplet d iameter produced in fracture by a certain 

relat ive velocity between the s team and the drop, with pressure as a 

pa r ame te r . The sharp breaks in the curves a re due to the fact that as 

the Stokes region boundary is reached the relat ive velocity becomes 

independent of droplet d iameter , since 

nda = STT^I d ( AU) 

(Au) - ^ 
OlJL 

V 

When the relative velocity reaches this value it might seem at 

f i rs t that the globule would undergo complete and continuous atomiza

tion to formation s ize . However, t h r ee considerations oppose this 

idea: 

1. The relat ive velocity would not be p rese rved for each new 

globule formed from a parent globule. 

2. Most physicis ts believe that the surface tension inc reases 

with decreas ing diameter for very smal l drops. 

3. Common sense prohibits the acceptance of an abrupt d i s 

continuity in the curves . It seems logical that the curves 

in the aerodynamic region should continue steadily in

creas ing with decreas ing droplet s ize . 

In discussing pract ica l applications of his presentat ions Ryley 

suggests that s team sepa ra to r s should be situated at the bottom of a 
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ver t ica l main in which s team is descending. There is a tendency for 

the globules to slide toward the axis under the influence of the velocity 

gradient . This would suggest that heat t ransfer ra tes to mis ts might 

be quite different for the two possible cases of ver t ical flow, depending 

upon whether the flow were upward or downward. 

Ryley's s tatement about the globules tending to slide toward the 

axis for downward flow seems to be in contradiction to the recent study 

of Young (78). In this study observat ions of the flow of aqueous s u s 

pensions of fine spherical g lass par t ic les in ver t ica l glass tubes r e 

vealed a pronounced coring effect near the transit ion velocity between 

laminar and turbulent flow. F o r upward flow all the par t ic les collected 

near the center of the tube. Fo r downward flow the par t ic les collected 

along the wall of the tube. Young proposed the idea that the effect was 

due to a la te ra l force on the par t i c les , caused by the velocity gradient 

in the pipe. 

Hottel, William, and Simpson (31) made an investigation of the 

combustion of droplets of heavy liquid fuels. In their presentat ion they 

discussed the factors affecting the amount of heat t r ans fe r red to drops 

by radiat ion. Figure 8 shows one resul t of their calculation, a com

parison of the rat io of heat t r ans fe r red to a drop by radiation to that 

t ransfer red by convection. The Figure shows that radiation is of minor 

importance for low surrounding t empera tu res and small drop s i zes . 

Although the Figure applies to oil drops at 100 degrees C, the values 
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are approximately co r rec t for water drops . Radiation is generally an 

unimportant mode of heat t ransfer in evaporator tubes at normal con

ditions . 

A recent l i te ra ture survey on film boiling was presented by 

McFadden and Grosh (46). In their survey the authors reviewed the 

more important points of previous surveys on the subject. They noted 

that ear ly studies of film boiling were concerned pr imar i ly with drop

lets dancing on a hot surface . Many investigators have noted that drop

lets often take a long t ime to evaporate when placed in contact with a 

very hot plate, whereas lowering of the plate tempera ture can cause the 

droplet to evaporate very rapidly, somet imes explosively. This phe

nomenon became known as the spheroidal s tate (often called the 

Leidenfrost effect) and has been defined by Drew and Mueller (19) as: 

"A non-equil ibrium condition assumed by two or more bodies of solid 

or liquid when an attempt is made to bring them together while their 

t empera tu res differ by more than a determinant amount; it is cha rac te r 

ized by the subsistence of a layer of vapor between the bodies which r e 

s i s t s and prevents their being brought into direct contact. " 

In spite of the fact that many of the investigations with droplets 

were crude and the resu l t s were difficult to reproduce , the following 

points seem to be true: 

1. The roughness and mate r ia l of the solid surface determine 

the minimum surface tempera ture necessa ry for the 



spheroidal s ta te to exist with drops of a given diameter and 

substance. 

2. The liquid does not need to be at the saturat ion tempera ture 

for the spheroidal state to exist . 

3. The droplet does not touch the plate at all t imes but is 

held up by a vapor layer . 

One of the more recent studies of heat t ransfer to drops of liquid 

in the spiieroidal s tate was by Gorton (26). Drops of distilled water, 

distilled water plus Duponol C, 95 percent ethyl alcohol, and carbon 

te t rachlor ide and of 0. 2, 0. 3, and 0.4 inch diameter were fed onto a 

hot s tainless s teel or platinum surface and photographed. Gorton con

cluded from his study that sma l l e r dropt> have higher heat t ransfer 

coefficients, even when the liquid t empera tu re , plate t empera tu re , and 

tempera ture difference are the same . Decreasing surface tension in-

crea.-ied the heat t ransfer coefficient, seemingly because the spreading 

of tlie drop affected t'ne vapor film thicknes.:i. 

Savic and Boult (61) made a theoretical and an experimental study 

of the fluid flow a.ssociated witii the impact of liquid drops with solid 

sur faces . Their p r imary in teres t was in obtaining information about 

the mechanism of turbine blade cooling by means of impinging drops . 

However, thi-s s tu ly dealt p r imar i ly with the impact of drops on un-

heated surfaces . 

Drops approximately 3/16 inch in d iameter were dropped from a 
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height of 6 feet in a i r at reduced p r e s s u r e s . Using ideal fluid theory 

they obtained an expression for the spreading of the drops that agreed 

well with the high speed photographs taken of the actual drop impact. 

In one s e r i e s of runs the drops were allowed to impact against a 

s i lver surface at 1, 300 degrees F , in a chamber at 0. 5 inches Hg ab

solute. The photographs indicated that the spreading drops contained 

two zones of violent boiling, separated by an intermediate zone of r e l 

atively slow evaporation. The central portion of the drop produced a 

single growing bubble, which ultimately burs t and tore the upper part 

of the drop apart . The outer edges of the drop were raised by the 

vapor formed in the evaporation at the outer region. 

Savic (60), making a further study of the photographs of drops 

impinging on hot surfaces, concluded that the mode of heat t ransfer was 

pr imar i ly nucleate boiling for the conditions of his exper iments . He 

noted that a fine spray , shooting upward, originated at the outer edge 

of the spreading drop and progressed rapidly toward the center , even

tually enveloping the entire drop. This spray was interpreted to be the 

resu l t of the breakthrough of s team bubbles ac ross the free surface of 

the drop. Since the spreading drop was thinnest at the outer edges, the 

spray originated the re . At the time the bubbles began to break through 

the centei' portion of the drop, the drop rapidly disintegrated, and the 

smal le r droplets of liquid moved radially outward along the solid su r 

face in the spheroidal s ta te . The tempera ture of the heater surface 
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pr ior to impact was varied between 160 and 600 degrees C, so that the 

spheroidal state always existed for the drop fragments . 

Savic stated that the outer portions of the spreading drop seemed 

to be in the filin boiling state but tnat the local solid surface was cooled 

sufficiently to allow nucleate boiling at peai-c flux conditions to occur im

mediately beliind thi.s region. It was in this nucleate boiling region that 

the spray seemed to emerge from tnc free .^iurface. He noted that this 

point of sx)ray emergence was always at a point where the drop free 

surface was approximtatcly 0.019 inches above the heater surface . This 

was true regard less of the location in the drop or of tlie heater surface 

tempera ture . 

Calculations made by Savic shovv'C i that the maximum bubble 

radius in water mu.-:.t vary i:>etween 0.U135 and 0.027 inches. Tiiere-

fore he used a value of 0.019 inches above ihe neater surface to des 

cribe the point of breai\through of tne bubbles aci'o.ss the liquid surface 

of the spreading drop. Tliis value seemed to agree with the values of 

maximum bubble I'adiu.s given by Guniuer (29) at the assumed convection 

velocity. 

Savic made some apx^roximate calc:ulations as to the cooling ef

fect of the drops. A.-isuming Lhe drop spread unifoi'mly to a thickness 

of 0.019 inches, that it adhered to tiie heatei- for 1.6 microseconds 

p r io r to dibintegration, and that a value of peali heat flax wa^ 2.75 Btu 

per square inch second, iic calculated the total heat tran.sfer to be 



4.4 X 10 Btu. This was considerably less than the total latent heat 

-2 
in the drop of 2.9 x 10 Btu, In another calculation he assumed the 

drop was ra ised uniformly in temperature to the saturat ion tempera ture 

at which time the bubbles, growing rapidly, would break through a drop 

_3 

of any thickness. This gave a heat t ransfer of 4. 1 x 10 Btu, which 

was much more than the previous calculation but sti l l less than the total 

cooling effect available in the drop, Savic concluded that the heat t r a n s 

fer proi est:> was a very inefficient one, unless one assumed that the 

small fragments of the drop formed an isolating vapor blanket over the 

surface and made available for cooling ail of the liquid latent heat. He 

stated that recent observat ions with spray cooled gas turbine blades 

seeined to support the la t te r as the likely mechanism. In a personal 

communication with this author Savic said that his remark v/as based on 

tlie work of a classified I'eport (51). Another classified report bearing 

on the same subject was issued in 1954 (5(,'). 

Savic's work dealt with large drops (0. 115 inches) and with tiie 

case of impact at right angles to the solid surface at a par t icular im

pact velocity. It would be useful to study this same effect with smal le r 

drops hitting a solid surface at various angles and velocities such as 

occur with mis ts flowing through tubes. 

In the appendix to (60) the fluid dynamical t rea tment of the 

spreading drop given in (61) was extended, showing that the forward 

edge of the spreading drop can be calculated by a boundary layer type 



of t rea tment , taKing account of capillar}, effects, which could be neg

lected elsewhere in the drop. 

A very thorough and recent study of the fundamental aspects of 

sol id-gas flows Vv'as made in a s e r i e s of a r t ic les by Torobin and Gauvin 

(68). In these ar t ic les the authors discuss introductory concepts and 

idealized motion in viscous r eg imes , the sphere wake in steady laminar 

fluid.^, and the accelerated motion of a par t ic le in a fluid. Although 

most of the ideas apply str ict ly to solid sphe res , some of the concepts 

could be applied to two-phase vapor-l iquid flows. 

The authors cr i t ical ly reviewed and compared many a r t i c les on 

the subject and showed that many discrepancies exist between exper i 

ments that have not as yet been explained. The theoret ical and exper i 

mental information available on the unsteady motion of a part icle through 

a fluid is much more crude and deficient than that available for steady 

state conditions. Soine of the conclusions made were: 

1. Potential flow theory can be used to descr ibe events only at 

the beginning of rect i l inear accelera t ions as well as osc i l 

latory motions involving very small ampli tudes. 

2. Non-steady motion can cause very appreciable depar tures 

from the s teady-s ta te drag even for part iculate movement 

in gases where the fluid-particle density rat io is extremely 

low. 

3. Constant and varying accelerat ion rate experiments do not 
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give s imi l a r drag coefficients and therefore the ra te of 

change of the accelerat ion must be taken into account. 

4. The large dec reases in drag noted in some accelerat ion 

exper iments (32) cannot be explained in t e r m s of present 

fundamental information which predicts inc reases in drag 

only and it is suggested that these data a r e influenced by 

phenomena other than accelerat ion. 

There appears to be a great opportunity for r e sea r ch in the field of the 

fluid dynamics of unsteady par t ic le motion. 

In recent yea r s Tchen (67), Lumley (39), and Soo (63) have made 

analytical studies of turbulent two-phase motion. In each case assump

tions were made by the invest igators that the par t ic les moved in an 

isotropic , infinite turbulent field and were affected by drag forces of a 

viscous nature only. These investigations have been useful in helping 

to understand the mechanism of momentum t ransfer in two-phase flows, 

but direct applications to prac t ica l problems are limited due to the s im

plifying assumptions made. 

An experimental determination of the s ta t is t ical proper t ies of 

two-phase turbulent motion was made by Soo, Ihrig, and El Kouh(64) 

in 1959. Glass spheres of 40 to 250 micron diameter were observed as 

they flowed with a i r through a three- inch square horizontal duct. The 

authors studied the gas phase turbulent motion with a tracer-diffusion 

technique and they studied the par t ic le motion with a unique photo-optical 
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technique. F r o m the investigations the authors concluded that, for the 

conditions studied (0.01 to 0.06 lb of solids per lb of a i r and par t ic les 

less than 250 microns in d iameter) , the s t r e a m turbulence was not s ig

nificantly affected by the presence of the pa r t i c l e s . The par t ic le motion 

was nonisotropic, even where the s t r eam motion was nearly isotropic , 

chiefly due to gravity and wall effects. The intensity of par t ic le motion 

seemed to be greatly affected by the distribution of s t r e a m intensity in 

the duct. The probability of p a r t i c l e - s t r e a m encounter had a significant 

effect on the part icle diffusivity. ( P a r t i c l e - s t r e a m encounter is the en

counter between the solid part ic le and the elements of the s t r eam with 

fluctuating veloci t ies . ) 

Par t ic le diffusivities were considerably lower than the eddy dif

fusivity of the a i r s t r eam in their investigation. This is shown in Fig . 9 

where the ratio of par t ic le diffusivity to eddy diffusivity is plotted 

against the pa ramete r K, where 

K = - ^ N^ ^ '-l^- . 
la Re i , p 

This resul t seems to contradict an ea r l i e r s tatement by Soo (iJ3), 

in which he said, " . . . and the diffu.-3ivity of the par t ic les is g rea t e r 

than the eddy diffusivity of the s t r e a m , but tends to the eddy diffusivity 

of the s t r e a m . " This is simply an indication of the difference which can 

exist between the resu l t s of studying an ideal sys tem and an actual s y s 

tem. 
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Figure 9 suggests that at high Reynolds numbers the rat io of 

par t ic le diffusivity to eddy diffusivity is a lmost a s imple function of 

density rat io only. 

Noting from the previous study that the wall seemed to have an 

effect on the intensity of motion of the pa r t i c l es , Soo and Tien (65) 

made an analytical study on the effect of the wall on two-phase turbulent 

motion. F r o m their study they were able to conclude that the presence 

of a wall affects the intensity of motion of the par t ic les in the mean 

s t r eam of a two-phase duct significantly, but that the part icle diffusivity 

is not significantly affected by the wall. They further concluded that the 

intensity of par t ic le motion inc reases toward the wall, the scale of t u r 

bulence of part icle motion decreases toward the wall, and the effect of 

the wall on the mean s t r eam is more predominating for low duct 

Reynolds numbers than for high Reynolds numbers . 

One effect that the authors noted is quite interest ing as well as 

important . The spinning motion of the solid par t ic les due to the fluid 

velocity gradient leads to the Magnus effect, causing the part icle to 

move away as it approaches the w^all. This effect is the most p ro 

nounced for par t ic les smal le r than the boundary layer thickness . The 

authors state that tliis effect explains the fact tliat a s t ra ight i-un of duct 

used in the pneumatic conveyance of solids suffers only a smal l amount 

of wear over a long t ime . Such an effect could greatly reduce the heat 

t ransfer coefficients to a mist if one as sumes that contact between the 



wall and droplet is the important factor in tlie heat t ransfer mechanism. 

Droplet Measurement 

The experimental methods for determining drop size dis t r ibu

tions of fuel sprays were reviewed recently by P i lcher and Thomas (54). 

They listed the following six general methods: 

1. Microscopic 

2. Freez ing and sieving 

3. Optical methods based on scat ter ing or absorption 

4. Electronic and radiographic 

5. Photography 

6. Selective impaction 

A thorough review of the l i te ra ture and the references l isted in 

(5), (15), (47), and (53), revealed no other general methods of de te r 

mining liquid part icle s ize . Study of the various methods led to the 

conclusion that only the methods listed under 4 and 5 above would likely 

be satisfactory for determining droplet s izes in a s t eam-wate r sys tem 

where the droplets exist in a wide var ie ty of s izes and are moving at 

high velocit ies in a hot vapor. 

Photographic methods were given some very ser ious considera

tion since such methods have yielded satisfactory resul ts in sys tems 

where small droplets were moving at high velocity (20), (32), (45). 

However elaborate optical and lighting equipment was generally utilized 

in these investigations. 
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Photographic methods also requi re a considerable amount of ef

fort in the analysis of the droplet photographs. Although sys tems are 

available for the analysis of photographs, the analysis is usually done 

manually. Since the droplet images a re often b lur red and fuzzy in the 

photographs a great deal of human judgment en te rs into the analysis . 

Because of the randomness of droplet flow, severa l photographs usually 

must be taken in o rde r to obtain a suitable sampling of each flow con

dition. 

Photographic sys tems also requi re some means of visualization 

into the duct and for the provision of a light source . Most mis t flows 

are accompanied by wetted walls , therefore some method is required 

to keep the windows free of liquid. This is often difficult to do without 

disturbing the flow pat tern. 

It was for these reasons that in teres t was directed toward in

vestigating the electronic spray analyzer . Development of a droplet 

measuring device that would not have the complexity of photographic 

methods would be a great contribution to the science of spray technology. 

Guyton (25) developed an electronic apparatus for the analysis of 

slow moving clouds. A sample of the suspension being investigated was 

aspirated through a tube and emitted at high velocity through a jet onto 

a grounded wire . The par t ic les apparently became electrosta t ical ly 

charged as they moved through the tube, the charge being proport ional 

to the square of the part icle d iameter . Electr ical pulses were created 



as the charged par t ic les hit the grounded wire . The pulses were am

plified, sor ted by a d iscr imina tor c i rcui t , and counted. The device 

was found to be most successful with nonconducting par t i c les . 

In 1951, Geist , York, and Brown (25) reported on their work with 

an electronic spray analyzer for e lectr ical ly conducting par t i c les . The 

repor t was the resul t of work done for the P h . D . thesis by Geist (24). 

The analyzer consisted of a charged wire that could be inser ted 

into a moving or s tat ionary suspension of pa r t i c l e s . Elect r ica l pulses 

were generated by the contact of the par t ic les with the wire . An e lec

tronic circuit was used to amplify, sor t and count the pulses generated 

at the probe wire. A block diagram of their circuit is shown in Fig . 10 

along with the circuit diagram of the cathode follower. The amplifier, 

d i scr iminator , and s e a l e r - t i m e r were standard i t ems , s imi la r to those 

used in radioactive counting. 

The interceptor was a four-inch piece of 18-gauge copper wire 

connected directly to the grid of the 6AK5 pentode in the cathode follower. 

The components of the cathode follower were enclosed in a b r a s s cylinder 

connected to ground. The b r a s s cylinder and two inches of the probe 

wire were covered with Plexiglas tubing to reduce surface conduction 

between the charged probe and the grounded b ra s s cylinder. An e lec 

t r ica l potential of up to 430 volts could be placed on the probe wire . 

Metal spheres 500 to 6, 340 microns in diameter and water drops 

with d iameters of 2,590 to 4, 550 microns were used to cal ibrate the 
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spray analyzer . The invest igators found that the s ize of the pulse p r o 

duced by the apparatus was proportional to the size of the part ic le hit

ting the probe and the potential of the probe, but was also affected by 

the position along the probe wire at which the part ic le hit . The relat ion

ship between pulse size and part icle size for a probe potential of 430 

volts is shown in Fig. 11. The variat ion of pulse size with potential for 

an 0. 125 inch s teel ball is shown in Fig. 12. 

They found little difference in the size of the pulses produced by 

the water drops and the s teel or solder spheres of the saine s ize . This 

suggested that the pulse size produced by the instrument would be un

affected by the mater ia l of the par t ic le , so long as it was a conductor. 

Measurements made with non-conducting acetone and alcohol drops 

showed smal le r pulse s izes than for the metal and the water spheres of 

the same d iameter . 

Explanation for the production of the pulses was given by assuming 

that the probe wire could be considered as a capacitor with a fixed 

charge . F o r a capaci tor , 

Q = c^v, 

which upon differentiating gives 

dv = - ( - 2 - ) dCj, . 

Thus, for smal l changes 
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Contact of the sphere with the charged probe inc reases the capacity of 

the probe slightly and this changes the potential of the probe, according 

to the above equation. Increasing the probe potential and decreas ing 

the probe capacity resul ts in a l a rge r pulse from a given size par t ic le . 

This gives an indication of the direction to go in improving the pe r 

formance of the analyzer . 

The biggest disadvantage of the spray analyzer was the fact that 

the size of the pulse produced was dependent on the position along the 

wire at which the part icle hit. This was because the charge density was 

unevenly distributed along the surface of the wire due to the physical 

shape of the probe. This effect made the instrument impract ica l for 

use as a droplet measur ing device in sp rays , since the drops of various 

s izes would be hitting the probe at various locat ions. The result ing 

pulses v/ould have little significance. 

Fur the r work on iinproving the spray analyzer was ca r r i ed on by 

York, et al (76), (77), under the sponsorship of the DeVilbiss Company 

of Toledo, Ohio. The work was directed p r imar i ly toward increasing 

the pulse size produced at the probe by a droplet and in improving the 

probe geometry so as to el iminate the dependency of pulse s ize on po

sition of impact. A sensing unit was eventually developed that solved 

the la t te r difficulty. This was done by making the probe from a smal l 



metal sphere , 0.020 inch diameter , attached to the end of an 0.010 inch 

d iameter wire . The wire was covered witii e lec t r ica l insulating mater ia l , 

leaving only the front half of the metal sphere exposed. 

This design gave a sensing element in which the charge density was 

uniformly distributed over the exposed surface and made the pulse s ize 

independent of position of impact . The basic ar rangement of the analyzer , 

shown in the block diagram of F ig . 10, remained unchanged; however, 

the cathode follower and the major components of the analyzer were r e 

placed. 

A calibration curve obtained for the iinproved spray analyzer is 

shown in Fig. 13. The curve shows that the lower limit of drop size 

detection was limited by the noise level of the c i rcu i t s . Tliere seemed 

to be no way to extend this lower level of the analyzer at that t ime so 

work on the instrument was temporar i ly abajidoned. 

The DeVilbiss Company obtained a United States patent on the 

electronic spray analyzer that was developed. 

In the final repor t of the investigation by York, et al (77), the 

authors suggested that a modification of the device might be used to 

study entrained droplets flowing with vapor through a closed tube. 

P ro fes so r York, in a personal communication, suggested that such a 

device might actually have a be t ter lower l imit capability since the probe 

could be built with a lower e lec t r ica l capacity than the model described 

previously. This is true because the previous model had to be closely 
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shielded to reduce noise whereas the pipe wall could serve as an ex

cellent shielding in the suggested device. 

( 



DEVELOPMENT OF AN ANALYTICAL MODEL 

In developing an analytical model with which to predict heat t r a n s 

fer coefficients to a mis t flow it s eems logical to use the fundamental 

equations of momentum, energy, and continuity. Combining these 

equations with cer ta in phenomenological equations could lead to a solu

tion of the t empera tu re distribution existing in the flow, which would 

in turn yield the desired heat t ransfe r coefficients. However this type 

of t rea tment becomes very complex when applied to a mist flow, since 

two phases exist . The fundamental equations must ei ther be written 

for both phases , or e lse the equations must be writ ten as for s ingle-

phase flow but using property values that a r e suitably descript ive of 

the mis t and that assume it to be a homogeneous substance. 

In applying the s ingle-phase t rea tment to a mis t flow the a s sump

tion would have to be made that both the vapor and the droplets move at 

the same local velocity, with no relat ive accelera t ion between the 

phases . It is the inert ia forces that cause the droplets to have a r e l a 

tive accelerat ion with respect to the vapor. Drag forces on the drop

lets tend to decrease this relat ive accelerat ion. Therefore , in o rder 

to use the s ingle-phase t rea tment , the iner t ia forces acting on the d rop 

lets should be l ess than the drag forces . This means that s ingle-phase 
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t rea tment would be limited to cases where the Reynolds number is low, 

the droplets a re small , and where differences in the density of the 

phases a re slight. Some types of mis t flows would meet these r equ i r e 

ments . However, another difficulty a r i s e s in determining property 

values to adequately descr ibe the mixture , especially the proper t ies of 

the rmal conductivity and viscosity. Little information is presently 

available on this subject. 

In a mist flow the gas phase is usually turbulent. This would 

have to be taken into account in writing the fundamental equations and 

would further complicate their solution. The effect of the wall on the 

two-phase turbulent motion would also have to be considered (65). 

The al ternate method of writing the fundamental equations for 

each phase requ i res the introduction of phenomenological equations to 

descr ibe the action between the two phases and to relate the proper t ies 

for each phase. The t ransfe r of heat and m a s s ac ros s the interfaces 

between s team and droplets involves problems that a re not completely 

understood at the present t ime (58). The effects of accelerat ion, d i s 

tortion, and internal circulat ion on the drag forces acting on a drop a re 

not completely understood. In addition, suitable equations of state for 

water a r e fairly complex. Therefore , it does not seem pract ica l at 

the present t ime to attempt to solve the problem of heat t ransfer to a 

mis t by the use of the fundamental equations. 



Because of the difficulties described above it was decided to a t 

tempt to develop an analytical model for heat t ransfer from cer ta in 

simplified assumptions . It is well known that the heat t ransfer coeffi

cients between a solid and a liquid a re quite high as compared to those 

between a solid and a vapor. In addition it is known that the heat t r a n s 

fer ra te is fairly low between a droplet and i ts own vapor in the case of 

evaporation. The theoret ical minimum^ value of the Nusselt number for 

a sphere in a stagnant medium is two. This would give a large value of 

film coefficient for very smal l diameter drops if the effect were purely 

conduction. With evaporation, however, the heat t ransfe r to the drop 

is in an opposite direction to the m a s s t ransfe r of vapor away from the 

drop. At moderate p r e s s u r e s a very large quantity of vapor is p r o 

duced by the vaporization of a small quantity of liquid. Another effect 

becomes important for very small drops . The surface tension of the 

liquid causes the liquid in the drop to be at a higher p r e s s u r e than the 

surrounding vapor. Thus it is possible for the rmal equilibrium to 

exist between a superheated vapor and a drop whose liquid is below the 

saturation t empera tu re . For these reasons , superheated s team f re

quently contains mois ture (11). Jakob and Knoblauch in an invest iga

tion to determine specific heats of s team noted that small drops 

pers is ted for a long period of t ime in a superheated vapor a tmosphere 

even after a considerable amount of s t i r r ing (66). 



The above facts seem to indicate that the heat t ransfer coeffici

ent to mi s t s is greatly increased by the contact of the droplets with the 

wall and is influenced strongly by the behavior of the droplets after 

str iking the wall. Thus a satisfactory model must predict the motion 

of the droplets toward the wall, and it must predict what cooling effect 

the droplet will have on the wall. 

Consideration of the above s ta tements has led to the following 

simplified model for heat t ransfer to a mist flow. The assumptions 

made a re : 

1. Steady turbulent flow of a mist of s team and water droplets 

through a straight round tube of constant c r o s s section. 

2. Heat i s added at a constant ra te along the tube length. The 

quality is assumed to be a linear function of the distance 

from the s tar t of heating. 

3. Entrance effects a re negligible. 

4. P r e s s u r e is constant ac ros s the tube. The turbulent core 

consis ts of vapor and droplets in t he rma l equilibrium at a 

t empera tu re corresponding to the p r e s s u r e of the vapor 

phase. Superheated vapor occurs only in a thin layer near 

the wall. 

5. The average axial velocity of the liquid and vapor at any 

c r o s s section can be est imated from a slip velocity rat io S. 
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6. The rate of t ransfer of droplets to the wall can be predicted 

by use of a m a s s t ransfe r coefficient k and the average 

concentration of droplets at any c r o s s section. 

7. Body forces a re negligible. 

8. Heat t ransfer to the mist is equal to the heat added to the 

vapor phase plus the heat added to the liquid. If the wall 

t empera ture is below the cr i t ica l value for the spheroidal 

state , all drops striking the wall will be completely vapor

ized. If the wall t empera ture is above this cr i t ica l value, 

the droplets will undergo a negligible amount of evaporation 

and will re turn to the turbulent co re . Heat t ransfer from 

the wall to the vapor phase is unaffected by the presence of 

the drops and can be predicted by the use of a suitable 

equation. 

This model predic ts coefficients to a mist flow that a re higher 

than for dry s team at the same p r e s s u r e and m a s s flow ra t e . If, how

ever, the wall t empera ture is above the cr i t ica l value for the spheroidal 

state, the heat t ransfer coefficient is predicted to be approximately 

the same as for dry s team. 

In the case where all of the droplets str iking the wall a r e vapor

ized, the heat necessary to evaporate these droplets per square foot of 

tube wall a rea would be 

q" = k . C h . . (1) 
^evap d fg 



Then, according to assumption 8 of the model, the wall t empe ra 

tu re can be 

q" - k . C h . 
(T -T^) = f — i ^ (2) 

w B h 

where h is the coefficient of heat t ransfer to dry s team at the same 

m a s s flow ra te . 

The heat t ransfer coefficient to the mist flow is defined by 

q" = h . (T - T^) . (3) 
mist w B 

Therefore 

h • , = M \ ' ^ . . . (4) 
mist q - k ,Ch . 

^ d fg 

The water content of wet s team mixtures is usually described by 

the quality instead of by the concentration. The quality is the pounds 

of s team flowing per unit t ime divided by the pounds of mixture flowing 

per unit t ime. The concentration is the weight of water per unit volume 

of the mixture . In the case where there is a slip velocity between the 

phases the weight of water per unit volume would be higher than that 

calculated from flow rate measu remen t s . If S is the rat io of average 

liquid velocity to average steam velocity, then 

_ weight of water flowing per unit t ime 
S (volume of mixture flowing per unit t ime) 

If the density of the liquid is much grea te r than the density of the s team 

p , the quality can be expressed as 
g 



p (volume of the mixture flowing per unit t ime ) 
X = -S 

weight of the mixture flowing per unit t ime 

Then 
p (pounds of water flowing per unit t ime) 

Cx = —̂  
pounds of mixture flowing per unit time 

or 
P g_ (1 - X) 

^ S X • 

Equation (4) can be writ ten as 

(5) 

^ st = — r ^ • (̂ ) 
mist k p h 

Because of assumption number 2, the quality at any c r o s s section 

can be expressed as a function of the quality X at som.e reference po

sition, the distance L from the reference position, the wall heat flux 

q", the mass flow rate of the mixture W, and the tube diameter D. 

The energy added to the flow per hour for one foot of tube length is 

q = q"7rD . (7) 

Thus 

^ = ^ + ^ i ^ - X ^ ^ ^ (8) 
o Wh ^ o Wh^ 

fg fg 
and the express ion for the heat t ransfer coefficient is 

h . = , , ^ " ^ . (9) 
mist k ,p h„ 

o Wh^ 
fg 

The equation for the wall t empera tu re is 
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w B h hS ^ q TTDL 
o Wh^ 

fg 

If the model cor rec t ly descr ibes the mechanism, then Equation 

(10) gives the wall t empe ra tu r e s that would exist for a mis t flow at 

var ious positions along the tube. 

The equations that have been derived apply only for positive 

fg 

values of (T - T.„) and only for values of mixture quality (X + -^-^^ ) 
w B o Wh, 

less than 100 percent . Negative values of (T - T ) imply that more 

liquid is ar r iv ing at the wall than is being evaporated and thus annular-

mis t , r a ther than mis t , flow would exist . In the region past the point 

where the quality is 100 percent the wall t empera ture remains a fixed 

value above the bulk t empera tu re , assuming that a constant value of h 

exis ts in that region. 

It is convenient to use the point of 100 percent quality as a r e fe r 

ence. Rewriting Equation (10) in t e r m s of a length L' ups t ream from 

the 100 percent quality point, since 

X - 1 Wh, ' ^^^^ 
fg 

then 

The previous equations and s ta tements lead to some ra the r in

te res t ing re su l t s about the variat ion in wall t empera ture that might be 



encountered in a mist flow. In an example the assumption will be 

made that the slip ra t io S is 1, 0 and that a reasonable value of k is 

1000 ft per hour. A mixture of s team and water droplets at 30 psia is 

assumed to flow at 200 pounds per hour through a one-inch tube. Fo r 

the first case to be considered the wall heat flux is assumed to be 

3, 000 Btu per hour square foot. The value of the film coefficient h 

can be calculated from the Dit tus-Boelter equation using property 

values for saturated steam and the flow rate of the mixture as an ap 

proximation. The resul t for the assumed conditions is h = 41 Btu per 

hour square foot degree F . 

Equation (12) becomes 

3000 (1000)(945. 3) 
'^w ' '^B ' 41 (13.746) (41) (3000)7r (0.0833)L' 1 

(200)(945. 3) 

Assuming that the bulk t empera tu re and the saturat ion t e m p e r a 

ture a re the same as long as there is mois ture present in the steaxn, 

and further assuming that the p r e s s u r e drop down the tube is small , 

then the bulk t empera tu re of the saturated mixture r emains constant. 

Figure 14 shows the resu l t s of using Equation (13). Downstream 

from the point of 100 percent quality the t empera tu re difference 

(T - T ) is constant since a constant heat t ransfe r coefficient was 
w B 

assumed for dry s team. In the mis t region the t empera tu re difference 

decreases in the direction of decreasing quality until the value of zero 

is reached. At this point the droplets a re assumed to be diffusing to 
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the wall at just the right ra te to keep the wall at the saturat ion t e m p e r 

a ture . Upstream from this point the droplets diffuse to the wall faster 

than they are evaporated and an annular -mis t flow ex is t s . Of course 

in the actual case the wall t empera tu re will never equal the saturat ion 

tempera ture , since heat is being t r ans fe r red from the wall to the fluid. 

For the annular flow which is assumed to occur in this region, how

ever , the heat t ransfer coefficient is relatively high and the t e m p e r a 

ture difference is therefore smal l . This is especially t rue for very 

thin, turbulent films of liquid (1). 

Thus, for the assumed conditions, the t empera tu re difference 

will change rapidly in the region of mis t flow as the quality changes, 

and will change very little in the regions of annular and superheated 

flow. The rate at which the t empera ture difference changes in the mist 

region for given flow conditions will depend upon the value of the wall 

heat flux. The curve for t empera tu re difference in the mis t region ap

proximates a straight line very closely for the chosen pa rame te r values. 

In some applications the rat io of quantity of water in the annular 

film to that d ispersed in the core may be such that there will be in

sufficient droplets to keep the wall t empera ture near saturat ion just 

downstream from the point where the film d i sappears . This could be 

the case , for example, if the film had been formed due to droplet dif

fusion to the wall in an adiabatic section pr ior to the s t a r t of heating. 

In this case the film of liquid on the wall could be the resul t of a 



depletion of droplets in the core . (Re-entrainment of the droplets 

from the film to the core a re neglected in this analysis . ) In such cases 

the wail t empera ture would remain near saturation until the annular 

liquid film is evaporated and at that point the wall t empera ture would 

jump to the value predicted by Equation (10). The amount of the t em

pera ture r i s e would depend upon the position (or quality) at which the 

film d isappears . Such an example is shown in Fig. 15, making the 

same assumptions as before except that the liquid film is assumed to 

pers i s t up to a quality of 98 percent . For the case of pure annular 

flow. Equation (13) predic ts that the wall t empera ture would r i se sharply 

at the disappearance of the liquid film to the value computed for dry 

vapor. 

Increasing the wall heat flux for the stated flow conditions resu l t s 

in a s teeper t empera tu re gradient in the mist region, since the quality 

is changing more rapidly. The resul t for a wall heat flux of 10, 000 Btu 

per hour square foot is shown in Fig. 16, assuming that the film d i s 

appears at a quality of 90 percent . Here a new phenomenon must be 

taken into account. As the wall t empera ture r i s e s above the bulk t e m 

pera ture of the fluid, a point will soon be reached where the spheroidal 

state s t a r t s to exist . When this happens the droplets no longer can be 

considered to evaporate completely and they have little cooling effect 

on the wall. The wall t empera ture jumps to near the value that would 

exist for dry s team flowing alone. This value of c r i t ica l t empera tu re 
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difference for the spheroidal state is a function of surface condition 

and droplet size (26); but, in the figure it is shown as beginning ab

ruptly at (T - T ) equal to 100 degrees F . At that point the wall 

t empera ture is assumed to jump immediately to the value for dry 

s team. 

In the actual case , of course , t empera tu re s and tempera ture 

gradients do not change sharply, but a re smoothed out due to conduc

tion effects in the wall and in the boundary layer. This conduction ef

fect tends to shift the s tar t of the spheroidal state ups t ream, causing 

the t empera tu res to climb more rapidly than predicted by Equation (10) 

just p r ior to the est imated point of inception of the spheroidal s ta te . 

The spheroidal state does not begin at a distinct location along the tube 

since in the rea l mist flow a variety of drop s izes exis ts . Also the drop

lets have some cooling effect even in the spheroidal s ta te . Taking these 

factors into account, the actual t empera tu re profile might appear as 

shown in Fig. 17, for the example shown in Fig. 16. 

In the equations that have been derived there a r e two t e r m s that 

are not readily determinable . They are the mass t ransfe r coefficient 

k and the slip velocity rat io S. Since both t e r m s are likely a function 

of the average droplet d iameter , it is des i rable to know something of 

the droplet spectrum for the flow. 

Even if the drop size distribution were well known for a par t icular 

flow, the m a s s t ransfer coefficient could not be determined directly for 
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the r ea l case . This is because of the present lack of understanding of 

the mechanism of droplet t ransfe r in turbulent gas s t r e a m s . The use 

of an analogy such a s was descr ibed by Fr ied lander and Johnstone (23) 

depends upon the assumption that the droplets follow the motion of the 

gas eddies. This is actually not t rue for any except the very smal les t 

droplets (64). 

The "exploding" of the droplets str iking the tube wall into a large 

volume of vapor would most likely have an effect on the value of k . 

This effect would be s imi la r to the effect of the boiling velocity d i s 

cussed by Vanderwater (09). The creat ion of expanding vapor volumes 

at separated locations along the tube wall would c rea te additional turbu

lence in the s t r eam which would also have some effect on k ,. The 
d 

analogy between m a s s and momentum t ransfer may be completely in

valid. 

The mass t ransfer coefficient k may not be a constant value with 

length as was assumed. The changing of the flow pat tern from annular 

to mist might cause an effect on the dispersion in the core that would 

require a cer tain length before "fully developed" conditions a re 

established. 

The slip velocity ra t io t e rm must ei ther be est imated or m e a s 

ured experimental ly. Exper imental methods of determining slip ra t ios 

for mist flows a re fairly difficult to ca r ry out. One method of est imating 

slip velocity ra t ios is to equate the inert ia and drag forces acting on a 
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droplet, using an empir ica l expression for the drag coefficient. A 

s imi la r analysis was used by Ingebo (32). 

Thus 

ma = -̂  p A(Au)^ C ^ . (14) 
2 g D 

For the conditions of his experiments Ingebo found that the drag 

coefficient for smal l accelerat ing spheres could be found from the r e 

lation 

Re 

By making appropriate substitutions and integrating, the follow

ing expression is obtained: 

L = 0.0585 — ] (N„ ) ° - ^ ^ 1(1 -S)°-^ '^ + 5.25(1 - S ) ' ^ ' ^ ^ - 6 . 25^ (16) 
p Re L. -I 

g 

The derivation of this equation is given in Appendix A. 

Thus an expression has been obtained for the distance L that a 

droplet of given diameter d must t ravel in order to attain a certain 

slip velocity rat io S. The resu l t s for this equation have been calcu

lated for various droplet d iamete r s , and var'ious vapor volocitios for 

s team at 30 psia, and are shown in Table 2. 

In cases where the mist consis ts of small droplets and the 

Reynolds number is low, the slip velocity rat io approaches 1. 0 for very 

small values of L. This means that in many instances the slip velocity 

rat io t e r m can be neglected in Equations (9) and (10), part icular ly at 
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TABLE 2 

Dis tance N e c e s s a r y to Obtain a Certain Slip Veloci ty Ratio 

Drop le t D i a m e t e r = 1 M i c r o n 
4 

( D i s t a n c e , F e e t x 10 ) 

In i t i a l Veloci ty 150 fps 300 fps 600 fps 

Slip Ra t io 
0. 1 
0. 2 
0 . 3 
0 . 4 
0. 5 
0. 6 
0 .7 
0 . 8 
0 . 9 
1.0 

0 .0274 
0 .0970 
0. 211 
0. 513 
0 .884 
1.435 
2 .41 
4 .07 
7 . 5 2 

CXi 

0 .049 
0. 211 
0 .376 
0 .916 
1. 580 
3. 12 
4 . 3 0 
7. 29 

13 .40 

0 .0879 
0 .311 
0. 676 
1.645 
2 .83 
4 . 4 4 
7 .71 

13. 10 
24 .1 

D r o p l e t D i a m e t e r = 10 M i c r o n 
2 

( D i s t a n c e , F e e t x 10 ) 

Ini t ia l Veloci ty 150 fps 300 fps 600 fps 

Slip Ra t io 
0. 1 
0. 2 
0 . 3 
0 . 4 
0 . 5 
0. 6 
0 .7 
0 . 8 
0 .9 
1.0 

0 .0189 
0 .0068 
0. 1450 
0. 354 
0. 609 
0 .990 
1. 660 
2 .81 
5. 18 
<7« 

0 .0338 
0. 119 
0. 260 
0 .634 
1. 090 
1. 770 
2 .97 
5. 03 
9. 27 

« 0 

0 .0608 
0. 215 
0 .467 
1. 140 
1.960 
3. 18 
5. 34 
9 . 0 5 

1 6 . 7 0 
oe 



TABLE 2 (Cont 'd. ) 

Droplet Diameter = 100 Micron 

(Distance, Feet) 

Initial Velocity 150 fps 300 fps 600 fps 

Slip Ratio 
0. 1 
0. 2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 

0.0131 
0.0462 
0. 1010 
0. 244 
0.421 
0.685 
1. 150 
1.950 
3. 58 
eO 

0.0227 
0.0802 
0.1740 
0.425 
0.731 
1.190 
1.990 
3.38 
6. 21 
eo 

0.0405 
0. 1430 
0.311 
0.758 
1.310 
2. 12 
3.56 
6.03 

11.10 
© o 

large dis tances from the point of droplet formation. This a s sumes of 

course that the vapor s t r eam is not accelerat ing greatly due to vapor 

formation. 

The formation of vapor from the droplets at the wall could also 

have a t remendous effect on the dry vapor film coefficient in the vicinity 

of the evaporating droplet . The effect might be s imi la r to that in nucle

ate boiling, where the hot fluid is lifted away from the wall by the ex

panding vapor bubbles. In the mis t flow the cooler saturated vapor 

from the droplet would tend to displace the hotter, superheated vapor 

away from the wall and into the turbulent core . This forced mixing 

could lead to values of film coefficient h higher than predicted by an 

equation such as the Dit tus-Boel ter equation. This effect should be 
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greatly affected by the ra te at which the droplets hit the wall per unit 

area; i . e . , h should be affected by the quality and the m a s s t ransfer 

coefficient. 

In o rder to get an idea as to how rapidly droplets might be striking 

the wall, a few assumptions will be made. Reynolds' analogy for m a s s 

t ransfer predic ts m a s s t ransfe r coefficients of the o rder of 1, 000 ft 

5 
per hour for s team flowing at a Reynolds number of 10 and a velocity 

of 140 feet per second. A m a s s mean droplet d iameter of 30 microns 

seems to be a reasonable value for droplets produced by an air a tomiz

ing nozzle under ordinary conditions. Using these values for 30 psig 

steam at 95 percent quality the value obtained for the number of d rop-

lets s tr iking one square foot of wall per second is 36. 3 x 10 . Multiply

ing this number by the projected area of one drop gives an a rea of ap -

I^roximately one fourth of a square foot. This gives approximately the 

fraction of the surface that is touched by a drop per second. Unless 

the pers is tence t ime of a drop at the wall is very low, this would indi

cate a ra ther crowded condition of droplets which could strongly in

fluence the dry film coefficients. This influence could only be de te r 

mined by experimental methods. 

It is concluded, however, from our simplified model, that sharp 

tempera ture var iat ions will likely occur in mist flows, par t icular ly at 

the points where the annular liquid film d isappears and at the point 

where the spheroidal effect s t a r t s to occur. High values of wall heat 
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flux would likely cause a sharp change directly to spheroidal conditions 

very near the point where the annular film d isappears . 
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DESCRIPTION OF APPARATUS 

An apparatus was constructed to tes t the general validity of the 

proposed model and to obtain values of film coefficient for various 

flow conditions. The apparatus consisted of two sys tems: 

1. A system to measure heat t ransfer coefficients to mis t s at 

cer tain flow conditions. 

2. A system to measure the droplet size of m i s t s flowing 

through the test section. 

Flow System 

The schematic diagram of the first system is shown in Fig. 18 

and a photograph of the system is shown in Fig. 19. Steam, entering 

the system at approximately 150 psig and near 100 percent quality, 

was supplied from the University power plant through underground 

l ines. 

The raw water furnished to the power plant has a hardness of ap

proximately 23 gra ins per gallon, and is t reated by a lime and soda hot 

p roces s . Nalco 35 is added to keep tne average ph at 7. b. 

The steam was passed through a separa to r to remove excess 

mois ture before it was passed through a flow measurement nozzle. 

The separa tor was found necessary in o rder to maintain a consistent 
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FIG. 19 MIST FLOW HEAT TRANSFER APPARATUS 



and sufficiently high quality for accurate flow measurement . Thro t 

tling measu remen t s showed that the quality of the s team leaving the 

separa tor was g rea t e r than ninety-eight percent . Steam flowing from 

the separa tor passed through a horizontal calming section of 100 pipe 

d iamete r s before entering the measur ing flow nozzle. The flow noz

zle was a standard AS ME long radius flow nozzle with an 0. 5828 

inch diameter throat manufactured by the Bailey Meter Company and 

installed in a Bailey tlow nozzle pipe. The nozzle was calibrated 

with saturated s team at 150 psig by the manufacturer . Steam flow 

ra t e s were calculated by means of the formula recommended by the 

ASME (22). 

The static p r e s s u r e at the entrance to the flow nozzle was m e a s 

ured by means of a Westinghouse Bourdon Tube gauge, 0-160 psig. 

The gauge was cal ibrated with a dead weight t e s t e r and found to have 

a constant e r r o r of minus one psi over the ent i re sca le . This c o r r e c 

tion was applied to all readings taken with the gauge. 

The p r e s s u r e differential a c ros s the nozzle was measured by a 

U-tube manometer , using Meriam #3 fluid. This fluid, which has a 

specific gravity of 2. 95, was convenient to use for the low differentials 

that had to be measured a c r o s s the nozzle. Since water had to be used 

in the manometer lines to prevent condensation effects, fluids with 

specific gravity near 1. 0 were too light to use as a manometer fluid. 

Mercury, on the other hand, was too heavy to permi t accurate 
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measurement of the smal l differentials. A fluid of 2. 95 gravity a l 

lowed accurate readings for flows of from 120 to 600 pounds per hour 

with a manometer 36 inches long. 

Steam leaving the flow nozzle was thrott led through a one-inch 

globe valve to approximately 30 psia . This p r e s s u r e was maintained 

by the use of the globe valve downstream from the tes t section. By 

proper adjustment of the ups t ream and downstream valves the de

s i red flow rate could be attained at the desired p r e s s u r e . The value 

of 30 psia was used throughout all of the t e s t s since it was found to be 

the lowest level of p r e s s u r e that could be maintained in the test s e c 

tion at the higher flow r a t e s . It was des i red to maintain a constant 

p r e s s u r e throughout all of the t e s t s in o rder to el iminate one variable 

and to simplify proper ty evaluations. 

The tempera ture of the s team after throttling was measured by 

means of an i ron-constantan thermocouple located in an installation at 

the elbow. Details of this installation are shown in Fig. 20. The in

stallation was manufactured at Purdue, using the same spool of wire 

that was used in making the test section thermocouples . Calculation 

of the conduction effect of the s teel tube showed it to be negligible. 

At the elbow the s team was directed upward to the ver t ical test 

section located five feet downstream. 

Water was injected into the s team between the thermocouple in

stallation and the entrance to the test section. The injection was 
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acconaplished by means of the device shown in Fig. 21, with the water 

injected counte r -cur ren t to the vapor s t r e a m . This type of injection 

sys tem was found to give a fairly steady, uniformly dispersed spray 

at the entrance to the tes t section. Water for the injection was sup

plied from a 30-gallon tank kept at 60 psig by means of compressed a i r 

and a p r e s su re regulating valve. This tank was necessa ry for two 

reasons . It was found that the p r e s s u r e of the water lines in the lab

ora tory was very e r r a t i c and would cause variat ions in the injection 

ra t e . Also, the water supplied in the water mains was very hard, con

taining impuri t ies that could soon cause the heated test section to scale 

up. Water was supplied to the storage tank during shutdowns by the 

condensing of s team in the heat exchanger as shown in the schematic 

diagram. Measurements on the water taken from the s torage tank 

showed the average e lec t r ica l res is t iv i ty of 60, 000 ohm-cen t ime te r s . 

A water heater utilizing power furnished from a powerstat was 

installed to control the t empera tu re of the injection water . The heater 

was constructed in a manner almost identical to that used in the test 

section which will be described la ter . A thermocouple installation 

s imi lar to that shown in Fig. 20 was used to m e a s u r e the t empera ture 

of the water at inlet to the injector. Because of the low ra t e s of water 

injection that were eventually used in the runs, the accuracy of this 

tempera ture measurement was not cr i t ica l in making energy balances . 
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The water supply system was found to be very sat isfactory in 

regard to keeping the injection ra te nearly constant. The injection 

ra te was controlled by means of a 1/8 inch needle valve located down

s t r eam from the water hea te r . 

The ra te of injection of water was measured by means of a 

F i scher and P o r t e r ro tamete r , located between the s torage tank and 

the water heater . The ro tamete r was cal ibrated by weighing the quan

tity of water passing through it at the various readings in a measured 

period of t ime. The calibration curve for the ro tamete r is shown in 

Fig. 22. 

In the ea r l i e r experimental runs the mis t formed by the injection 

of the water into the s team was passed through a mixing chamber b e 

fore entering the test section. This mixing chamber was installed in 

an effort to obtain a uniform mi.x;ture entering the tes t section. Details 

of the mixing chamber a re shown in Fig. 23. It was found that this 

mixing chamber threw a large portion of the droplets onto the wall and 

gave a heavy annular film of liquid flowing into the test section. In 

later runs the mixing chamber was removed and it was found that less 

water was thrown to the wall. In place of the mixing section a glass 

observation section was installed to allow observation of the spray 

entering the test section. This observation section is shown in Fig. 24. 

Details of the test section are shown in Fig . 25. It was con

structed from a one-inch ID, type K, copper tube, having 1/16 inch 
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thick wal ls . After installation of flanges the four-foot-long tube was 

coated with severa l coats of type 29 Sauereisen Low Expansion Cement. 

This cement has the unusual charac te r i s t i c of being a fairly good heat 

conductor but a poor e lec t r ica l conductor. After coating, the tes t 

section was placed in a lathe and the Sauereisen was sanded down to 

a thickness of 1/32 plus or minus 0. 005 inches. The tes t section was 

then wound with 1/8 by 0. 0126 inch Chromel A hea ter ribbon. Two 

ribbons were wound around the tube in the same direction, each spaced 

two tu rns per inch for a total of approximately 96 turns for each ribbon. 

The ribbons were then joined by a copper s t r ip at each end so as to 

place them in para l le l with each other . The ribbon had a res i s tance 

of 0. 344 ohms per foot. This ar rangement gave a total res i s tance for 

the heater section of approximately five ohms, allowing the d iss ipa

tion of nearly 10, 000 watts at 220 volts. 

Eighteen i ron-constantan thermocouples were installed in the 

copper by peening between the heater s t r ips as shown in Fig. 25. 

These #30 gauge, Leeds and Northrup g la s s -a sbes tos sheathed t h e r m o 

couples were laid in grooves made in the copper tube wall at 2-1/2 inch 

in terva ls . This was done to prevent e r r o r s in t empera tu re m e a s u r e 

ment caused by conduction along the thermocouple wi re s . Since the 

heat was being supplied from the outside, the Sauereisen was at a 

higher t empera tu re than the copper tube. By installing the t h e r m o 

couples in the grooves of the copper and by bringing them around the 
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tube one turn before bringing them out, the conduction e r r o r s were 

minimized. 

After the installation of the thermocouples the test section was 

covered with severa l coats of the Sauereisen cement so as to cover 

the heater s t r ips approximately 1/32 inch. This coating was necessa ry 

to maintain the even spacing between the heater r ibbons, since the r i b 

bons would expand upon heating and would become loose. 

In designing the test section it was desi rable to know whether the 

heating ar rangement described above would give a near-cons tant heat 

flux on the inside of the tube. The 1/8 inch spacing between heater r i b 

bons could conceivably cause variat ions in the heat flux along the tube 

length. Also there was the question of whether a thermocouple in

stalled as sho-\\n in Fig. 25 would give a t empera tu re reading very 

close to the t empera ture of the inside of the tube wall. To check both 

of these points, calculations were made from a solution to the Laplace 

equation. The derivations and calculations are shown in Appendix B. 

These calculations show that for the assumed values of the p a r a m e t e r s 

the wall t empera tu re var iat ions are very small in the tube wall. For 

prac t ica l purposes the tube wall can be assumed to be operating at 

constant heat flux for regions where the inside film coefficient is not 

changing too rapidly. The point of location of the thermocouple was 

found to be at a t empera ture that differed from the average inner wall 

t empera ture by less than 0. 2 degrees F . 
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The thermocouple wiring circuit is shown in Fig. 26. Because 

of the junctions of the thermocouple wire with the copper t e rmina l 

s t r ips , it was necessa ry to compensate for the thermocouple effect 

produced at that junction. This was done by placing the connections to 

the cold junction on the same te rmina l s t r ip with the hot junction t h e r 

mocouples. The t e rmina l s t r ips were placed between plates of copper, 

insulated with glass wool, and placed in a location away from sources 

of heat. This helped to maintain all of the junctions at the t e rmina l 

s t r ips at approximately the same t empera tu re . Since the cold junction 

was wired opposite to the hot junctions, any emf produced in this i so 

the rmal region was cancelled out by an equal and opposite emf. 

The thermocouple emfs were measured by means of a Leeds and 

Northrup Portable Prec i s ion Potent iometer . 

Power for the test section heater was supplied through two power-

s ta t s , type 1256, manufactured by Superior Elect r ic Company. The 

powers ta ts , wired in para l le l , were connected to a 220 volt, 60 cycle 

power source . The power input to the test section was measured by 

means of a General E lec t r i c , type P - 3 , s ingle-phase wat tmeter . A 

factory calibration of the wat tmeter showed it to have a maximum 

e r r o r of 10 watts over the entire sca le . This correct ion was considered 

insignificant and was ignored in the calculations. 

P r e s s u r e taps were located at the center of the test section and 

at the flanges at the entrance and exit to the test section. Care was 
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taken to see that no obstruct ions protruded into the flow that would af

fect the measurement of the static p r e s s u r e . P r e s s u r e drops in the 

test section were measured with the same manometer used with the 

flow nozzle for measur ing s team flow ra te . A valve system permit ted 

the changing from one p r e s s u r e measurement to another. Static p r e s 

su re s in the mixing chamber and at the center of the test section were 

measured by the use of Meriam rese rvo i r - type , 60-inch manometers 

filled with mercu ry . These a re shown in Fig. 19. All manometer 

lines had to be filled with water to avoid condensation effects in the 

l ines. A constant water level was maintained over each manometer 

by the use of a r e se rvo i r located at the level of the par t icular p r e s s u r e 

tap. These r e s e r v o i r s were of sufficient capacity to allow changes in 

manometer fluid level without the lowering of the level in the r e se rvo i r 

to any significant extent. Excess water in any r e se rvo i r flowed back 

through the p r e s s u r e tap and into the s team line. 

A thermocouple installation was located 18 inches downstream 

from the exit to the test section. By placing the thermocouple far 

enough from the tes t section exit to allow mixing to occur, a t empe ra 

ture approximating the bulk tempera ture of the fluid was measured . 

Detail of the installation is shown in Fig. 27. 

The ver t ica l run of pipe containing the test section was hung 

from a bracket attached to a laboratory ceiling beam. Gravity was 

utilized to help maintain the ver t ica l position of the test section 



3/32"x 0.012"WALL 
TYPE 304 TUBE 2 1/2 

LONG 
STD. I PIPE 

5 /16"- I8NC HEX 
HEAD BOLT AND NUT, 
WITH 3 / 3 2 " HOLE 
DRILLED THROUGH 
AXIS OF BOLT. HEAD 
MACHINED TO FIT 
PIPE CURVATURE 

GLASS-ASBESTOS 
SHEATHED * 3 0 
IRON-CONSTANTAN 

THERMOCOUPLE 
WIRE 

FIG. 27 EXIT THERMOCOUPLE INSTALLATION 



116 

and the rmal expansion difficulties were avoided. 

Because no condenser was available for use in the heat t ransfer 

laboratory, the s team was exhausted to the a tmosphere . This was 

par t icular ly undesirable because it did not allow the calculation of 

m a s s and energy balances as a check on the m e a s u r e m e n t s . 

A bypass sys tem connected to the s team separa tor at the lower 

end permit ted the flushing out of the s team mains and the separa tor 

pr ior to s tar tup. The heat exchanger used for making condensate was 

connected to th is bypass line. In addition, a line was provided at the 

base of the ver t ica l run for draining the system. 

The entire sys tem, up to the first thermocouple installation, was 

insulated by standard, one-inch size, 85% magnesia pipe insulation. 

Downstream from this point the system was insulated with glass wool 

insulation approximately 1-1/2 inches thick. The glass wool insula

tion was covered with aluminum foil to reduce radiation losses . 

Droplet Detection System 

The second major part of the apparatus was built originally to de

te rmine the droplet spectrum of the mist flow. The system that was 

developed was found to be unsatisfactory in making quantitative m e a s 

urements of droplet size in flowing sys tems . However, it does appear 

to be a useful instrument for the detection of entrained mate r ia l and 

for monitoring sprays for uniformity and s teadiness . 



The system was a modification of the electronic spray analyzer 

developed for the DeVilbiss Company by York, et al (77), and descr ibed 

previously in the l i t e ra ture survey section. The DeVilbiss analyzer 

had been designed for use in open sys tems such as a spray nozzle in 

the open a i r . Therefore , the probe for this analyzer had to be r e 

designed for the detection of droplets flowing inside a tube. Detail of 

this probe is shown in Fig. 28. A block diagram of the entire analyzer 

is shown in Fig . 29. 

The body of the probe was made of Teflon, a ma te r i a l which ab

sorbs a negligible amount of water . In addition, Teflon has a surface 

res is t iv i ty , at 100 percent relat ive humidity, of 3. b x 10 megohms, 

a dielectr ic constant of only 2. 0, and a dielectr ic strength of 400-500 

volts per mi l l imete r . These cha rac te r i s t i c s made Teflon the best 

choice of all ma te r i a l s available, for a system operating at moderate 

t empera tu re s . 

The threaded Teflon joint of the probe and the probe wire were 

sealed with Armstrong A-1 Adhesive. The 0. 020 inch ball at the tip 

of the probe was made by fusing the end of the nickel wire in an e l ec 

t r ic a r c . Upon cooling, a small sphere usually formed at the end of 

the wire due to surface tension effects. After severa l t r i a l s a nearly 

perfect sphere of the desired size could usually be obtained. The 

sphere was checked for imperfections and the size was determined by 
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the use of a 30x microscope . Both the nickel sphere and the Teflon 

were found to hold up well in the wet steam a tmosphere . 

The detector circuit had to be located near the probe to reduce 

the capacitance of its input. P rac t i ca l considerat ions made it desirable 

to support the detector chass i s and housing on the pipe through which 

the s team was flowing. However, it was found that the smal l v ib ra 

tions of the pipe during flow were sufficient to cause noise in the c i r 

cuit due to the vibration of the fc)J6 on the detector chass i s . The 

detector c i rcui t was redesigned to use a 1 2AY7 tube which has good 

microphonic cha rac t e r i s t i c s . The diagram of the detector circuit that 

was finally used in this investigation is shown in Fig. 30. This de tec

to r was found to have low microphonic noise cha rac te r i s t i c s even dur

ing high s team flow r a t e s in the pipe. The amplification factor for the 

detector was measured with an audio oscil lator and an oscilloscope 

and was found to be approximately 0. 95. 

The signal was t ransmi t ted from the detector through 16 feet of 

coaxial cable to a T race r l ab RLI-4 Pulse Height Analyzer. The Pulse 

Height Analyzer contained a linear amplifier with a maximum gain of 

8, 000 and a d iscr iminator c i rcui t . The discr iminator was a type 

which permit ted the passing of pulses having heights within a cer ta in 

band range. By the selection of a cer ta in threshold setting and a win

dow setting, pulses above and below the desired size range were e l imi

nated, and only the des i red pulses were passed on to the sca ler for 
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counting. The sca le r was a T race r l ab Autoscaler with a built-in 

t imer having a least count of 0. 01 second. The sca le r was connected 

to a Microflex Counter which increased i ts prese t count capability to 

1, 638, 400 counts. The 1, 000 volt potential of the probe was supplied 

from the sca le r power supply. The plate and heater cu r ren t s for the 

detector were supplied by a separate standard power supply sys tem 

built into the DeVilbiss apparatus and described in (7 7). 

A droplet generating device was constructed to cal ibrate the 

spray analyzer , following a suggestion made in a personal cor respond

ence from York. The device was s imi lar to devices built by Slykhouse, 

et al (62), and Dimmock (17) (18). A photograph of the drop generator 

constructed is shown in Fig. 31. 

The generator consisted of a g lass tube, tapered to a capil lary 

on which was fastened a smal l bit of iron wire . The tube was pos i 

tioned so that the small iron wire winding was located close to the pole 

of a smal l e lectromagnet . Current of varying frequency and potential 

was supplied to the electromagnet from a Hewlet t -Packard Type 

200AB Audio Osci l la tor . Water from a r e se rvo i r was forced through 

the capil lary by static p r e s su re due to elevation. With the proper ad

justment of frequency and potential the glass capil lary could be made 

to vibrate , throwing droplets away from the tip in one or more steady 

s t r e a m s . The drops of a par t icular s t r eam could be caught in a small 
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FIG. 31 DROP GENERATING APPARATUS 



dish of motor oil and observed under a microscope having a graduated 

eyepiece. 

It was found that the drops in each s t r eam were of a uniform 

size and that this s ize could be maintained for long per iods of t ime . 

The droplet s ize was determined by the size of the glass capil lary, 

the elevation of the r e s e r v o i r above the capil lary tip, and the adjust

ment of the frequency and potential on the electromagnet . The f r e 

quency and potential adjustment of the audio osci l lator determined the 

number of s t r eams of drops that would come off at the tip and the di 

rection of the s t r e a m s . After a number of t r i a l s and changes, d rop

lets as small as 50 microns and as large as 700 microns were produced 

in steady s t r e a m s by the generator and observed with the microscope . 

Actually, s t r eams of drops sma l l e r than 50 microns were produced by 

the generator but could not be caught and observed due to their smal l 

t e rmina l velocity and rapid evaporation ra t e . 

Calibration of the probe with the drop generator was not easy, 

since it was very difficult to keep the tip of the probe in the s t r eam of 

droplets produced by the genera tor . The s t r e a m s of droplets , a l 

though constant in s ize , were very unsteady in position and tended to 

constantly wander. It was difficult to keep the droplets hitting the 

probe for a sufficiently long period of t ime to get a good "fix" with the 

d iscr iminator set t ings. It appeared from the check points that were 

made that the analyzer had cha rac te r i s t i c s very s imi la r to the 



DeVilbiss analyzer , after correc t ion for differences in amplification 

factors . 

However, it was found during calibration that the droplets tended 

to collect on the probe tip, forming a large drop of water that per iodi 

cally dropped off. It was noted that a large pulse was produced as 

this drop fell free from the probe t ip. Also this liquid that collected 

on the probe tip seemed to have some effect on the size of the pulse 

produced by a given s ize droplet. It was decided to attempt blowing 

the drops produced by the generator onto the probe tip with a high ve 

locity a i r s t r eam from a smal l hose. It was thought that this would 

keep the probe dry and that the calibration would be more consistent . 

It was found that pulses two to four t imes as great as before 

were produced with given size drops when the air s t r eam was used. 

The resu l t s seemed to be e r r a t i c and difficult to reproduce. Some 

pulses were found to occur when the droplets hit the probe body near 

the t ip. It was also noted that very large drops passing close to the 

probe tip caused pulses to occur even though no contact had been made 

between the drop and the metal sphere . It was at this t ime that concern 

developed over the possible effect of droplet spreading or breakup 

after impact, and over the effect of near m i s s e s and impacts on the 

probe body. 

A Tektronix Type 543 Oscilloscope and a Dumont Oscillograph 

Record Camera were obtained in order to study the pulses produced 
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by the analyzer when operating with a flowing s team sys tem. Pu lses 

of three general types were found to occur. These a re i l lustrated in 

Fig. 32. 

The pulse shown in (A) is s imi lar in shape to those pulses ob

tained with the drop generator when the droplets were impacting on 

the probe tip without blowing. This pulse has the same general shape 

as the pulses described by York, et al (7 7) and obtained with the 

DeVilbiss analyzer. It is also the shape that would be expected from 

theoret ical considerat ions, ignoring any effect that the droplet might 

have on the probe potential after the initial effect. Pulses of s imi lar 

shape were also obtained by blowing metal par t ic les onto the probe by 

the air s t r eam. It was thought that these pulses were from drops 

str iking the probe at such an angle or position as to not cause breakup 

or spreading of the drop over the probe tip. 

The second type of pulse is shown in (B). These pulses have a 

slower r i se t ime and much longer decay time than the pulses described 

in (A). This type of pulse seemed to be the most common found in the 

photographs. Because the length of the pulses seemed to vary with 

velocity and because some pulses s imi la r to these were obtained with 

blowing metal par t i c les , it was thought that this type might be due to 

near m i s s e s or possibly due to contact of the part icle with the probe 

body. 
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The third type of pulse is shown in (C) of Fig. 32. The initial 

part of the pulse is s imi la r in shape to that described in (A), but a 

large " tai l" follows the initial r i se and decay. The rat io of the height 

of the first pulse to the height of i ts ta i l is var iable , but generally the 

tail has much the g rea te r height. The length of the tail seemed to be 

variable with velocity, but the general shape of the initial pulse (if ex

tended to the axis) did not seem to vary. It was concluded that the 

initial pulse was caused by droplet contact with the probe and the tai l 

was caused by some kind of spreading or breaking action of the drop

let. This was given some substantiation by the fact that no pulses of 

this type were photographed when metal par t ic les were blown past the 

probe. 

Spectrum analysis of the pulses produced in the s team-water 

flow showed that a single maximum existed in the counting ra t e s over 

the various d iscr iminator set t ings. The counting ra te dropped off for 

sett ings above and below this point. However, the general shape of 

the spectrum curve could not be reproduced at different gain settings 

of the amplifier. This suggested that the d iscr iminator circuit was 

incapable of determining the maxima of the pulses due to their varying 

shapes and r i s e t imes . No apparent relat ionship seemed to exist b e 

tween the measured spectrum curves and the droplet spectrum curves 

that were thought to exist in the flow. It was concluded therefore that 

the apparatus was not sat isfactory for use in making quantitative 



m e a s u r e m e n t s of d r o p l e t s in i t s p r e s e n t d e s i g n . H o w e v e r , it a p p e a r s 

to be a useful dev i ce for the de t ec t i on of d r o p l e t s tha t m a y be p r e s e n t 

in a s t r e a m of g a s o r v a p o r . A new p r o b e g e o m e t r y would p robab ly 

be needed to avoid the d i f f icul t ies d e s c r i b e d above . 

One of t h e d i f f icul t ies t ha t would be e n c o u n t e r e d in the des ign of 

a new p r o b e g e o m e t r y i s the n e c e s s i t y for m a k i n g a p r o b e with a s m a l l 

co l l ec t i on a r e a . T h i s i s ev iden t if one m a k e s a few s i m p l e c a l c u l a t i o n s 

f rom the data p r e s e n t e d in the t ab le be low. The t ab l e shows the n u m 

b e r of d r o p s p r e s e n t p e r cubic foot of vo lume for v a r i o u s qua l i t i e s of 

s t e a m at 30 p s i a and for v a r i o u s m a s s m e a n d r o p d i a m e t e r s . M u l t i 

p lying the p r o p e r n u m b e r in the t ab le by the co l l ec t i on a r e a of the 

p r o b e and by the ve loc i ty of the flow g ives the n u m b e r of d r o p s s t r i k i n g 

the co l l ec t ion a r e a p e r unit t i m e . 

T A B L E 3 

N u m b e r of D r o p l e t s p e r Cubic Foot in S t e a m at 30 p s i a 

Mean M a s s 
D i a m e t e r 
( m i c r o n s ) Qual i ty 

;_95 ^^90 ^85 ^80 

20 4 . 4 1 8 x 1 0 9 . 3 0 x 1 0 ^ 1 . 4 8 2 x 1 0 ^ 2 . 0 9 9 x 1 0 ^ 

40 5 . 5 3 5 x 1 0 " ^ 1 . 1 6 8 x 1 0 ^ 1 . 8 5 9 x 1 0 ^ 2 . 6 2 x 1 0 ^ 

60 1 . 6 3 2 x 1 0 ^ 3 .44 x i o ' ^ 5 . 4 8 x 1 0 " ^ 7 . 7 6 x i o ' ^ 
f\ 7 7 7 

80 6 . 9 0 x 1 0 1 . 4 5 7 x 1 0 2 . 3 2 x 1 0 3 . 2 7 9 x 1 0 

100 3 . 5 2 5 x 1 0 ^ 7 . 4 5 x 1 0 ^ 1 . 1 8 4 x 1 0 " ^ 1 . 6 7 4 x l o ' ' 
c c fi Q. 

200 4 . 4 1 5 x 1 0 9 . 3 2 x 1 0 1 . 1 4 8 1 x 1 0 2 . 0 9 3 x 1 0 



Since most electronic scaling sys tems are limited in counting 

ra t e s to a few thousand counts per second, it is evident that the probe 

collection a r e a must be very smal l , especially for high velocit ies and 

low qualities and fine m i s t s . 

A general equation was derived to permit calculation of the num

ber of drops per unit volume in a liquid-vapor mixture for any p r e s 

sure , mean drop size, and quality. The equation is 

N = '-^ 

This shows that for a given quality and mean drop size, the number of 

drops per unit volume depends only on the rat io of the density of the 

two phases . Near the cr i t ica l point, where the density of the two 

phases i s near ly the same, the number of drops per unit volume b e 

comes t remendous . In addition, the effect of reduced liquid surface 

tension at higher t empera tu re s would usually cause mis t s to be much 

finer (have a smal le r mean drop size) near the cr i t ica l point. This 

places a severe design requirement on any type of spray analyzer for 

use at high p r e s s u r e s . 



METHOD OF TESTING 

In selecting the method for obtaining the data, it was necessa ry 

to consider the charac te r i s t i c unsteadiness of the sys tem. At t imes 

during certain pre l iminary runs it was noted that the p r e s s u r e of the 

inlet s team varied over a period of t ime. This , of course , resul ted 

in variat ions in the steam flow rate which led to var ia t ions in most of 

the instrument readings . Ideally, an instrumentation system was 

needed that would record all readings simultaneously. Since such a 

system was not available for this project, a method was needed to pe r 

mit recording of the des i red data as rapidly as possible and allow some 

check against changes that might occur during the recording. It was 

also necessary to a s su re that equilibrium had been attained in the s y s 

tem after s tart ing and before data was recorded. This section de

sc r ibes the method that was used to meet these requi rements as closely 

as possible. 

Before the start ing of each set of runs the ba rome te r was read 

and i ts reading recorded. Air was bled from all of the manometer 

lines and the manometer used to measure the static p r e s s u r e of the 

test section was set at a reference position. 



Crushed ice was placed in the flask containing the thermocouple 

cold junction, and the potentiometer was balanced with the standard 

cell . 

The electronic equipment connected with the spray analyzer was 

turned on and allowed to warm up for at least 30 minutes before being 

used. 

Before admitting s team into the apparatus it was necessary to 

flush out the water that had accumulated in the steam lines. This was 

accomplished by opening the steam bypass line at the base of the sepa

ra to r and the drain valve at the base of the ver t ical run. After most 

of the water had been c leared from the lines, the drain valve was 

closed and the throttl ing valve was opened, permitt ing steam to pass 

through the tes t section. The bypass valve was left open to permit the 

removal of mois ture from the s team separa tor during operation. 

The thrott l ing valve was set to give the desired flow rate of 

s team through the test section. The p r e s s u r e in the water supply tank 

was adjusted to 60 psig by opening the air valve and setting the air 

p r e s su re regulator . The water injection valve was then opened and 

set at a position to give the desired water flow ra t e . The water and 

steam flow ra te s were always set simultaneously so as to give a total 

flow rate of 200, 300, or 400 pounds per hour. 

After the s team and water flow ra te s had been adjusted to de

s i red values, the downstream valve was set so as to make the p r e s s u r e 



at the center tap of the test section as near to 30 psia (61. 1 inches Hg 

absolute) as possible . This was usually accomplished to within . 0 .5 

inches of mercu ry . 

Elec t r ic power was then turned on at the main switchbox and the 

Variacs were adjusted to give the desired power input to the test s e c 

tion. The thermocouples at various positions along the test section 

were checked with the potentiometer to make sure that there was no 

local overheating from that par t icular power setting. 

One thermocouple in the test section and the inlet s team t h e r m o 

couple were checked every five minutes until there was no significant 

change observed between checks. Then before the thermocouple read

ings were recorded, the static p r e s s u r e , s team and water flow r a t e s , 

and the power setting were checked to make sure that they were at the 

desired values. After all t empera tu res had been recorded, checks 

were made of some of the test section t empera tu re s and the inlet s team 

tempera ture to see if they had changed significantly during the t ime 

required to record the t empera tu re s . If any t empera tu re had changed 

significantly, that set of readings was discarded and a new set of r e ad 

ings was taken. The flow r a t e s , p r e s s u r e , and power input were read 

after the t empera tu res had been recorded. If they had not changed 

significantly from the initial readings, they were recorded on the data 

sheet. If they had changed, the data for that run were discarded. 
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A fixed-window and threshold setting was maintained on the d i s 

cr iminator of the spray analyzer for all runs . The t ime for a count of 

4, 096 was recorded each run. 

After a satisfactory set of readings had been obtained, the p r e s 

sure drop measurements were taken for that run. In many of the runs 

the manometer fluctuated significantly during p r e s su re drop m e a s u r e 

ments , and average readings were recorded. Average readings were 

obtained by averaging the maximum and minimum values observed 

over a period of approximately one minute. 

In most cases the flow ra te s were left at the initial settings and 

the power input to the test section was varied for the next run. After 

changing the power setting the thermocouples were again checked at 

five minute intervals and recordings were taken only after steady state 

appeared to have been attained. 

The apparatus was shut down by first turning the Variacs to zero 

and then turning the throt t le valve and water injection valve off. 

The static p r e s su re manometer was checked to see if it returned 

to the reference level set at the beginning of the runs . If it did not, 

the data sheets for those runs were discarded. 



EXPERIMENTAL RESULTS 

Mist Flow 

Data of the runs that were considered acceptable a re tabulated 

in Appendix C. Runs that a re considered to be typical of the data a r e 

presented as curves in this section to facilitate the discussion of the 

r e su l t s . 

Figure 33 shows the tempera ture variat ion of the wall for super 

heated s team flowing through the test sect ion. As theory predic ts , the 

t empera ture difference is lowest at the s ta r t of heating and eventually 

levels off to a near constant value. The decrease in t empera tu re near 

the exit is due to conduction losses at the flange. The heat t ransfer 

coefficient reaches a minimum of about 56.0 Btu /hr square foot at 

thermocouple number 16, which is located 40 inches from the test 

section inlet. This compares with a value of 56. 8 predicted by the 

Colburn (9) equation: 

0.2 
h ^ 1 

0.023 (-=^) N ,„ , 3 (17) C G • 'DG PR 
P S 

where the p roper t i es , except C , a re evaluated at the average film 

tempera ture : 

T = 0.5 ( T + T.,) . (13) 
f w B 
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This deviation of approximately five percent from the Colburn 

equation indicates the general reliability of the measurements taken 

with the apparatus. However at such low values of heat transfer coef

ficients, the amount of thermal resistance due to scale in the tube would 

not be apparent. That i s , any smal l amount of scale present in the tube 

would not significantly affect the measured values of heat t ransfer coef

ficient, provided the coefficients were relatively smal l compared to the 

scale coefficients. In the region of annular liquid flow, however, which 

occurs in some runs , the heat t ransfer coefficients a re large and a 

small amount of scaling can significantly affect the values obtained. 

The tube had been cleaned with a weak acid solution pr ior to the 

taking of data and only water that had been condensed from steam was 

injected into the s t r eam. It was felt therefore thai the scale formation 

in the tube wa^ probably small , bince large coefficients were obtained 

in some of the runs, however, it was desirable to check the amount of 

scaling that had occurred . This was accomplished by using a modifica

tion of the Wilson method (72). Water was introduced into the sys tem 

at the separa to r and passed through the flow manometei ' , up the test 

section and out the exhaust tiirough tubing to a drain. A constant heat 

flux of C,020 Btu/hr square foot was applied at the test section. The 

flow rate of the water was varied for nine different runs and wali tem

pera tu res and inlet and outlet t empera tures were recorded for each of 

the runs . The averages of the tempera ture differences (T - T,.,) for 
w B 



the ten center thermocouples of the test section were plotted versui^ the 

respect ive manometer readings on log-log paper. This gave a s e r i e s 

of points that fell very near to a s traight line liaving a slope of - 0 . 435. 

The data were then t ransfer red to rectangular coordinate paper with 

the tempera ture differences plotted against the manometer readings 

ra ised to the -0 .435 power. The points again fell very near to a s traight 

l ine. A line was drawn through the points using the method of least 

squares . This gave an intercept with the tempera ture axis of -0 , 14 de

g rees F . A study of the method of obtaining the slope on the log-log 

paper and the round-off e r r o r s involved in the least squares method in

dicated that a maximum deviation of approximately 0. 5 degrees F was 

possible. It was concluded that the value of the scale coefficient was 

sufficiently high to be insignificant for most of the runs . In the d i s 

cussion of the resu l t s which follows the effect of scale will be ignored 

unless mentioned for a par t icular run. 

F igure 34 shows the wall tempera ture variation that was obtained 

with an annular -mis t flow. In most of the runs that have been tabulated 

the annular film of liquid film is present at the entrance of the test s e c 

tion. This is apparent in Fig. 34, as the wall tempera ture is very near 

the saturation tempera ture up to about the midpoint of the tube. At that 

point the liquid film apparently disappears and a true mist type flow 

commences . In this run heat t ransfe r coefficients of approximately 

200 Btu /hr square foot F a re observed for the mist flow region. 
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FIG. 34 WALL TEMP VARIATION FOR ANNULAR-MIST FLOW 



compared to coefficients of approximately 5, 000 in the annular region. 

This shows the tremendous effect of the liquid film on the value of the 

heat t ransfer coefficient. 

Figure 35 shows a wall te inperature variat ion for an annular -mis t 

flow in which the spheroidal state has evidently set in near the exit of 

the tube. The flow seems to pass sharply from an annular flow to a 

mis t flow with droplet cooling, and then to a flow wliere the drops seem 

to have little cooling effect on the wall. Notice the s imilar i ty between 

the curve of the proposed model, Fig. 17, and the curve represent ing 

the data. Fig . 35. 

The curves shown in Figs , 34 and 35, which are typical of much of 

the data that was taken, indicate a slight discrepancy with the proposed 

model. The model predicts an almost l inear change of wall tempera ture 

from the saturat ion value to the dry steam value. If the experimental 

data of Fig. 34 were extrapolated l inearly, a tempera ture corresponding 

to dry s team would not be attained at the point where the quality is cal

culated to be 100 percent . This is also observed in Fig. 35, where ex

tension of the "shelf" by a straight line to higher qualities would not 

reach sufficiently high tempera tures at the point of 100 percent quality. 

The flatness of the curve in both Figures indicates that the assump

tion of a constant value of mass t ransfer coefficient may be incorrec t . 

The arguments given by Vanderwater that t ransfer of droplets is 
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hindered by evaporation at the wall seem logical and would indicate 

that k should not be considered constant. Droplet depletion with in

creasing quality would cause a decreasing amount of new vapor forma

tion at the wall and this in turn should lead to higher values of k , with 
d 

length. This could be an explanation for the flattening out of the curves . 

The complexity of the droplet diffusion process (in addition to an effect 

which will be discussed next) prohibits the obtaining of a theoretical ex

pression for the variat ion of k with quality for the various flow con

ditions and wall heat fluxes. Values of k were computed from Equa

tion (10) and the data of Fig. 34 and are shown in Fig. 36. This Figure 

shows tiie variat ion in k with length that would be necessary to make 

the proposed model fit the experimental data. It should be remarked 

that values of k computed in this manner a re quite sensitive to the 

amount of mois ture present in the s t r eam, so that at high qualities such 

as occur in this example the values of k should be considered as ap

proximate. It is in teres t ing however to compare the value of k in 

Fig. 3' ' with the value predicted by the equation of Alexander and 

Coldren (2) which is b,300 ft/lir, and the value predicted by Reynolds' 

analogy which is 1,520 f t /hr . 

Of course , the tabulated data couLI be made to fit the prediction of 

Equation (10) by the choice of an appropriate expression for k versus 

quality; however no single expression was obtained that seemed to apply 

to all of tiie data of a par t icular c lass . It may be that a general 
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expression would have to be of a very complex form. 

Equation (10) could be modified into an empir ical expression 

with the use of a function in the second t e rm that would account for 

variations in k , h, and S. An expression of this form might be 

found with computer techniques that would corre la te data over a fairly 

wide range. 

It is important to r emembe r that the assumption of an increasing 

k with length does not prohibit the wall tempera ture from ris ing to the 

value corresponding to dry s team as the droplets are depleted to zero . 

A study of the data indicates another factor that seems to in

fluence the change of wall t empera ture witli length in tne mist region. 

This effect is best seen by a study of F igs . 37 and 38. In Fig. 37 are 

shown the wall t empera tures for dry superheated s team and for a mist 

at the same mass flow ra tes and wall lieat flux. (The flow conditions 

and the heat flux are the same for tiie mist in tiiis case as for the mist 

shown in Fig. 35. The only difference is that the mist flow of Fig, 37 

was introduced into the test section after tlie tube wall had been p r e 

heated to a t empera ture higli enough to cause tiie spheroidal state to 

exist for the entire tube length. This shows that two temperature p a t 

terns a re possible at a given flow condition and wall heat flux. ) A com

parison of the mist curve and the superlieated steam curve of Fig. 37 

shows them to be s imi la r in shape. Tiie mist flow curve is naturally 

lower because of the lower inlet temperatui-e of tlie s team. 
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If the assumption is made that the bulk tempera ture of the mis t is 

the saturat ion t empera tu re , as long as moisture is present , and if the 

bulk t empera ture of the dry s team is determined from inlet and outlet 

t empera ture measu remen t s , then the curve of Fig. 38 r e su l t s . This 

F igure shows that the tempera ture difference for the superheated vapor 

becomes nearly constant whereas the tempera ture difference for the 

mist increases with length. This la t ter trend is surpr i s ing since the 

amount of moisture present in the s team is supposed to have little ef

fect on the cooling process for the spheroidal condition. Another s u r 

pr is ing thing to note is that the tempera ture difference for the mist is 

considerably higher than for superheated s team at approximately the 

same conditions and at the same mass flow ra te . It is also interes t ing 

to note that the tempera ture difference for the mis t of Fig. 38 is higher 

than at the same quality in the mist shown in Fig. 36, even though both 

mis ts are presumably identical in makeup. This observation wâ ^ r e 

peated over several runs . 

The following explanation is given for this seeming anomaly. Tlie 

droplets and the vapor are not in thermal equilibrium downstream from 

the point where the liquid film d isappears . The model that was developed 

predicted that the energy input at the wall would eventually exceed the 

latent heat in the drops striking the wall. This excess of energy was a s 

sumed to go into the vapor phase, superheating it slightly, and then it 

was assumed to pass into evaporation of droplets at the outer edge of the 
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core . This la t te r step evidently does not happen in the test section. I 

The extremely blow rate of heat t ransfer between droplets and 

vapor has been mentioned previously (11), (60). Di'oplets passing 

through the test section at 100 fps would be in the test section for only 

1/25 of a second and might often stay in the core for the entire t ime. 

Unless a par t icu lar droplet were of very smal l size or unless it struck 

a solid surface below the spheroidal tempera ture it very likely would 

not evaporate to any extent, at least at moderate ra tes of heating at the 

wall. 

It was in this phase of the study that tiie spray analyzer became a 

useful tool. The spray analyzer probe had been located downstream 

from the test section as snown in Fig. Id. Tiie analyzer detected drop

lets in the flow even in the caocs where calculations had indicated that 

the exit conditions should have been superheated, bince droplets per

sisted in tiiib supei'heated vapor at the exit,it is likely tliat the vapor in 

the test section ŵ ao superheated at tiie points wliei'e there was no liquid 

film but where tne apparent quality was less than 100 percent. 

The tempera ture difference for tiie mist of Fig. 37 was recalculated, 

assuming tiiat no_ droplets evaporated in the tube. The result is shown in 

Fig. 39. This curve is almost identical to the curve for superheated 

s team shown in Fig, 3b, the average difference being approximately four 

percent . The heat t ransfer coefficient for this mist flow, based on the 

assumption of no droplet evaporation, is approximately six percent below 
I 
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the value predicted by the Colburn equation for dry saturated s team at 

the same mass flow rate. 

This superheating effect is further shown in F ig . 40 where the 

mist was heated to a point where energy considerations and the assump

tion of equilibrium would require the s t r eam to be free of mois ture at 

the point indicated. The upper curve is drawn on the basis of this a s 

sumption, using s t ra ight line interpolation between the calculated point 

of 100 percent quality and the measured exit t empera tu re . The values 

of heat t ransfer coefficient calculated for the exit region of tiie tube are 

approximately 20 percent below the values measured for dry s team at 

the same flow rate and are approximately 22 percent below the values 

predicted by the Colburn equation. 

The exit thermocouple gave a reading foi' this run that was too low-

according to the energy balance calculat ions. Good energy balances had 

been obtained previously witli dry s team. This low reading of the exit 

thermocouple occurred in a number of s imi lar runs witii wet s team sup

posedly heated to dryness . It was concluded that tliis was caused by tiie 

mois ture still present in the core of the s t r eam impinging on tiie tl iermo-

couple. This probably caused the thermocouple to give a value some

where between the true vapor temperature and tlie water droplet tem

pera tu re . A special type of probe would be required to read tne true 

vapor tempera ture under such conditions. 

The lower curve of Fig. 40 sliows the tempei-ature difference tiiat 
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would exist assuming that no droplets evaporate after a certain point in 

the tube. The values of the measured film coefficients for this case are 

within three percent of the predicted value of the Colburn equation and 

the measured value of superheated s team at the same flow rate. 

If non-equil ibrium does exist to the extent presumed in the above 

discussion then it would be improbable that the values of the measured 

heat t ransfer coefficients for a mist can be correla ted in t e rms of the 

physical proper t ies of the sys tem. Indeed, no correlat ion seemed to 

exist . 

The values of the heat t ransfer coefficients for mist flow in the 

non-spheroidal state were generally in tlie range of 3 to G t imes the 

value of the dry s team coefficient for the same flow' r a t e . The values 

of h for mis t in tlie spheroidal s ta te were , for pract ical purposes , the 

same as for dry s team at tiie same flow ra te , provided tiiat tiie bulk 

temperature used to define tlie coefficient is based on tiie assumption 

tiiat superheating occurs even with droplets present . 

The p reasure drops in tiie test section were so small that it was 

difficult to measure them accurately, even with the Meriam #3 Fluid 

tiiat was used in tlie manomete rs . Fluctuations in the fluid made the 

manometer difficult to read witii consistency. 

Average values of all readings for eacii ra te of flow were com

pared with the values computed by tiie use of tiie Moody friction factor. 

Tiie relatively small accelerat ion and gravitational effects were ignored 
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in the compar isons . Since two-phase drops a re higher than equivalent 

single-phase p r e s su re drops, i t would be expected that the measured 

p r e s s u r e drops would be higher than the values computed from the 

friction factor. The average measured p r e s s u r e drops were 9, 16, and 

26 percent above the computed values for the 200, 300, and 400 lb per 

hour runs , respect ively. It appears that McAdams'(44) suggestion for 

the use of a friction factor based on the mean viscosi ty would give fairly 

good approximations to the p res su re drops in high quality flows. 

Annular Flow 

In this study of a mist flow it was necessary to insure that the 

droplets entering the test section were uniformly spread ac ross the tube. 

The resu l t was tiiat a thin liquid film usually formed on the tube walls 

ups t ream from the s ta r t of heating. In almost every run, therefore , 

tills film had to be removed by heating befoi'e a true mist flow existed in 

the tube. 

Calculations made from the data of tiie annular flow regions sliowed 

that remarkably high heat t ransfer coefficients existed for tliis type of 

flow. Ll some runs the local coefficients were computed to be as high as 

10,000 Btu /hr square foot F . This is mucli higher than the usual coef

ficients for water, even for boiling. It is unlikely tiiat boiling existed in 

these cases due to the extremely low tempera ture differences. Because 

of the low tempera ture differences it was difficult to make accurate 



individual measu remen t s , but averages of the coefficients should give 

a fairly rel iable es t imate of the values that can be expected with this 

type of flow. Systeinatic variat ions of the coefficients with length, 

quality, or flow ra te were not obvious. 

Calculations were made for one run to est imate the film tnickness, 

assuming conduction ac ros s the thin film, and assuming that the free 

surface of the film was at the saturat ion t empera tu re . Data of run num

ber 45 was used s ince an annular flow existed for the entire tube length 

in this case . The average coefficient for tiie entire tube lengtli was 

4, 660 Btu/hr square foot F . Assuming the thermal conductivity of 

water was 0. 395 Btu/hr ft F , the thickness of the film was calculated to 

be a. 5 X 10~^ ft. 

In o rde r for the surface tempera ture of the liquid film to be at the 

saturat ion tempera ture there could be no tempera ture drop ac ross any 

vapor sublayer at the free surface of the liquid. In other words, the 

film would have to have a turbulent surface and the vapor next to the 

liquid film would also have to be turbulent. Abramson (1) discussed 

this in ills investigation of annular liquid flow. 

To check on the existence of a turbulent-free surface it is con

venient to use the dimensionless flow parameter of Abramson: 

Assuming that one half of the liquid flowing is in the annular liquid 
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film, a value of w = 7 4 is computed. Since this is past the limit of 

the buffer layer (r = 30), a turbulent interface could easily exist , a c 

cording to Abramson. The assumption that one half of the liquid flowing 

was in the annular film had no par t icular ly logical bas i s . However, use 

of the value of liquid flow ra te that resu l t s from that assumption, along 

v/ith the es t imated value of film thickness, gives an average film velocity 

of 16 fps, which is a reasonable value and agrees closely with values 

measured experimentally by Abramson under s imi la r conditions. It 

seems likely that in most cases where the large values of coefficients 

were obtained that the turbulent surface condition existed. 

It seems probable that the annular liquid film does not end smoothly 

at an exact location along the tube length but ra ther ends in a ragged, 

non-stat ionary manner . Nucleate boiling very likely occurs at localized 

spots in this region since a relatively high tempera ture differential 

exists just downstream from the end of the liquid film. 



CONCLUSIONS AND RECOMMENDATIONS 

The following conclusions a re made as a resul t of this study; 

1. Two distinct types of heat t ransfer to a mist flow a re poss i 

ble , depending upon whether the wall t empera ture is above 

or below a cr i t ica l value for the spheroidal s tate . For the 

former case the heat t ransfer coefficients a r e almost identi

cal to those of dry s team at the same flow ra t e . For the 

lat ter case the heat t ransfer coefficients a re approximately 

3 to 6 t imes the dry s team coefficients. The lat ter type of 

heat t ransfer exis ts only with certain flow condition and heat 

flux combinations. High heat fluxes and /or high qualities 

tend to make the spheroidal state exist . Preheat ing of the 

tube wall before injection of water can cause the spheroidal 

state to exist for conditions where it normally would not. 

Fluctuations in the flow conditions can cause severe t empera 

ture fluctuations in the tube wall as the type of heat t r a n s 

fer changes in a cer ta in region. 

2. It appears that equilibrium does not exist between the d rop

lets and vapor in the mist region, and considerable super 

heating of the vapor or part of the vapor s eems to occur even 
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when drops a r e present . For this reason heat t ransfer co 

efficients for a mist should probably not be based on 

(T - T ), as this leads to coefficients for m i s t s that a re 
w sat 

lower than those for dry s team at equivalent flow conditions. 

3. If the model proposed in this thes i s i s to adequately predict 

the wall t empera tu re s for a mis t flow, then some method of 

determining the mass t ransfer coefficient of the droplets , 

k ,, must be developed. It appears from a study of the data 

that k , cannot be considered a constant, 
d 

4. The electronic spray analyzer described in this thes is is 

not suitable in i ts present design for quantitative studies of 

droplet spectrum in s team-water mist flows. A new probe 

geometry is needed in o rder to eliminate the undesirable 

charac te r i s t i c s of the present analyzer . The analyzer was 

found useful as an instrument for the detection of droplets in 

a flow. Its value as a monitor of spray uniformity could not 

be determined from these exper iments . 

5. Very high heat t ransfer coefficients were found for annular-
2 

mist flow (on the o rder of 5, 000 Btu/hr ft F) . It appears 

that if all of the mois ture in a s t r eam could be kept on the 

wall, then high coefficients could be maintained for very 

high quali t ies. 



It is recommended that future work be directed toward more 

fundamental aspects of the problem. It appears that a be t te r method 

of predicting droplet motion would be necessary before any rea l prog

r e s s could be made in the heat t ransfer problem. Studies need to be 

made of the droplet behavior at the wall in order to be able to predict 

the fraction of the droplet that evaporates . A study needs to be made 

of the t empera ture necessa ry for the existence of the spheroidal state 

for very small drops in a vapor a tmosphere . 

Since droplet size is likely to be an important factor in any of 

the above studies, some method is needed to determine the drop s izes 

in flowing s team-wate r mix tures . Improvement of the electronic spray 

analyzer is one possibil i ty. In lieu of such an improvement it appears 

that photographic methods would likely be the next best choice for the 

study of droplet spec t rums . Development of an entirely new and p r a c 

t ical method of droplet size determination under such conditions would 

represent a rea l contribution. 

Studies should be made into means of directing the liquid en

trained in the core toward the wall. If this could be done uniformly 

and without affecting the p r e s su re drop too severely, it would permit 

evaporation at moderate heat fluxes to proceed to very high quali t ies. 

It is likely that high heat fluxes would disrupt very thin liquid fi lms. 
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V ^ V 1 (Au)2 27 
U^ ... = n P. 6 d dx 2 '̂ g 4 -— ,0 .84 * 

^^Re^ 

The Reynolds number on which the drag coefficient is based is 

Audp 
N X 

Re M-
V 

Substituting. 

- d _ d (j^ )0.84 ^ 20.25 - ^ dx . 

(Au) ' ^ " ^'^d 

u^d(u^) p dp -0 .84 
^ ^ , , , = 20.25 - ^ ( — S - ) dx . 

(u - u j ^ - ^ ^ ^^d ^ 
g d 

This is of the form of Integral #91, Dwights Tables of Integrals 

with a = u , b = - 1 , and n = 1.16. 

/ ; 

xdx 1 

(a+bx ) b 

-1 

( n - 2 ) ( a + b x ) " ' ^ (n - 1) (a + bx)"'-^ 

Since (a + bx) = (u - u^) = slip velocity, the integration is made 
g d 

from (a + bx) = u and x » 0 to (a + bx) = (l - S)u and x = L. 
g g 

This will give the relat ionship between the slip velocity S and the d i s 

tance L from the point where the droplets have a zero velocity. This 

a s sumes , of course , that the velocity of the vapor is constant, a s i tu

ation that may not be t rue in the rea l case . Integrating, we obtain 
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Mult ip ly ing t h rough by (u ) 
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0 . 8 4 0 . 1 6 0 . 8 4 ( 0 .16)(1-S) 

U. l b 

p - 0 . 8 4 
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dp^ Re 
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Since the equa t ion cannot be solved for S in t e r m s of L, it i s 

so lved for L: 

P. 
L = 0 .0585 — - d N :%-s^-^ 5.25 ( 1 - S ) ' ° ' - ^ ^ - 6 .25 3 
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This is the distance that a droplet must travel before it attains 

the particular slip velocity ratio S with the vapor stream. 



APPENDIX B 

Determination of Tempera tu re s in Tube Wall 

The test section was heated by means of spiral ly wound heater 

ribbon as shown in Fig. 25. It was desirable to know whether the tube 

wall could be considered to be operating at a constant heat flux condi

tion. Also it was des i rable to know if the thermocouples would read 

t empera tu res close to the inside wall t empera tu re . 

This was checked by assuming that a section of the tube wall 

could be approximated by the figure shown below. 

inside tube 
wall 
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/ 
e 

h 
//y//////jj/y////y 

Ifl, '/f//ti 
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b 
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/ 
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4r 

q" = constant 
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Heat is assumed to flow directly from the heater s t r ip to the out

side of the copper tube without spreading out. This essent ia l ly ignores 

the effect of the Sauereisen layer between the copper and the heater 

ribbon. This , however, will give a solution that is on the conservative 

side. Due to this assumption and symmetry , the body can be assumed 

to be insulated on all faces except the inner and out wal ls . A constant 

value of heat t ransfer coefficient h is assumed to exist at the inner 

wall, x = 0. The heat flux q" at the lower half of the outer surface of 

the figure will be twice the value of the average heat flux for the tube 

since the heater s t r ips cover exactly one half of the total surface a rea 

of the test section. 

For steady state, two-dimensional heat conduction with no sinks. 

+ 1 = 0 , where 9 = T - T 
2 " ' " "^^" " ^B 

ox ay 

The boundary conditions a re 

90 
9y 

= 0 a t y = 0 , b x = x 

90 
k - ^ = f (y) at X = a y = y 

90 
k - g — = h9 a t x = 0 y = y 

Assuming that the solution is of the form 0 = X(x) Y(y), we obtain 

Y" + \ ' Y = 0 X" - \ ' X = 0 . 

Taking the f irst equation, we have 



Y = A s in X y -f B c o s \y . 

Using the b o u n d a r y condi t ion at y = 0, y =« b g i v e s 

\ = - ^ n = 0. 1, 2, 3 

Y = B c o s n^ry 

F o r the second equa t ion we have 

^ ^x _ -Xx 
X = C e + D e 

Us ing the b o u n d a r y cond i t ions for x = 0 

X' = - r X 
k 

T h i s l e ads to 

E 
X = 

hb 
J - , nTrX 2hb . , n TTX > 
T 2 c o s h —r— - —r— sinh —r— \ 
I b nTTk b J 

nTrk 

Since 9 i s of the f o r m X(x) Y(y), the so lu t ion i s of the f o r m 

An HTry 
'-^ c o s —r^ 

hb b { , nTx hb , , nTTx 1 
cosh —r —r— sinh —-— f b nffk b J 

nTrk 

In o r d e r to sa t i s fy the n o n - h o m o g e n e o u s bounda ry condi t ion along 

X = a. an infinite n u m b e r of t e r m s of t h i s fo rm i s t aken 

^ ^ n nTry \ , nTrx hb . , nTrx L 
£__ nr cos - r ^ -<cosh-T— - r s i n h - — - r 
~ ~ , hb b / b nTrk b I 
n = 0 1 r— ^ —' 

eo 

0 = 
n = n 1 -

n;rk 

96 Since f (a. y) = - k 
9X 



, , , , > n nTry J n?: . , nTra h , nTra C 
f ( a .y ) = - k ^ ^ ^ - ^ c o s - ^ l ^ - s i n h - ^ - - c o s h - ^ J -

If 

( 1 - ^ ) 
A = - 2 - - B l l i - ( '— ) \ f ( y ' ) c o s ^ ' d y 

n bk UTT . , nTra h , nTra | b 
-r— s i n h — r — r cosh-— 
b b k b 

for n = 1, 2, 3 . 4 

and if A^ = ^ ^ ^ ] f ( y ' ) d y 

then t h i s would be a cos ine s e r i e s for f ( a , y ) . T h u s a so lu t ion which 

s a t i s f i e s a l l b o u n d a r y cond i t ions i s 

<=0/ , UTTX hb . , UTTX 
, I n c— Icosh—r r sinh—r— # 
1 1 ^ / , . j , 2 X J b mrk b t nTryl ,, ,, UTry 

0 = , - r \ f(y dy' - r r - Z _ 1 i > c o s - - ^ \ f (y ' )cos-r-^ 
bh I ^-^ ' -^ bi^ ^ j r i T r . , nira. h , nTra ( b ) -̂  b 

n -1 / -;— s m h - ; — c o s h - r 

The f i r s t t e r m r e p r e s e n t s the a v e r a g e t e m p e r a t u r e of the tube 

wa l l which i s a function only of the hea t flux and t h e f i lm coef f ic ien t . 

The second t e r m d e t e r m i n e s the v a r i a t i o n f rom tha t a v e r a g e va lue and 

i s a function of the t h e r m a l conduc t iv i ty of the tube a s we l l a s the hea t 

flux and the fi lm coef f ic ien t . 

S ince the hea t flux i s a s s u m e d to be cons t an t o v e r one -ha l f of the 

o u t e r wa l l , and z e r o o v e r the o t h e r half, the final equa t ion can be 

w r i t t e n in a m o r e s i m p l e fo rm: 



°^ C , nTTX hb . , UTTX 
Icosh—; — smh-

_ q" 2 \ ^ J b nTrk ~ b L nTry ,, \ nTry' , , 

^ =^-bk4V^ • ."̂ a h -l^^r^°'b ^ ^ cos-^dy. 
n = i ; _ s m h — - - c o s h - g -

A solution to this equation has been made using the tube dimen-

2 
sions for a and b and assuming that h = 100 Btu /hr ft F and k = 200 

Btu /hr ft F . The solution shows a sinusoidal variat ion of t empera tu re 

along the inner tube wall with a peak to peak amplitude of approximately 

2 

0. 4 degrees , for an average tube wall heat flux of 20, 000 Btu /hr ft . 

The same assumptions show that point of location of the thermocouple 

differs from the average inside tube wall t empera ture by less than 0. 2 
2 

degrees . Calculations using a value of h = 1, 000 Btu /hr ft F did not 

resul t in a significant change in the t empera tu re s . 

The calculations show that there is little variation in the tube 

wall t empera tu re for the assumed conditions. Since by definition 

q" = hAT, the smal l variat ion in tube wall t empera ture would lead to 

approximately a constant heat flux condition for the inside tube wall. 

It was concluded that the wall could be assumed to be approximately at 

constant heat flux. The thermocouple readings were assumed to be 

equal to the inside wall t empera tu re at that position. 



APPENDIX C 

Tabulated Data 

Run Number 1 

200 Pounds per Hour 

Power Input 
Steam Flow Rate 
Water Injection Rate 
Steam Inlet Tempera tu re 
Inlet Quality 
Test Section Static P r e s s u r e 
Test Section P r e s s u r e Drop 
E.xit Tempera tu re 

T . C . No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Qual i ty 

0. 969 

0. 970 

0. 970 

0. 971 

0. 972 

0. 973 

0 .974 

0. 975 

0. 976 

0. 977 

0. 977 

0. 978 

0. 979 

0 .980 

0. 981 

0. 982 

0. 983 

0. 984 

' e m p e r a t u r e 

252 .7 

253. 9 

255 .4 

259 .8 

264 .8 

270. 4 

273 .7 

274. 6 

277. 3 

277 .7 

278. 3 

279. 3 

279. 3 

280. 5 

282. 6 

283 .0 

282 .8 

280 .7 

100 w a t t s 
193 I b s / h r 
7 I b s / h r 
2 8 0 . 5 ° F 
0. 968 
6 1 . 5 i n c h e s Hg, a b s 
. 0 6 4 5 i n c h e s Hg/f t 
2 4 9 . 4 ° F 

Heat T r a n s f e r 
Coeff ic ient 

1590 

975 

656 

336 

212 

154 

132 

126 

113 

112 

109 

106 

105 

101 

94 

93 

93 

101 



176 

Run Number 2 

200 Pounds per Hour 

Power Input 
Steam Flow Rate 
Water Injection Rate 
Steam Inlet Tempera tu re 
Inlet Quality 
Tes t Section Static P r e s s u r e 
Tes t Section P r e s s u r e Drop 
Exit Tempera tu re 

1500 watts 
200 Ibs /h r 
Zero 
280.4° F 
Superheated 
61. 1 inches Hg, abs 
0. 0930 Laches Hg/ft 
323.6° F 

T . C . No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Wall Tempera tu re 

352.8 

372. 9 

383.7 

390.4 

395.7 

400.4 

404.8 

408. 6 

411.5 

413.3 

417.4 

420. 1 

422.7 

424.9 

427. 3 

430.6 

430. 6 

422.5 

Heat Transfer 
Coefficient 

41. 6 

50.0 

46.0 

44. 2 

43.1 

42.3 

41. 6 

41. 1 

41.0 

41.3 

40.7 

40.6 

40.6 

40.8 

40.9 

40.6 

41. 5 

45.8 
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Run N u m b e r 3 

200 P o u n d s p e r Hour 

P o w e r Input 
S t e a m Flow R a t e 
W a t e r In ject ion Ra te 
S t e a m Inle t T e m p e r a t u r e 
Inlet Qual i ty 
T e s t Sec t ion S ta t ic P r e s s u r e 
T e s t Sec t ion P r e s s u r e Drop 
Exi t T e m p e r a t u r e 

1500 wat t s 
195 I b s / h r 
5 I b s / h r 
2 8 0 . 5 ° F 
0. 982 
6 0 . 9 i n c h e s Hg, abs 
.0787 i n c h e s Hg/ft 
2 5 2 . 8 ° F 

T. C . No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Qual i ty 

0 .983 

0 .984 

0 .986 

0 .987 

0 .988 

0 .990 

0 .991 

0 . 9 9 3 

0 .994 

0 .995 

0 .997 

0 .998 

0 .999 

Wall T e m p e i ' a t u r e 

2 5 2 . 8 

258. 3 

263 .9 

2 7 3 . 4 

283 .4 

294 .5 

298 .0 

300 .5 

306 .b 

322. 1 

3 6 4 . 2 

372. 1 

3 7 7 . 5 

3 8 1 . 6 

3 8 5 , 8 

3 9 0 . 5 

390 .9 

3 8 4 . 3 

Heat T r a n s f e r 
Coeff ic ient 

1810 

581 

343 

203 

142 

106 

9 8 . 2 

9 3 . 2 

8 3 . 0 

6 5 . 3 

4 1 . 2 

38 .5 

3 6 . 9 

3 5 . 7 

3 4 . 6 

3 3 . 5 

3 3 . 4 

3 5 . 0 



Run Number 4 

200 Pounds per Hour 

Power Input 
Steam Flow Rate 
Water Injection Rate 
Steam Inlet Tempera tu re 
Inlet Quality 
Test Section Static P r e s s u r e 
Test Section P r e s s u r e Drop 
Exit Tempera ture 

1500 watts 
192 Ibs /h r 
8 Ibs /h r 
280.2° F 
0.964 
60.8 inches Hg, abs 
.0716 inches Hg/ft 
249.1° F 

T. C. No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

juality 

0 .965 

0 . 9 6 6 

0 . 9 6 8 

0 .969 

0 . 9 7 1 

0 . 9 7 2 

0 . 9 7 3 

0 . 9 7 5 

0 . 9 7 6 

0 .977 

0 .979 

0 .980 

0 .981 

0 .9i i3 

0 . 9 8 4 

0 . 9 8 5 

0 .987 

0 . 9 8 8 

Wal l T e m p e r a t u r e 

2 5 1 . 6 

252 .8 

255 .5 

258 .5 

2 6 2 . 2 

2 7 0 . 4 

280. 1 

285 .9 

290 .4 

291 .9 

293 .4 

291 .4 

290 .7 

2 8 7 . 2 

2 8 8 . 5 

2 8 8 . 3 

289 .8 

284 .9 

Heat T r a n s f e r 
Coeff icient 

3140 

1740 

870 

560 

388 

231 

156 

131 

116 

112 

108 

113 

115 

126 

122 

122 

118 

134 



Run Number 5 

200 Pounds per Hour 

Power Input 1500 watts 
Steam Flow Rate 191 Ib s /h r 
Water Injection Rate 9 Ibs /h r 
Steam Inlet Tempera tu re 278.7° F 
Inlet Quality 0.957 
Test Section Static P r e s s u r e 61.5 inches Hg, abs 
Test Section P r e s s u r e Drop 0. 115 inches Hg/ft 
Exit Tempera tu re 250.5° F 

(In this run the tube wall was preheated) 

T. C . No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Qual i ty 

0 . 9 5 8 

0 .959 

0 . 9 6 1 

0 . 9 6 2 

0 . 9 6 3 

0 . 9 6 5 

0 .966 

0 .968 

0 .969 

0 .970 

0 . 9 7 2 

0 . 9 7 3 

0 . 9 7 4 

0 . 9 7 6 

0 .977 

0 . 9 7 9 

0 .980 

0 . 9 8 1 

Wall T e m p e r a t u r e 

3 2 0 . 8 

3 4 7 . 8 

3 6 1 . 8 

3 6 9 . 4 

3 7 5 . 1 

3 8 0 . 3 

3 8 4 . 3 

387 .9 

391 .8 

392 .8 

396 .5 

399 .0 

4 0 1 . 1 

4 0 2 . 8 

4 0 4 . 4 

4 0 6 . 9 

404. 1 

388 .5 

Heat T r a n s f e r 
Coeff ic ient 

67 .2 

4 8 . 5 

4 2 . 4 

3 9 . 6 

3 7 . 8 

3 6 . 2 

3 5 . 2 

3 4 . 2 

3 3 . 3 

33 .0 

3 2 . 2 

3 1 . 6 

3 1 . 2 

3 0 . 8 

3 0 . 6 

3 0 . 0 

3 0 . 6 

34 .0 



Run N u m b e r 6 

200 P o u n d s p e r Hour 

P o w e r Input 
S t e a m Flow R a t e 
W a t e r In ject ion R a t e 
S t e a m Inlet T e m p e r a t u r e 
In le t Qual i ty 
T e s t Sec t ion S ta t i c P r e s s u r e 
T e s t Sec t ion P r e s s u r e D r o p 
Exi t T e m p e r a t u r e 

T . C. No. Qual i ty 

1 0 . 9 5 8 

2 0 .959 

3 0 . 9 6 1 

4 0 . 9 6 2 

5 U.963 

6 0 . 9 6 5 

7 0 . 9 6 6 

8 0 . 9 6 8 

9 0 .969 

10 0 .970 

11 0 . 9 7 2 

12 0 . 9 7 3 

13 0 . 9 7 4 

14 0 . 9 7 6 

15 0 .977 

16 0 .979 

17 0 . 9 8 0 

18 0 . 9 8 1 

Wall T e m p e r a t u r e 

252 .2 

252 .5 

252 .5 

252 .5 

253 .6 

255. 1 

268 .9 

283.7 

288 .6 

290 .2 

290 .8 

293 .6 

297 .9 

340 .1 

361 .8 

371 .0 

372 .5 

361 .8 

1500 wa t t s 
191 I b s / h r 
9 I b s / h r 
2 7 8 . 7 ° F 
0 .957 
6 1 . 4 i n c h e s Hg, abs 
0. 108 i n c h e s Hg/f t 
2 4 9 . 8 ° F 

Heat T r a n s f e r 
Coeff ic ient 

3360 

2760 

27 60 

2610 

1620 

1070 

258 

142 

124 

119 

117 

109 

99 . 1 

5 2 . 4 

4 2 . 2 

3 9 . 0 

3 8 . 4 

4 2 . 1 
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Run Number 7 

200 Pounds per Hour 

Power Input 
Steam Flow Rate 
Water Injection Rate 
Steam Inlet Tempera tu re 
Inlet Quality 
Test Section Static P r e s s u r e 
Test Section P r e s s u r e Drop 
Exit Tempera tu re 

T . C . No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Qual i ty 

0 . 9 5 3 

0. 954 

0. 956 

0. 957 

0 .958 

0 .960 

0. 961 

0 . 9 6 3 

0. 964 

0. 965 

0 .967 

0 .968 

0. 969 

0 .971 

0 .972 

0 .973 

0 .974 

0 .976 

i ' e m p e r a t u r e 

250 .8 

250. 6 

250 .7 

2 5 0 . 4 

250. 6 

250. 5 

252 .4 

252. 7 

256. 6 

258 .4 

260 .9 

262 .8 

264. 2 

264. 4 

265. 7 

276. 5 

275 .7 

269. 4 

1500 w a t t s 
190 I b s / h r 
10 I b s / h r 
2 8 0 . 1 ° F 
0 .952 
60. 3 i n c h e s Hg. a b s 
. 0716 i n c h e s Hg/ f t 
2 4 8 . 5 ° F 

Heat T r a n s f e r 
Coeff icient 

4270 

5230 

4700 

6720 

5230 

5880 

1680 

1520 

672 

534 

416 

356 

320 

315 

290 

174 

179 

236 



Run Number 8 

200 Pounds per Hour 

Power Input 
Steam Flow Rate 
Water Injection Rate 
Steami Inlet Tempera tu re 
Inlet Quality 
Test Section Static P r e s s u r e 
Tes t Section P r e s s u r e Drop 
Exit Tempera tu re 

T . C . No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Qual i ty 

0. 947 

0 .948 

0. 950 

0. 951 

0. 953 

0. 954 

0. 955 

0 .957 

0. 958 

0. 959 

0. 961 

0. 962 

0 . 9 6 3 

0. 965 

0. 966 

0. 967 

0. 969 

0. 970 

T e m p e r a t u r e 

251 .7 

251 .7 

251 .7 

251 .4 

251 . 6 

251 .9 

253. 2 

253. 1 

255 .8 

256 .8 

256 .7 

257 .5 

257 .8 

258. 0 

257 .8 

259 .4 

259. 1 

259 .9 

1500 w a t t s 
189 I b s / h r 
11 I b s / h r 
280° F 
0. 946 
6 1 . 3 i n c h e s Hg, abs 
0 .0573 i n c h e s Hg/f t 
2 4 9 . 3 ° F 

Heat T r a n s f e r 
Coeff icient 

4270 

4270 

427G 

5870 

4700 

3360 

1740 

1810 

886 

745 

770 

671 

644 

618 

635 

522 

540 

494 



Run Number 9 

200 Pounds per Hour 

Power Input 
Steam Flow Rate 
Water Injection Rate 
Steam Inlet Tempera tu re 
Inlet Quality 
Test Section Static P r e s s u r e 
Test Section P r e s s u r e Drop 
Exit Tempera tu re 

2000 watts 
200 Ibs /hr 
ze ro 
276. 5° F 
Superheated 
60. 7 inches Hg, abs 
0. 0787 inches Hg/ft 
336. 5° F 

T . C . No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Wall T e m p e r a t u r e 

382 .7 

4 0 7 . 0 

420 .7 

429. 0 

4 3 5 . 0 

4 3 8 . 0 

446. 9 

450. 1 

4 5 6 . 9 

4 5 7 . 4 

4 6 2 . 7 

4 6 6 . 5 

470. 1 

4 7 3 . 4 

4 7 6 . 3 

4 8 0 . 9 

4 8 0 . 9 

469. 5 

Heat T r a n s f e r 
Coeff icient 

5 8 . 6 

49. 2 

45. 6 

44. 1 

43 . 1 

4 3 . 4 

4 1 . 8 

4 1 . 9 

3 8 . 4 

39. 2 

3 8 . 7 

38. 6 

38 . 5 

38. 6 

38 .7 

38. 4 

39. 2 

4 3 . 1 



Run Number 10 

200 Pounds per Hour 

Power Input 
Steam Flow Rate 
Water Injection Rate 
Steam Inlet Temperature 
Inlet Quality 
Test Section Static Pressure 
Test Section Pressure Drop 
Exit Temperature 

T . C . No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Qual i ty 

0 .968 

0 .970 

0 .972 

0 .974 

0 .976 

0 .978 

0 .979 

0 .981 

0 ,983 

0 ,985 

0 .987 

0. 989 

0 .990 

0 .992 

0 . 9 9 4 

0 .996 

0 .998 

0 .999 

T e m p e r a t u r e 

2 5 7 . 3 

2 6 6 . 5 

274 .8 

286 .6 

292 .6 

3 0 0 , 0 

302. 1 

3 0 2 . 1 

3 1 0 . 3 

3 1 8 . 5 

376 .7 

3 9 3 . 0 

4 1 2 , 3 

4 2 1 . 4 

4 2 7 . 9 

4 3 3 . 8 

4 3 5 . 4 

4 2 4 , 8 

2000 w a t t s 
193 I b s / h r 
7 I b s / h r 
2 7 9 . 6 ° F 
0 ,9672 
6 1 . 0 i n c h e s Hg, a b s 
. 0645 i n c h e s Hg/ f t 
2 5 0 . 9 ° F 

Heat T r a n s f e r 
Coeff icient 

909 

392 

260 

180 

150 

126 

123 

123 

106 

9 3 , 1 

5 0 , 3 

4 4 . 6 

39. 2 

37. 1 

3 5 , 8 

3 4 . 6 

3 4 . 3 

3 6 . 4 



Run Number 11 

200 Pounds per Hour 

Power Input 2000 watts 
Steam Flow Rate 192 Ibs /h r 
Water Injection Rate 8 Ibs /hr 
Steam Inlet Tempera tu re 280, 4° F 
Inlet Quality 0. 964 
Test Section Static P r e s s u r e 61. 4 inches Hg, abs 
Test Section P r e s s u r e Drop . 0716 inches Hg/ft 
Exit Tempera tu re 250. 1° F 

Heat Transfe r 
Wall Tempera tu re Coefficient 

254.0 1930 

259.6 715 

268.3 361 

273.4 ?80 

279.8 218 

303.6 120 

308.1 111 

308.9 109 

312.0 104 

312.1 103 

313.6 101 

313.5 101 

313.9 100 

317.1 95.5 

342.1 69.4 

394 .7 4 4 , 1 

4 1 1 . 0 3 9 . 6 

4 0 6 , 0 4 0 . 9 

T . C . No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Quali ty 

0 .966 

0 .967 

0. 969 

0 .971 

0. 973 

0 .975 

0. 976 

0 .978 

0. 980 

0. 982 

0. 984 

0 .986 

0 .987 

0 .989 

0 .991 

0 .993 

0 .995 

0 .997 



Run Number 12 

200 Pounds per Hour 

Power Input 
Steam Flow Rate 
Water Injection Rate 
Steam Inlet Tempera tu re 
Inlet Quality 
Tes t Section Static P r e s s u r e 
Tes t Section P r e s s u r e Drop 
Exit Tempera tu re 

T . C . No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Quali ty 

0. 971 

0. 973 

0 .975 

0 .977 

0 .979 

0 .981 

0. 982 

0 .984 

0 ,986 

0 .988 

0 .990 

0 .992 

0 , 9 9 3 

0 .995 

0 .997 

0 .999 

T e m p e r a t u r e 

252 .8 

2 5 2 . 5 

252 .6 

253. 2 

259. 1 

275 .6 

286 .9 

292. 1 

297. 1 

2 9 9 . 3 

301 .7 

3 0 1 . 1 

300 .8 

297 .7 

299. 2 

298 .0 

299. 2 

296 .0 

2000 w a t t s 
190 I b s / h r 
10 I b s / h r 
2 8 0 . 5 ° F 
0 .970 
6 1 . 6 i n c h e s Hg. a b s 
.0645 i n c h e s Hg/f t 
2 5 0 . 1 ° F 

Heat T r a n s f e r 
Coefficient 

3340 

3970 

3740 

2760 

776 

256 

176 

154 

137 

131 

125 

126 

127 

135 

131 

134 

131 

140 



Run Number 13 

200 Pounds per Hour 

Power Input 
Steam Flow Rate 
Water Injection Rate 
Steam Inlet Tempera tu re 
Inlet Quality 
Test Section Static P r e s s u r e 
Test Section P r e s s u r e Drop 
Exit Tempera tu re 

T . C . No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Qual i ty 

0 .955 

0. 957 

0. 959 

0 .961 

0 .963 

0 .965 

0. 967 

0 .968 

0 .970 

0. 972 

0. 974 

0. 976 

0 .977 

0 .979 

0 .981 

0 .983 

0 .985 

0 .987 

T e m p e r a t u r e 

2 5 2 . 5 

2 5 2 . 3 

252 .8 

256 .4 

262 .7 

278 .9 

2 8 7 . 9 

292. 1 

295 .1 

293. 1 

294. 1 

2 9 3 . 4 

294 .0 

292. 2 

293 .7 

294 .8 

2 9 5 . 4 

2 9 2 . 4 

2000 w a t t s 
190 I b s / h r 
10 I b s / h r 
2 7 9 . 1 ° F 
0 . 9 5 4 
6 1 . 8 i n c h e s Hg, a b s 
. 0 6 4 5 i n c h e s Hg/f t 
2 4 9 . 5 ° F 

Heat T r a n s f e r 
Coeff ic ient 

4540 

5300 

3740 

1200 

548 

229 

173 

155 

144 

151 

148 

150 

148 

154 

149 

145 

143 

153 



Run Number 14 

200 Pounds per Hour 

Power Input 
Steam Flow Rate 
Water Injection Rate 
Steam Temperature 
Inlet Quality 
Test Section Static Pressure 
Test Section Pressure Drop 
Exit Temperature 

T . C . No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Qual i ty 

0 .948 

0 .949 

0. 951 

0 . 9 5 3 

0 .955 

0 .957 

0 .959 

0 .960 

0 . 9 6 2 

0 . 9 6 4 

0 .966 

0 .968 

0 .970 

0 .971 

0 . 9 7 3 

0 .975 

0 .977 

0 .979 

T e m p e r a t u r e 

2 5 1 . 5 

251 .8 

252 .0 

252 ,8 

254 .4 

256 .4 

260. 6 

266. 1 

274 .3 

2 7 3 . 4 

2 7 2 . 5 

275 .4 

276 .0 

2 7 9 . 5 

281 .9 

287. 2 

2 8 6 . 4 

2 8 4 . 6 

2000 w a t t s 
189 I b s / h r 
11 I b s / h r 
2 7 8 . 8 ° F 
0 ,946 
6 0 , 8 i n c h e s Hg, a b s . 
0 .0573 i n c h e s Hg/f t 
2 4 8 . 8 ° F 

Heat T r a n s f e r 
Coeff ic ient 

4550 

3740 

3350 

3360 

1480 

995 

000 

395 

262 

272 

283 

252 

245 

215 

199 

171 

174 

183 



Run Number 15 

200 Pounds per Hour 

Power Input 
Steam Flow Rate 
Water Injection Rate 
Steam Inlet Tempera tu re 
Inlet Quality 
Test Section Static P r e s s u r e 
Test Section P r e s s u r e Drop 
Exit Tempera tu re 

T . C . No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Quali ty 

0 ,935 

0, 937 

0 .939 

0 .941 

0 .943 

0 ,945 

0 .946 

0 .948 

0 .950 

0 .952 

0 .954 

0 .956 

0 ,957 

0 ,959 

0 ,961 

0 .963 

0 .965 

0 .967 

T e m p e r a t u r e 

253 .8 

2 5 4 . 3 

255 .0 

257. 2 

2 6 2 . 4 

268 .9 

275 .4 

273 ,0 

271 ,8 

260. 5 

2 6 6 . 5 

268 ,5 

269 .4 

2 7 0 . 5 

2 7 0 . 5 

273 .5 

275 .0 

276. 2 

2000 w a t t s 
187 I b s / h r 
13 I b s / h r 
2 7 9 . 1 ° F 
0 . 9 3 4 
60. 9 i n c h e s Hg, a b s 
. 0645 i n c h e s Hg/f t 
2 4 9 . 5 ° F 

Heat T r a n s f e r 
Coefficient 

1770 

1550 

1320 

908 

521 

340 

252 

278 

293 

388 

388 

346 

328 

318 

317 

270 

254 

243 



Run Number 16 

200 Pounds per Hour 

Power Input 
Steam Flow Rate 
Water Injection Rate 
Steam Inlet Tempera tu re 
Inlet Quality 
Tes t Section Static P r e s s u r e 
Test Section P r e s s u r e Drop 
Exit Tempera tu re 

2500 watts 
200 Ibs /hr 
Zero 
278.5° F 
Superheated 
60. 8 inches Hg, abs 
0. 0787 inches Hg/ft 
355.1° F 

T . C . No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Wal l T e m p e r a t u r e 

410. 9 

440. 6 

457. 2 

4 6 7 . 4 

475 .7 

483 . 2 

490. 0 

495. 6 

5 0 1 . 7 

5 0 3 . 3 

5 0 9 . 8 

514. 6 

519. 7 

523. 9 

5 2 7 . 9 

534. 0 

534. 6 

521 , 5 

Hea t T r a n s f e r 
Coefficient 

5 9 . 5 

5 0 . 0 

4 6 . 5 

4 5 . 0 

44. 0 

43 . 2 

4 2 . 7 

4 2 . 3 

42. 0 

42 . 6 

42 . 1 

42 . C 

4 1 . 8 

4 1 . 9 

42. 0 

4 1 . 2 

42. 4 

46. 7 



Run Number 17 

200 Pounds per Hour 

Power Input 2500 watts 
Steam Flow Rate 194 Ibs /hr 
Water Injection Rate 6 Ibs /hr 
Steam Inlet Tempera tu re 27 6. 9° F 
Inlet Quality 0.97 5 
Test Section Static P r e s s u r e 61. 1 inches Hg, abs 
Tes t Section P r e s s u r e Drop 0. 0930 inches Hg/ft 
Exit Tempera tu re 266. 8° F 

(In this run the tube wall was preheated) 
Heat Transfe r 

Wall Tempera tu re 

385.3 

416. 2 

441. 9 

452.6 

460.8 

468. 2 

475. 0 

480. 1 

486. 0 

487.9 

494. 2 

498.4 

502. 1 

500. 3 

510.3 

516.0 

515. 1 

496. 6 

T . C . No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Quality 

0.977 

0.979 

0.981 

0.984 

0.986 

0.988 

0.991 

0. 993 

0.995 

0. 998 

Coefficient 

59. 

48. 

4 1 . 

39. 

38. 

36. 

35. 

34. 

34. 

33 . 

33 . 

32. 

32 

32 

32 

31 

31 

34 

5 

4 

8 

6 

1 

8 

7 

9 

0 

8 

0 

7 

5 

2 

0 

5 

9 

8 



Run Number 18 

200 Pounds per Hour 

Power Input 
Steam Flow Rate 
Water Injection Rate 
Steam Inlet Temperature 
Inlet Quality 
Test Section Static Pressure 
Test Section Pressure Drop 
Exit Temperature 

T . C . No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Qual i ty 

0 . 9 7 3 

0 . 9 7 5 

0 .977 

0 .980 

0 , 9 8 2 

0 , 9 8 4 

0 .987 

0 .989 

0 .991 

0 .994 

0 .996 

0 .998 

T e m p e r a t u r e 

2 5 1 . 5 

2 5 3 . 5 

266 ,0 

277 ,7 

3 0 1 , 0 

3 0 5 . 5 

3 1 6 . 0 

377. 2 

4 4 3 . 3 

4 5 8 . 3 

4 6 9 . 0 

478. 2 

4 8 5 . 0 

4 8 9 . 1 

4 9 4 . 8 

5 0 2 . 9 

5 0 0 . 8 

4 8 6 . 3 

2500 w a t t s 
193 
7 lb 
280, 

lbs 
s / h 

.8° 
0 .971 
60.1 

/ h r 
r 
F 

3 i n c h e s Hg. a b s 
0 .0787 
258, ,8° 

He 
C 

inches Hg/f t 
F 

at T r a n s f e r 
oeff icient 

5020 

2230 

498 

299 

157 

144 

121 

6 3 . 0 

4 1 . 5 

3 8 . 5 

3 6 . 4 

3 5 . 1 

34. 2 

3 3 , 8 

3 3 , 3 

3 2 . 4 

3 2 . 9 

33 .7 



Run Number 19 

200 Pounds per Hour 

Power Input 
Steam Flow Rate 
Water Injection Rate 
Steam Inlet Tempera tu re 
Inlet Quality 
Test Section Static P r e s s u r e 
Test Section P r e s s u r e Drop 
Exit Tempera tu re 

T . C . No, 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Quali ty 

0 , 9 5 3 

0 .955 

0 .957 

0 .960 

0 .962 

0 .964 

0 .967 

0 ,969 

0. 971 

0. 974 

0 .976 

0 .978 

0. 980 

0 .983 

0 . 9 8 5 

0 .988 

0 .990 

0 ,992 

T e m p e r a t 

253. 5 

253. 5 

2 5 7 . 8 

277. 2 

295 .9 

310. 0 

3 1 2 . 9 

3 1 2 . 2 

3 1 5 . 4 

3 1 5 . 4 

3 1 7 , 4 

3 1 6 . 7 

3 1 6 . 4 

312. 1 

312, 2 

3 1 1 . 2 

3 1 2 . 1 

3 1 0 . 1 

2500 w a t t s 
190 I b s / h r 
10 I b s / h r 
2 8 0 . 3 ° F 
0 .951 
6 1 . 5 i n c h e s Hg. a b s 
. 0645 i n c h e s Hg/f t 
2 4 9 . 8 ° F 

u r e 
Heat T r a n s f e r 

Coeff ic ient 

3970 

3970 

1130 

303 

178 

135 

129 

130 

124 

124 

120 

121 

122 

130 

130 

132 

130 

135 



Run Number 20 

200 Pounds per Hour 

Power Input 
Steam Flow Rate 
Water Injection Rate 
Steam Inlet Tempera tu re 
Inlet Quality 
Tes t Section Static P r e s s u r e 
Tes t Section P r e s s u r e Drop 
Exit Tempera tu re 

T . C . No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Qual i ty 

0. 936 

0. 938 

0. 941 

0 .943 

0 .946 

0. 948 

0. 950 

0. 953 

0. 955 

0 .958 

0. 960 

0. 962 

0. 965 

0 .967 

0. 970 

0 .972 

0 . 9 7 5 

0. 977 

2500 w a t t s 
187 I b s / h r 
13 I b s / h r 
2 7 9 . 8 ° F 
0 . 9 3 4 
6 1 . 5 i n c h e s Hg, abs 
0 .0645 i n c h e s Hg/ f t 
2 4 9 . 3 ° F 

T e m p e r a t u r e 

252 .5 

253 .6 

253.7 

254 .0 

256 .1 

263 .8 

277. 1 

279. 1 

280 .4 

280 .4 

278. 3 

278 .3 

273 .9 

273 .4 

271. 6 

276 .4 

280. 6 

286. 3 

Heat T r a n s f e r 
Coeff ic ient 

4720 

2860 

2760 

2500 

1510 

616 

304 

282 

270 

270 

290 

290 

344 

352 

382 

311 

268 

225 



Run Number 21 

200 Pounds per Hour 

Power Input 3000 watts 
Steam Flow Rate 193 Ibs /hr 
Water Injection Rate 7 Ibs /h r 
Steam Inlet Tempera tu re 279. 8° F 
Inlet Quality 0. 970 
Test Section Static P r e s s u r e 61. 0 inches Hg. abs 
Test Section P r e s s u r e Drop 0. 0645 inches Hg/ft 
Exit Tempera tu re 301. 5° F 

T . C . No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Qual i ty 

0. 972 

0. 975 

0. 978 

0 .981 

0 .983 

0. 986 

0. 989 

0 992 

0 .995 

0. 997 

T e m p e r a t u r e 

268. 5 

272. 6 

285. 6 

300, 5 

3 0 8 . 6 

319 1 

382 .0 

464. 4 

488. 5 

497 3 

509. 2 

516. 9 

524 .0 

5 3 0 . 3 

535 4 

543. 0 

543 8 

5 ' '9 .7 

Heat T r a n s f e r 
Coeff ic ient 

533 

435 

275 

193 

166 

165 

73 . 6 

45. 3 

40 .7 

39. 2 

38 3 

3 8 . 0 

37 .8 

37 7 

37 8 

37. 5 

38 2 

4 3 . 3 



Run Number 22 

200 Pounds per Hour 

Power Input 
Steam Flow Rate 
Water Injection Rate 
Steam Inlet Temperature 
Inlet Quality 
Test Section Static Pressure 
Test Section Pressure Drop 
Exit Temperature 

T . C . No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Quality 

0 . 9 5 4 

0 .957 

0 . 9 6 0 

0 . 9 6 3 

0 .965 

0 .968 

0 . 9 7 1 

0. 973 

0 .977 

0 .979 

0 . 9 8 2 

0 . 9 8 4 

0 .988 

0 .991 

0 . 9 9 3 

0 . 9 9 6 

0 .999 

T e m p e r a t i 

253 .1 

253. 5 

261 . 1 

278 .8 

291 .7 

3 0 6 . 9 

3 2 5 . 0 

327. 9 

3 3 1 . 3 

330. 2 

3 3 0 . 4 

3 3 0 . 3 

3 8 3 . 3 

4 6 1 . 7 

4 7 6 . 0 

4 8 8 . 0 

4 9 2 . 9 

4 7 9 . 5 

3000 w a t t s 
190 I b s / h r 
10 I b s / h r 
2 8 0 . 4 ° F 
0 ,952 
60. 9 i n c h e s Hg. a b s 
. 0716 i n c h e s Hg/ft 
2 4 9 . 7 ° F 

u re 
Heat T r a n s f e r 

Coeff ic ient 

3230 

2850 

970 

338 

233 

171 

129 

125 

120 

121 

121 

121 

72 .7 

4 5 , 8 

4 3 . 0 

4 0 , 8 

3 9 . 9 

4 2 . 3 



Run N u m b e r 23 

200 P o u n d s p e r Hour 

P o w e r Input 
S t e a m Flow R a t e 
W a t e r In ject ion R a t e 
S t e a m Inlet T e m p e r a t u r e 
Inlet Qual i ty 
T e s t Sec t ion Sta t ic P r e s s u r e 
T e s t Sec t ion P r e s s u r e Drop 
Exit T e m p e r a t u r e 

3000 w a t t s 
190 I b s / h r 
10 I b s / h r 
2 8 0 . 3 ° F 
0 .950 
6 1 . 6 i n c h e s Hg. a b s 
. 0716 i n c h e s Hg/f t 
2 5 0 . 4 ° F 

T . C . No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Qual i ty 

0 .952 

0 .955 

0 .958 

0 .961 

0. 964 

0. 967 

0 .969 

0. 971 

0 , 9 7 4 

0, 977 

0 .980 

0 . 9 8 3 

0 .986 

0 .989 

0 .991 

0 .994 

0 ,998 

0 ,999 

r e m p e r a t u r e 

254 .7 

2 6 2 . 5 

2 7 2 . 4 

292 ,7 

3 1 1 . 8 

322. 2 

3 2 6 . 6 

3 2 9 . 0 

332. 6 

330 .7 

3 3 2 . 8 

3 3 2 . 0 

3 3 8 . 2 

3 8 9 , 8 

4 4 3 . 6 

4 8 0 . 8 

4 9 2 . 5 

483 . 6 

Heat T r a n s f e r 
Coeff icient 

2550 

836 

452 

232 

159 

136 

128 

124 

119 

121 

118 

120 

111 

69 .8 

50. 2 

42. 2 

4 0 . 1 

4 1 . 6 



Run N u m b e r 24 

200 P o u n d s p e r Hour 

P o w e r Input 
S t e a m Flow R a t e 
W a t e r Inject ion R a t e 
S t e a m Inlet T e m p e r a t u r e 
Inlet Qual i ty 
T e s t Sect ion S ta t ic P r e s s u r e 
T e s t Sec t ion P r e s s u r e D r o p 
Exi t T e m p e r a t u r e 

3000 w a t t s 
189 I b s / h r 
11 I b s / h r 
279° F 
0 .946 
6 1 . 9 i n c h e s Hg, a b s 
0 .0787 i n c h e s Hg/f t 
2 5 0 . 4 ° F 

T . C . No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Qual i ty 

0. 948 

0. 951 

0. 954 

0 .957 

0 .959 

0. 962 

0. 965 

0. 968 

0. 971 

0. 973 

0 .97 6 

0 .979 

0. 982 

0. 985 

0. 987 

0. 990 

0. 993 

0. 996 

T e m p e r a t u r e 

269 .8 

270. 0 

270 .0 

267. 1 

269. 9 

270 .4 

280.7 

285 .0 

294 .7 

3 0 4 . 8 

308. 1 

3 1 4 . 8 

3 2 4 . 3 

4 2 4 . 9 

4 8 0 . 8 

4 9 8 . 8 

502 .8 

487. 5 

He 
C 

:at T r a n s f e r 
oefficient 

519 

513 

513 

606 

516 

503 

3 28 

286 

222 

181 

170 

152 

132 

55 .8 

42. 2 

39. 2 

38. 6 

3 9 . 3 



Run N u m b e r 25 

200 P o u n d s p e r Hour 

P o w e r Input 
S t e a m Flow R a t e 
W a t e r In ject ion R a t e 
S t e a m Inlet T e m p e r a t u r e 
Inlet Qual i ty 
T e s t Sec t ion S ta t ic P r e s s u r e 
T e s t Sec t ion P r e s s u r e D r o p 
Exi t T e m p e r a t u r e 

T . C . No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Qual i ty 

0 .935 

0. 937 

0. 939 

0. 941 

0 .943 

0. 945 

0. 947 

0. 949 

0. 951 

0. 953 

0. 955 

0 .957 

0. 959 

0. 901 

0 .963 

0. 965 

0. 967 

0. 969 

3000 w a t t s 
187 I b s / h r 
13 I b s / h r 
2 7 8 . 7 ° F 
0 .933 
60. 6 i n c h e s Hg, a b s 
. 0 7 1 5 i n c h e s Hg/f t 
2 4 6 . 6 ° F 

T e m p e r a t u r e 

253. 2 

253 .7 

255. 6 

259. 0 

265 .8 

278. 4 

294 .4 

295 .4 

301 . 5 

302, 2 

3 0 1 . 1 

303. 5 

302. 2 

303 . 2 

3 0 1 . 3 

3 0 5 . 4 

307. 6 

3 0 9 . 9 

Heat T r a n s f e r 
Coeff icient 

2940 

2560 

1701 

1070 

610 

340 

218 

213 

188 

185 

189 

181 

185 

181 

188 

174 

168 

161 



Run Number 26 

200 Pounds per Hour 

Power Input 
Steam Flow Rate 
Water Injection Rate 
Steam Inlet Temperature 
Inlet Quality 
Test Section Static Pressure 
Test Section Pressure Drop 
Exit Temperature 

T . C . No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Qual i ty 

0 .936 

0. 939 

0. 943 

0. 945 

0 .947 

0 .950 

0. 953 

0. 956 

0. 959 

0 .961 

0 .964 

0. 967 

0 .970 

0 .973 

0 , 9 7 5 

0 .978 

0 .981 

0 .984 

3000 w a t t s 
187 I b s / h r 
13 I b s / h r 
279 . 4 ° F 
0 . 9 3 4 
61.1 5 i n c h e s Hg, a b s 
0. 0645 i n c h e s Hg/f t 
249 

T e m p e r a t u r e 

256, 5 

257, 2 

258 ,0 

264 ,8 

276.7 

286 .9 

295 .8 

295 .8 

297 .3 

294 .9 

297 .8 

3 0 0 . 5 

304 .9 

3 0 6 . 3 

3 0 9 . 6 

3 1 4 . 6 

3 1 9 . 2 

3 1 8 . 6 

. 3 ° F 

Heat T r a n s f e r 
Coeff icient 

1700 

1520 

1350 

693 

374 

269 

215 

215 

208 

222 

206 

195 

179 

174 

164 

151 

141 

143 



201 

Run Number 27 

200 Pounds per Hour 

Power Input 
Steam Flow Rate 
Water Injection Rate 
Steam Inlet Tempera tu re 
Inlet Quality 
Test Section Static P r e s s u r e 
Test Section P r e s s u r e Drop 
Exit Tempera tu re 

T . C . No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Qual i ty 

0. 940 

0 .943 

0 .946 

0 .949 

0 . 9 5 3 

0. 956 

0 .959 

0, 963 

0 .966 

0 .969 

0 ,972 

0 ,976 

0 .979 

0, 982 

0 ,985 

0 .989 

0 ,992 

0 .995 

3500 w a t t s 
187 I b s / h r 
13 I b s / h r 
2 7 9 . 8 ° F 
0 .937 
6 1 . 3 i n c h e s Hg, a b s 
0 .0705 i n c h e s Hg/f t 
2 4 8 . 9 ° F 

T e m p e r a t u r e 

256. 6 

265 .9 

265. 5 

264 .6 

267 .4 

278 .7 

296 .0 

299.7 

3 1 1 . 8 

3 5 4 . 3 

468 ,1 

4 8 3 . 9 

4 8 7 . 4 

4 8 8 . 5 

5 2 1 . 0 

5 3 8 . 3 

5 4 1 . 9 

5 2 2 , 8 

Heat T r a n s f e r 
Coeff ic ient 

1890 

741 

761 

810 

675 

404 

250 

231 

185 

9 9 . 8 

5 2 . 2 

4 8 . 6 

4 7 . 9 

47 . 6 

4 1 . 9 

3 9 . 4 

3 8 . 9 

4 1 . 6 



202 

Run Number 28 

200 Pounds per Hour 

Power Input 
Steam Flow Rate 
Water Injection Rate 
Steam Inlet Temperature 
Inlet Quality 
Test Section Static Pressure 
Test Section Pressure Drop 
Exit Temperature 

T . C . No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Qual i ty 

0 . 8 9 4 

0 . 8 9 8 

0 .902 

0 . 9 0 6 

0. 909 

0 . 9 1 3 

0 .917 

0 .921 

0 .924 

0 .928 

0 . 9 3 2 

0 .936 

0 .939 

0 . 9 4 3 

0 .947 

0 .951 

0 . 9 5 4 

0 , 9 5 8 

Tempe 

255. 5 

255 .4 

255. 6 

254 .7 

255. 3 

254 .4 

256. 5 

254 ,0 

254 .4 

255 ,1 

2 5 7 . 5 

261 .0 

267 ,3 

266 .9 

267, 1 

2 6 7 , 0 

267 ,4 

2 7 0 , 4 

4000 w a t t s 
180 I b s / h r 
20 I b s / h r 
2 7 8 . 7 ° F 
0 .891 
6 1 . 2 i n c h e s Hg, a b s 
. 0 6 4 5 i n c h e s Hg/f t 
2 4 9 . 5 ° F 

na ture 
Heat T r a n s f e r 
Coeff icient 

2600 

2650 

2550 

3100 

2710 

3340 

2130 

3610 

3250 

2770 

1830 

1230 

765 

783 

774 

778 

760 

647 



Run N u m b e r 29 

200 P o u n d s p e r Hour 

P o w e r Input 
S t e a m Flow R a t e 
W a t e r Inject ion R a t e 
S t e a m Inlet T e m p e r a t u r e 
Inlet Qual i ty 
T e s t Sect ion S ta t ic P r e s s u r e 
T e s t Sec t ion P r e s s u r e Drop 
Exi t T e m p e r a t u r e 

T. C . No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Qual i ty 

0 .936 

0 . 9 4 0 

0 . 9 4 4 

U.949 

0 . 9 5 2 

0. 957 

0 . 9 6 1 

0 .965 

0 .969 

0 . 9 7 4 

0 . 9 7 8 

0 .982 

0 . 9 8 6 

0 .990 

0 . 9 9 4 

0 . 9 9 8 

Wall T e m p e r a t u r e 

2 5 8 . 3 

2 5 9 . 6 

2 6 0 . 5 

2 6 5 . 4 

275 .7 

2 9 4 . 2 

310 .0 

3 1 4 . 0 

3 1 9 . 8 

3 1 8 . 4 

3 2 6 . 4 

3 3 1 . 8 

3 3 4 . 6 

3 4 9 . 5 

396 .9 

5 0 4 . 2 

5 5 6 . 6 

5 5 7 . 5 

4400 wa t t s 
187 I b s / h r 
13 I b s / h r 
2 7 8 . 3 ° F 
0 . 9 3 3 
6 1 . 2 i n c h e s Hg, abs 
. 0645 i n c h e s Hg/f t 
2 4 9 . 6 ° F 

Heat T r a n s f e r 
Coeff ic ient 

2110 

1580 

1440 

964 

570 

328 

241 

226 

207 

211 

189 

177 

170 

145 

9 8 . 0 

5 6 . 6 

4 6 . 9 

4 6 . 9 



Run N u m b e r 30 

200 P o u n d s p e r Hour 

P o w e r Input 
S t e a m F low R a t e 
W a t e r In jec t ion Ra te 
S t e a m Inlet T e m p e r a t u r e 
In le t Qual i ty 
T e s t Sec t ion Sta t ic P r e s s u r e 
T e s t Sec t ion P r e s s u r e Drop 
Exi t T e m p e r a t u r e 

6300 wat t s 
180 I b s / h r 
20 I b s / h r 
2 7 8 . 9 ° F 
0 . 8 9 1 
6 1 . 7 i n c h e s Hg, abs 
.0645 inches Hg/ft 
2 4 9 . 9 ° F 

T . C . 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

No. Qua l i ty 

0 . 8 9 6 

0 . 9 0 2 

0 . 9 0 8 

0 . 9 1 4 

0 . 9 2 0 

0 . 9 2 6 

0 . 9 3 2 

0 . 9 3 8 

0 , 9 4 4 

0 ,950 

0 . 9 5 6 

0 . 9 6 2 

0 . 9 6 8 

0 . 9 7 4 

0 . 9 8 0 

0 .986 

0 . 9 9 2 

0 . 9 9 8 

Wall T e m p e r a t u r e 

2 5 9 . 3 

2 5 8 . 8 

2 5 9 . 1 

257 .9 

2 5 7 . 9 

2 5 6 . 9 

2 6 2 . 6 

2 7 4 . 2 

2 9 4 . 8 

341 .7 

3 6 2 . 3 

3 7 4 . 6 

3 7 6 . 4 

3 6 5 . 4 

3 7 0 . 6 

377 .9 

4 7 9 . 2 

610 .0 

Heat T r a n s f e r 
Coeff ic ient 

2490 

2650 

2550 

3000 

3000 

3000 

1770 

913 

471 

228 

186 

167 

165 

181 

173 

163 

9 0 . 5 

5 9 . 3 



Run N u m b e r 31 

300 P o u n d s p e r Hour 

P o w e r Input 
S t e a m Flow R a t e 
W a t e r In ject ion R a t e 
S t e a m Inlet T e m p e r a t u r e 
Inlet Qual i ty 
T e s t Sec t ion S ta t ic P r e s s u r e 
T e s t Sect ion P r e s s u r e D r o p 
Exi t T e m p e r a t u r e 

T . C . No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

r e 

'P 

Vail T e m p e r a t u r e 

342. 1 

3 5 5 . 9 

3 6 2 . 9 

367. 1 

370. 6 

3 7 4 . 4 

3 7 7 . 5 

3 7 9 . 9 

3 8 2 . 7 

383 . 3 

3 8 6 . 0 

3 8 7 . 9 

389. 6 

3 9 1 . 0 

3 9 2 . 4 

395. 2 

3 9 5 , 6 

3 9 0 , 5 

1500 w a t t s 
300 I b s / h r 
Z e r o 
2 8 9 . 8 ° F 
S u p e r h e a t e d 
6 1 . 0 i n c h e s Hg, a b s 
0. 1720 i n c h e s Hg/f t 
3 1 7 . 1 ° F 

Heat T r a n s f e r 
Coeff ic ient 

85 . 2 

6 9 . 9 

6 4 . 6 

62. 5 

6 0 . 9 

59. 2 

5 8 . 0 

57. 5 

56. 6 

5 7 . 3 

56, 5 

5 6 . 3 

5 6 . 2 

5 6 . 3 

56. 5 

55. 6 

5 6 , 4 

6 1 , 3 



Run Number 32 

300 Pounds per Hour 

Power Input 
Steam Flow Rate 
Water Injection Rate 
Steam Inlet Tempera ture 
Iniet Quality 
Test Section Static P r e s s u r e 
Test Section P r e s s u r e Drop 
Exit Tempera ture 

T. C. No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Qual i ty 

0 .979 

0 .980 

0 . 9 8 1 

U.9a2 

0 . 9 8 3 

0 . 9 8 3 

0 , 9 8 4 

0 . 9 8 5 

0 . 9 8 6 

0 .987 

0 .988 

0 .989 

0 .990 

0 . 9 9 1 

0 . 9 9 2 

0 . 9 9 2 

0 . 9 9 3 

0 . 9 9 4 

Wall T e m p e r a t u r e 

251 ,5 

251 ,7 

251 .7 

252 .0 

252 .2 

253 .8 

256 ,6 

257 .7 

261 .0 

269 .2 

270 .2 

272 .7 

2 7 3 . 2 

2 7 4 . 6 

273 .8 

2 7 5 . 4 

276 .7 

2 7 7 . 5 

1500 wa t t s 
290 I b s / h r 
10 I b s / h r 
2 8 9 . 2 ° F 
U.978 
6 1 . 5 i n c h e s Hg, abs 
0. 1432 inches Hg/f t 
2 4 9 . 4 ° F 

Heat T r a n s f e r 
Coeff ic ient 

9400 

5870 

5870 

4270 

3360 

1570 

810 

681 

443 

254 

241 

212 

208 

196 

218 

189 

179 

173 



Run N u m b e r 33 

300 P o u n d s p e r Hour 

P o w e r Input 
S t e a m Flow Ra te 
W a t e r Inject ion R a t e 
S t e a m Inle t T e m p e r a t u r e 
Inlet Qual i ty 
T e s t Sec t ion S ta t ic P r e s s u r e 
T e s t Sec t ion P r e s s u r e D r o p 
Exi t Tempei"a tu re 

1500 wat t s 
287 I b s / h r 
13 I b s / h r 
2 9 0 . 1 ° F 
0 . 9 6 6 
6 1 . 4 i n c h e s Hg, abs 
0. 158 i n c h e s Hg/f t 
2 4 9 . 2 ° F 

Heat T r a n s f e r 
T. C . No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Qual i ty 

0 .967 

0 . 9 6 8 

0 .969 

U. 969 

0 .970 

0 , 9 7 1 

0 . 9 7 2 

0 , 9 7 3 

0 . 9 7 4 

0 . 9 7 5 

0 , 9 7 6 

0 .977 

U.978 

0 ,979 

u , 9 7 9 

0 .980 

0. 981 

U.982 

Wall T e m p e r a t u r e 

251 .9 

2 5 1 . 9 

2 5 1 . 9 

251 .7 

251 .7 

2 5 1 . 2 

2 5 2 . 0 

2 5 2 . 3 

2 5 3 . 9 

2 5 6 . 5 

2 5 7 . 8 

260 .0 

260 .0 

2 6 1 . 8 

2 6 1 . 8 

263 .7 

265. 1 

2 6 6 . 8 

Coefficie 

4700 

4700 

4270 

5220 

5220 

9400 

3610 

2940 

1420 

795 

644 

494 

494 

416 

412 

353 

329 

284 



Run Number 34 

300 Pounds per Hour 

Power Input 
Steam Flow Rate 
Water Injection Rate 
Steam Inlet Tempera tu re 
Inlet Quality 
Test Section Static P r e s s u r e 
Test Section P r e s s u r e Drop 
Exit Tempera tu re 

T. C. No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Qual i ty 

0 . 9 7 9 

0 .980 

0 . 9 8 2 

0 . 9 8 3 

0 . 9 8 4 

0 . 9 8 5 

0 .987 

0 . 9 8 8 

0 . 9 8 9 

0 .990 

0 . 9 9 2 

0 , 9 9 3 

0 . 9 9 4 

0 , 9 9 5 

0 .997 

0 . 9 9 8 

0 .999 

T e m p e r a t u r e 

251 .7 

2 5 2 . 6 

2 5 2 , 9 

2 5 2 . 6 

2 5 3 . 9 

253 .9 

2 6 2 . 4 

2 7 5 . 4 

2 7 4 . 2 

285 .7 

288 ,8 

328 .0 

3 6 4 . 2 

3 6 9 , 2 

372 .0 

3 7 8 . 9 

3 8 1 . 3 

375 .1 

2000 wa t t s 
290 I b s / h r 
10 I b s / h r 
2 8 9 , 4 ° F 
0 . 9 7 8 
0 1 . 3 i n c h e s Hg, abs 
0. 151 inches Hg/f t 
2 5 0 . 1 ° F 

Heat T r a n s f e r 
Coeff ic ient 

6360 

3350 

2990 

3350 

1930 

1930 

539 

256 

268 

182 

166 

8 1 , 9 

5 6 . 0 

5 3 . 5 

5 2 . 3 

4 9 , 5 

4 8 . 6 

5 1 , 0 



Run Number 35 

300 Pounds per Hour 

Power Input 
Steam Flow Rate 
Water Injection Rate 
Steam Inlet Tempera ture 
Inlet Quality 
Test Section Static P r e s s u r e 
Test Section P r e s s u r e Drop 
Exit Temperature 

T. C. No, 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Qual i ty 

0 ,967 

0 . 9 6 8 

0 ,969 

0 . 9 7 1 

0 . 9 7 2 

0 . 9 7 3 

0 . 9 7 4 

0 . 9 7 6 

0 .977 

0 . 9 7 8 

0 .979 

0 .980 

0 . 9 8 1 

0 , 9 8 3 

0 . 9 8 4 

0 , 9 8 6 

0 ,987 

0 .989 

Wall T e m p e r a t u r e 

2 5 1 . 2 

251 .4 

251 .5 

2 5 1 . 2 

251 .2 

251 .7 

254 ,1 

255 .7 

2 5 7 , 4 

258 .6 

2 5 9 . 3 

265 .1 

265 .9 

268 .5 

2 6 8 . 2 

2 7 1 . 3 

2 7 2 . 2 

273 .1 

2000 wat t s 
287 I b s / h r 
13 I b s / h r 
2 8 9 . 6 ° F 
0 . 9 6 6 
6 1 . 0 i n c h e s Hg, abs 
0. 158 inches Hg/ft 
248° F 

Heal 
Cc 

. T r a n s f e r 
eff icient 

9080 

7060 

5780 

7950 

7950 

4540 

1630 

1180 

884 

757 

691 

424 

402 

344 

350 

299 

286 

274 



Run N u m b e r 36 

300 P o u n d s p e r Hour 

P o w e r Input 
S t e a m Flow R a t e 
W a t e r In jec t ion R a t e 
S t e a m In le t T e m p e r a t u r e 
Inlet Qual i ty 
T e s t Sec t ion S ta t i c P r e s s u r e 
T e s t Sec t ion P r e s s u r e D r o p 
Exi t T e m p e r a t u r e 

T . C . No . 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Qual i ty 

0 . 9 6 3 

0 . 9 6 4 

0 . 9 6 5 

0 .967 

0 . 9 6 8 

0 . 9 6 9 

0 .970 

0 . 9 7 2 

0 . 9 7 3 

0 . 9 7 4 

0 . 9 7 5 

0 . 9 7 6 

0 . 9 7 8 

0 .979 

0 . 9 8 0 

0 , 9 8 1 

0 , 9 8 3 

0 . 9 8 4 

Wall T e m p e r a t u r e 

252 ,7 

252 ,9 

252 .9 

252 .5 

2 5 3 . 2 

2 5 6 . 5 

261 .4 

2 6 1 . 4 

2 6 5 . 3 

266 .8 

266 .8 

267 .7 

2 6 8 . 1 

268 .9 

2 7 0 . 5 

2 7 2 . 9 

273 .7 

273 .7 

2000 wa t t s 
286 I b s / h r 
14 I b s / h r 
2 9 0 . 6 ° F 
0 . 9 6 2 
6 1 . 8 i n c h e s Hg, abs 
. 151 i n c h e s Hg/ f t 
2 4 8 . 8 ° F 

Heat T r a n s f e r 
Coeff ic ient 

4240 

3530 

3530 

4540 

3030 

1180 

617 

617 

445 

402 

402 

379 

370 

353 

323 

288 

278 

276 
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Run Number 37 

300 Pounds per Hour 

Power Input 
Steam Flow Rate 
Water Injection Rate 
Steam Inlet Tempera ture 
Inlet Quality 
Test Section Static P r e s s u r e 
Test Section P r e s s u r e Drop 
Exit Tempera ture 

T. C . 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

No. Qual i ty 

0 . 9 5 1 

0 . 9 5 3 

0 . 9 5 4 

0 . 9 5 6 

0 .957 

0 . 9 5 9 

0 ,960 

0 . 9 6 2 

0 , 9 6 4 

0 .965 

0 .967 

0 . 9 6 8 

0 .970 

0 . 9 7 1 

0 , 9 7 3 

0 , 9 7 4 

0 . 9 7 6 

0 .977 

Wall T e m p e r a t u r e 

252 .5 

252 .5 

252 .5 

252 .5 

252 .8 

2 5 3 . 4 

255 .8 

2 5 7 . 6 

259 .8 

261 .0 

2 6 1 . 5 

2 6 3 . 2 

264 .5 

265 .7 

2 6 5 . 5 

266 .2 

268. 1 

267 .8 

2500 wa t t s 
283 I b s / h r 
17 I b s / h r 
2 8 9 . 4 ° F 
0 . 9 5 0 
6 1 . 2 i n c h e s Hg, abs 
0. 143 i n c h e s Hg/f t 
2 4 8 . 5 ° F 

Heat T r a n s f e r 
Coeff ic ient 

4450 

4220 

4220 

4220 

3480 

2762 

1510 

1130 

853 

756 

729 

629 

568 

524 

527 

504 

450 

455 
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Run Number 38 

300 Pounds per Hour 

Power Input 
Steam Flow Rate 
Water Injection Rate 
Steam Inlet Temperature 
Inlet Quality 
Test Section Static Pressure 
Test bection Pressure Drop 
Exit Temperature 

T. C . 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

No. Qual i ty 

0 .967 

0 .969 

0 . 9 7 1 

0 . 9 7 3 

0 . 9 7 5 

0 .977 

0 .978 

0 . 9 8 1 

0 . 9 8 2 

0 . 9 8 4 

0 .980 

0 . 9 8 8 

0 .990 

0 . 9 9 2 

0 . 9 9 4 

0 .997 

0 . 9 9 9 

Wall T e m p e r a t u r e 

251 .8 

252 .5 

253 ,9 

2 5 4 . 2 

256 ,5 

260 .8 

275 ,3 

288 .4 

294. 1 

292 .7 

293 ,7 

302 .0 

324 ,5 

3 9 3 , 7 

4 1 2 . 8 

4 3 3 . 3 

4 3 6 . 0 

4 2 6 . 8 

3000 wat t s 
287 I b s / h r 
13 I b s y h r 
2 9 0 . 2 ° F 
0 . 9 6 6 
6 1 . 1 i n c h e s Hg, abs 
0. 158 i n c h e s Hg/ft 
2 4 8 . 5 ° F 

Heat T r a n s f e r 
Coeff icient 

8080 

5100 

2b50 

2620 

1620 

932 

390 

255 

222 

229 

223 

187 

131 

6 7 . 5 

5 9 . 6 

5 3 . 0 

5 2 . 0 

5 4 . 9 
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Run Number 39 

300 Pounds per Hour 

Power Input 
Steam Flow Rate 
Water Injection Rate 
Steam Inlet Tempera ture 
Inlet Quality 
Test Section Static P r e s s u r e 
Test Section P r e s s u r e Drop 
Exit Tempera ture 

T. C. No. Quality 

1 0 .940 

2 0 . 9 4 3 

3 0 .945 

4 0 .947 

5 0 .950 

6 0 . 9 5 2 

7 0 .955 

8 0 .958 

9 0 .960 

10 0 . 9 6 2 

11 0 . 9 6 5 

12 0 . 9 67 

13 0 . 9 7 0 

14 0 . 9 7 3 

15 0 . 9 7 5 

16 0 .977 

17 0 .980 

18 0 .982 

Wall T e m p e r a t u r e 

2 5 3 . 4 

2 5 3 . 5 

253 .6 

2 5 3 . 5 

254. 1 

254 .5 

258 .0 

256 .9 

261 .4 

265 .9 

268 .7 

272. 8 

274 .0 

280 .9 

280 .9 

2 9 1 . 5 

2 9 4 . 3 

299. 1 

4000 wat t s 
280 I b s / h r 
20 I b s / h r 
2 8 9 . 5 ° F 
0 . 9 3 8 
60. 8 i n c h e s Hg, abs 
0. 165 inches Hg/f t 
2 4 7 . 9 ° F 

Heat T r a n s f e r 
Coeff ic ient 

4180 

4060 

3820 

3940 

3330 

2960 

1650 

1910 

1140 

b l 6 

691 

5 67 

540 

418 

418 

312 

292 

263 



Run Number 40 

300 Pounds per Hour 

Power Input 
Steam Flow Rate 
Water Injection Rate 
Steam Inlet Tempera ture 
Inlet Quality 
Test Section Static P r e s s u r e 
Test Section P r e s s u r e Drop 
Exit Tempera ture 

T, C. No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Qual i ty 

0 . 9 4 0 

0 , 9 4 4 

0 .947 

0 .950 

0 , 9 5 3 

0 . 9 5 6 

0 . 9 5 9 

0 . 9 6 3 

0 . 9 6 6 

0 .969 

0 , 9 7 2 

0 . 9 7 5 

0 .977 

0 . 9 8 1 

0 .985 

0 , 9 8 8 

0 , 9 9 1 

0 . 9 9 6 

Wall T e m p e r a t u r e 

254 ,2 

2 5 4 . 5 

255 .6 

255 .6 

256 .8 

2 5 9 . 3 

269 ,7 

277. 1 

289 .5 

297 .2 

301 .6 

312 .5 

312 ,9 

3 2 9 . 4 

340 .8 

436 .0 

517 .7 

5 1 0 . 5 

5000 wat t s 
280 I b s / h r 
20 I b s / h r 
2 8 9 . 8 ° F 
0 , 9 3 8 
60 .7 i n c h e s Hg, abs 
0, 178 i n c h e s Hg/f t 
248° F 

Heat T r a n s f e r 
Coeff icient 

4090 

3800 

3030 

2980 

2440 

1760 

830 

604 

413 

346 

316 

262 

259 

205 

180 

87 .7 

61 ,0 

62 ,7 
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Run N u m b e r 41 

300 P o u n d s p e r Hour 

P o w e r Input 
S t eam Flow R a t e 
W a t e r Inject ion R a t e 
S t e a m Inlet T e n i p e r a t u r e 
Inlet Qual i ty 
T e s t Sec t ion S ta t ic P r e s s u r e 
T e s t Sec t ion P r e s s u r e D r o p 
Exi t T e m p e r a t u r e 

T . C . 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

No. Qual i ty 

0 .900 

0 . 9 0 3 

0 ,907 

0 , 9 1 1 

0 .915 

0 .919 

0 .922 

0 .926 

0 .930 

0 .934 

0 .937 

0 .941 

0 .945 

0 .949 

0 . 9 5 2 

0 .956 

0 .960 

0 . 9 6 4 

Wal l T e m p e r a t u r e 

256 .1 

256 .4 

2 5 6 . 6 

2 5 6 . 2 

257 .2 

257 .6 

263 .0 

258 .9 

266 .2 

2 7 4 . 1 

273 .9 

281 .4 

283 .7 

2 9 5 . 3 

2 9 6 . 3 

3 0 3 . 8 

308 .5 

318 .5 

6000 wat t s 
270 I b s / h r 
30 I b s / h r 
2 8 8 , 5 ° F 
0 .897 
6 1 . 0 i n c h e s Hg, abs 
0. 201 i n c h e s Hg/f t 
2 4 8 , 5 ° F 

Heat T r a n s f e r 
Coeff ic ient 

3580 

3340 

3230 

3390 

2890 

2730 

1550 

2290 

1230 

824 

826 

628 

585 

434 

425 

365 

336 

286 



Run Number 42 

400 Pounds per Hour 

Power Input 
Steam Flow Rate 
Water Injection Rate 
Steam Inlet Tempera ture 
Inlet Quality 
Test Section Static P r e s s u r e 
Test Section P r e s s u r e Drop 
Exit Tempera ture 

T. C, 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

No. Qua l i ty 

0 ,992 

0 .992 

0 . 9 9 3 

0 .994 

0. 994 

0 . 9 9 5 

0 .996 

0 . 9 9 6 

0 .997 

0 . 9 9 8 

0 , 9 9 8 

0 . 9 9 9 

1.000 

Wall T e m p e r a t u r e 

251 ,3 

252 ,0 

252 .0 

251 ,5 

252 .8 

255 .4 

256 ,8 

2 5 5 . 2 

257 .6 

263 .7 

269 .4 

274 .7 

275 .0 

276 .8 

283 .4 

2 9 3 , 2 

294 .2 

303 .8 

1500 wat ts 
390 I b s / h r 
10 I b s / h r 
2 9 3 . 4 ° F 
0 . 9 9 1 
6 1 . 1 i nches Hg, abs 
0. 279 inches Hg/f t 
2 4 9 . 2 ° F 

Heat T r a n s f e r 
Coeff ic ient 

9400 

3610 

3610 

5220 

2140 

959 

745 

979 

644 

351 

245 

192 

189 

175 

141 

108 

106 

8 7 . 0 
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Run N u m b e r 43 

400 P o u n d s p e r Hour 

P o w e r Input 
S t e a m Flow R a t e 
W a t e r Inject ion Ra te 
S t e a m Inlet T e m p e r a t u r e 
Inlet Qual i ty 
T e s t Sec t ion S ta t ic P r e s s u r e 
T e s t Sec t ion P r e s s u r e Drop 
Exi t T e m p e r a t u r e 

T. C . No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Qual i ty 

0 .980 

0 . 9 8 1 

0 . 9 8 2 

0 . 9 8 2 

0 . 9 8 3 

0 . 9 8 4 

0 . 9 8 5 

0 . 9 8 6 

0 .987 

0 . 9 8 8 

0 .989 

0 .990 

0 , 9 9 1 

0 , 9 9 2 

0 . 9 9 3 

0 . 9 9 4 

0 . 9 9 4 

0 .995 

Wall T e m p e r a t u r e 

2 5 1 . 3 

2 5 2 . 4 

2 5 2 . 4 

251 .7 

2 5 2 . 2 

2 5 2 . 5 

2 5 3 . 9 

253 .0 

259 .7 

2 6 3 , 8 

265 .7 

266 ,9 

268 ,0 

269 .5 

269 .9 

273 . 1 

273 ,9 

2 7 5 , 4 

2000 wat t s 
386 I b s / h r 
14 I b s / h r 
2 9 4 . 2 ° F 
0 ,979 
6 1 . 5 i nches Hg, abs 
0. 268 inches Hg/f t 
2 4 8 . 5 ° F 

Heat T r a n s f e r 
Coeff ic ient 

3180 

4890 

4890 

9080 

5300 

3960 

2120 

2890 

705 

485 

421 

390 

363 

333 

326 

279 

269 

252 



Run Number 44 

400 Pounds per Hour 

Power Input 
Steam Flow Rate 
Water Injection Rate 
Steam Inlet Tempera ture 
Inlet Quality 
Test Section Static P r e s s u r e 
Test Section P r e s s u r e Drop 
Exit Tempera ture 

T . C . No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Qual i ty 

0 . 9 8 8 

0 .989 

0 . 9 9 0 

0 . 9 9 1 

0 . 9 9 1 

0 . 9 9 2 

0 . 9 9 3 

0 , 9 9 4 

0 , 9 9 5 

0 , 9 9 6 

0 .997 

0 . 9 9 8 

0 .999 

1,000 

Wal l T e m p e r a t u r e 

2 5 1 , 4 

251 ,6 

2 5 2 . 2 

252 .6 

253 ,5 

258. 1 

263 .3 

266 .4 

270 .0 

275 .2 

279 .0 

284 .7 

291 .5 

297 .0 

3 1 9 . 3 

337 .2 

3 3 9 . 4 

3 3 9 . 1 

2000 wa t t s 
389 I b s / h r 
11 I b s / h r 
2 9 1 . 8 ° F 
0 ,987 
61 , 0 i n c h e s Hg, abs 
0 , 2 9 4 inches Hg/f t 
2 4 8 . 8 ° F 

Heat T r a n s f e r 
Coeff ic ient 

9080 

7060 

3970 

3030 

2120 

825 

493 

395 

321 

254 

220 

183 

153 

135 

9 1 . 6 

72 .7 

7 0 . 8 

7 1 . 0 



Run Number 45 

400 Pounds per Hour 

P o w e r Input 
S t eam Flow R a t e 
W a t e r Inject ion R a t e 
S t e a m Inlet T e m p e r a t u r e 
Inlet Qual i ty 
T e s t Sec t ion S ta t ic P r e s s u r e 
T e s t Sec t ion P r e s s u r e D r o p 
Exi t T e m p e r a t u r e 

T. C . 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

No. Qual i ty 

0 . 9 4 6 

0 . 9 4 8 

0 .949 

0 . 9 5 1 

0 .952 

0 . 9 5 3 

0 . 9 5 5 

0 . 9 5 6 

0 .958 

0 .959 

0 .961 

0 .962 

0 , 9 6 3 

0 .965 

0 ,966 

0 ,968 

0 .969 

0 .970 

Wall T e m p e r a t u r e 

2 5 2 , 5 

2 5 2 . 5 

252 .5 

2 5 2 . 2 

2 5 2 . 3 

2 5 1 . 8 

2 5 3 , 4 

251 .5 

251 ,8 

251 ,8 

251 .8 

2 5 2 . 2 

252 .2 

252 .5 

252 ,2 

253 . 1 

252, 5 

251 .7 

3000 wat t s 
375 I b s / h r 
25 I b s / h r 
2 9 3 , 7 ° F 
0 .945 
60. 9 i n c h e s Hg, abs 
0. 265 inches Hg/f t 
2 4 7 . 6 ° F 

Heat T r a n s f e r 
Coeff ic ient 

5110 

4850 

4850 

5380 

5110 

6460 

3030 

7460 

5700 

5700 

5380 

4410 

4220 

3730 

4040 

4040 

3460 

4850 



Run Number 46 

400 Pounds per Hour 

Power Input 
Steam Flow Rate 
Water Injection Rate 
Steam Inlet Tempera ture 
Inlet Quality 
Test Section Static P r e s s u r e 
Test .Section P r e s s u r e Drop 
Exit Tempera ture 

T. C, 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

No. Qual i ty 

0 .980 

0 . 9 8 2 

0 .983 

0 . 9 8 4 

0 .986 

0 .987 

0 .989 

0 ,990 

0 , 9 9 1 

0 , 9 9 3 

0 .994 

0 . 9 9 5 

0 .997 

0 .998 

0 .999 

Wall T e m p e r a t u r e 

2 5 2 . 3 

253 .9 

2 5 4 . 5 

254. 1 

254 .7 

2 5 9 . 5 

2 7 3 . 7 

290 .5 

300 .9 

3 6 6 . 3 

3 8 5 . 5 

3 9 2 , 3 

395 .0 

3 9 6 . 5 

398, 1 

4 0 1 . 5 

4 0 2 . 6 

3 9 5 . 6 

3000 wat ts 
386 I b s / h r 
14 I b s / h r 
2 9 4 . 5 ° F 
0 .979 
6 1 . 1 i nches Hg, abs 
0. 315 inches Hg/ft 
2 5 0 . 2 ° F 

Heat T r a n s f e r 
Coeff ic ient 

6930 

3130 

2550 

2850 

2360 

1080 

418 

236 

192 

8 3 , 5 

7 1 , 6 

6 8 . 1 

6 6 . 9 

6 6 . 6 

6 5 , 4 

64 .0 

63 .5 

6 6 . 5 



Run Number 47 

400 Pounds per Hour 

Power Input 
Steam Flow Rate 
Water Injection Rate 
Steam Inlet Tempera ture 
Inlet Quality 
Test Section Static P r e s s u r e 
Test Section P r e s s u r e Drop 
Exit Tempera ture 

T, C, No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Qual i ty 

0 .947 

0 .949 

0 . 9 5 1 

0 , 9 5 3 

0 . 9 5 5 

0 , 9 5 8 

0 .960 

0 , 9 6 2 

0 . 9 6 4 

0 . 9 6 6 

0 . 9 6 8 

0 , 9 7 1 

0 . 9 7 3 

0 .975 

0 . 9 7 7 

0 .979 

0 . 9 8 1 

0 . 9 8 3 

Wal l T e m p e r a t u r e 

253 .6 

253 .8 

253 ,8 

2 5 3 . 2 

2 5 3 . 9 

2 5 3 , 4 

256 ,5 

253 ,4 

265 ,5 

2 6 0 . 8 

262 .7 

272 .0 

273 .7 

281 .1 

2 8 2 , 3 

291 .9 

2 9 7 . 3 

304 .7 

4500 wat t s 
375 I b s / h r 
25 I b s / h r 
2 9 3 . 7 ° F 
0 . 9 4 5 
6 1 , 0 i n c h e s Hg, abs 
0 . 2 8 0 i n c h e s Hg/f t 
247 .80 F 

Heat T r a n s f e r 
Coeff ic ient 

5060 

4590 

4590 

5450 

4320 

4900 

2410 

4740 

2330 

1390 

1170 

671 

620 

471 

454 

349 

309 

267 



Run Number 48 

400 Pounds per Hour 

Power Input 
Steam Flow Rate 
Water Injection Rate 
Steam Inlet Tempera tu re 
Inlet Quality 
Test Section Static P r e s s u r e 
Test Section P r e s s u r e Drop 
Exit Tempera ture 

4500 watts 
386 Ib s /h r 
14 Ibs /h r 
294.4° F 
0.979 
61.4 inches Hg, abs 
0.344 inches Hg/ft 
266.2° F 

T. C. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

No . Quality 

0. 

0, 

0. 

0. 

0. 

0. 

0. 

0, 

0. 

981 

983 

985 

987 

989 

,992 

,994 

,996 

,998 

Wall Tempera ture 

259.7 

260.0 

260,1 

277,0 

411,8 

423.0 

439.3 

444.8 

446.5 

455.6 

466.7 

473,5 

480.0 

484.1 

488.3 

497.5 

498.7 

487.6 

Heat Transfer 
Coefficient 

1710 

1650 

1630 

565 

91.4 

85.4 

78,0 

76,0 

75.0 

74.3 

68.0 

65.9 

64.0 

62.9 

61.7 

59,4 

59.1 

61.8 



Run N u m b e r 49 

400 P o u n d s p e r Hour 

P o w e r Input 
S t e a m F low R a t e 
W a t e r Inject ion Ra te 
S t e a m Inle t T e m p e r a t u r e 
Inlet Qua l i ty 
T e s t Sec t ion S ta t i c P r e s s u r e 
T e s t Sec t ion P r e s s u r e D r o p 
Ex i t T e m p e r a t u r e 

T, C . No. Qual i ty 

1 0 . 9 4 6 

2 0 . 9 4 8 

3 0 . 9 5 1 

4 0 . 9 5 3 

5 0 , 9 5 5 

6 0 , 9 5 8 

7 0 . 9 6 0 

8 0 . 9 6 2 

9 0 . 9 6 5 

10 0 .967 

11 0 .969 

12 0 . 9 7 2 

13 0 . 9 7 4 

14 0 .977 

15 0 .979 

16 0 . 9 8 1 

17 0 , 9 8 4 

18 0 . 9 8 6 

Wal l T e m p e r a t u r e 

2 5 4 . 6 

2 5 4 . 6 

2 5 4 , 6 

2 5 4 . 5 

2 5 5 , 3 

2 5 6 . 6 

263 .6 

2 6 3 . 9 

2 7 4 . 5 

279 .9 

285 .7 

292 .8 

2 9 5 . 4 

3 0 0 . 2 

3 0 1 . 4 

3 1 2 . 9 

3 1 4 . 4 

3 2 9 . 8 

5000 wa t t s 
375 I b s / h r 
25 I b s / h r 
2 9 5 . 2 ° F 
0 . 9 4 4 
6 1 . 6 i n c h e s Hg, abs 
. 3 0 1 i n c h e s Hg/f t 
2 4 7 . 7 ° F 

Heat T r a n s f e r 
Coeff icient 

4300 

4300 

4190 

4300 

3480 

2780 

1250 

1210 

675 

553 

461 

383 

361 

326 

318 

260 

253 

204 



Run Number 50 

400 Pounds per Hour 

Power Input 
Steam Flow Rate 
Water Injection Rate 
Steam Inlet Temperature 
Inlet Quality 
Test Section Static Pressure 
Test Section Pressure Drop 
Exit Temperature 

T. C . 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

No. Qua l i ty 

0 . 9 4 8 

0 . 9 5 1 

0 . 9 5 4 

0 .957 

0 , 9 6 0 

0 , 9 6 2 

0 . 9 6 5 

0 . 9 6 8 

0 , 9 7 1 

0 . 9 7 4 

0 , 9 7 6 

0 .979 

0 , 9 8 2 

0 . 9 8 5 

0 , 9 8 8 

0 ,990 

0 . 9 9 3 

0 . 9 9 6 

Wall T e m p e r a t u r e 

254 .6 

2 5 5 . 1 

2 5 5 . 5 

255 ,0 

255 .5 

255 .7 

260 .6 

2 5 9 . 4 

366 .8 

4 5 7 . 6 

4 9 6 . 8 

4 9 9 . 6 

5 0 5 . 3 

5 2 0 . 1 

5 2 5 . 5 

5 4 1 . 3 

544 .7 

5 2 9 . 7 

6000 wa t t s 
375 I b s / h r 
25 I b s / h r 
294° F 
0 . 9 4 6 
6 1 . 1 i nches Hg, abs 
0 . 3 0 1 inches Hg/f t 
2 4 8 . 5 ° F 

Heat T r a n s f e r 
Coeff ic ient 

5180 

4580 

4100 

4580 

4020 

3780 

1950 

2180 

169 

9 5 . 0 

7 9 . 6 

7 8 . 9 

7 7 . 1 

7 2 . 9 

7 1 , 5 

6 7 , 6 

66 .7 

7 0 . 4 



APPENDIX D 

Methods of Computation 

As mentioned previously, one of the undesirable features of the 

apparatus was the fact that the s team was not condensed and measured 

at the exhaust of the sys tem. Since the steam was simply thrown into 

the a tmosphere , complete energy balances were impossible to make for 

the wet s team runs . For this reason, superheated s team runs were 

used to make energy balances and these values of heat losses were used 

as correct ions for the wet steam data. It is admitted that this was not a 

p rec ise method of determining or estimating losses , but, since in most 

cases the losses were smal l , it is felt that the reliabili ty of the tabulated 

heat t ransfer coefficients was not greatly affected. 

Superheated s team runs were made with thermocouple ins ta l la

tions at the elbow at the base of the ver t ical run, and at the entrance 

and exit to the test section. Dry s team data from 15 runs were analyzed 

and averaged and this led to the decision to make the following constant 

correct ion for all runs: 

Heat loss from elbow to test section entrance - 600 B tu /h r . 

Heat loss from test section entrance to test section outlet -

300 Btu /hr . 

Heat loss from test section outlet to thermocouple installation -

100 Btu/hr . 
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A study of the fol lowing m e t h o d s of computa t ion will show tha t the 

c o r r e c t i o n ^ could affect the l oca l qua l i ty by l e s s than one p e r c e n t and 

the v a l u e of the hea t t r a n s f e r coeff ic ient by l e s s than 10 p e r c e n t . 

The qual i ty at the e n t r a n c e to the t e s t s ec t i on was computed by 

a s s u m i n g that the s u p e r h e a t e d s t e a m and the in ject ion w a t e r mix at con

s t an t p r e s s u r e . An e n e r g y b a l a n c e g ives : 

W h + W h - (W + W ) (ll + X h ^ ) 
S S W W s w f fg 

Thus 
W h + W h h^ 

_ S S W W f_ 
(W +W )h- ~ h-

w s fg fg 

The values of enthalpy were taken from Keenan and Keyes (34). 

The heat flux was computed by taking the measured power input to 

the test section, converting it to Btu /hr , correct ing by the constant 

heat loss factor, and dividing by the a rea of heating. Thus 

(Power in watts) (3,414) - 300 _ ,, 
1.025 ~ ^ 

The heat t ransfer coefficient was obtained by dividing the heat flux 

obtained above by the tempera ture difference between the wall and bulk 

tempera ture of the fluid. In the tabulated data the heat t ransfer coef

ficient was obtained by assuming that the bulk tempera ture of the fluid 

was the saturat ion tempera ture corresponding to the p r e s s u r e , for 

regions where the apparent quality was less than 100 percent . Fo r 

regions where the apparent quality was g rea te r than 100 percent the bulk 
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t empera tu re was assumed to be based on a l inear interpolation between 

the saturation tempera ture and the exit thermocouple reading, co r r ec t 

ing for the heat los:=. between the test section outlet and the the rmo

couple. 

The local p re s su re used in determining the local saturation t em

pera ture was based on a l inear interpolation between the p r e s s u r e taps . 

The apparent quality at any par t icular thermocouple location was 

determined from the expression 

X = X + q'VDL 
° Wh

ig 

Heating was assumed to s ta r t -| inch from the inlet of the test 

section and to end | inch from the exit. 

Bulk tempera tures for the superheated s team runs were de te r 

mined from the inlet and outlet thermocouple tempera ture readings 

corrected for losses , and assuming a l inear increase in bulk t empera 

ture during heating. 



APPENDIX E 

Nomenclature 

acceleration, ft per sec 

2 
projected area of droplet or particle, ft 

parameter in distribution equation or coefficient in 
Vanderwater equation for mass transfer coefficient 

37ru. d 
B = ^ 

m 

dimensionless coefficient 

local conc.n.ra. io. of diffusing substance, lbs per ft^ 

electrical capacitance, farads 

drag coefficient 

specific heat at constant pressure, Btu per lb F 

diameter of droplet or particle, ft 

Sauter mean diameter, microns 

maximum stable droplet diameter, ft 

size parameter in distribution equation 

inside diameter of duct, ft 

re-entrainment function in Vanderwater equation 

Fanning friction factor 

apparent friction factor of Fig. 2 
2 

acceleration of gravity, ft per sec 



2 
dimensional constant, lbs m a s s ft per lb force hr 

2 
m a s s velocity, lbs per sec ft 

2 
m a s s velocity of dispersed phased, lbs per sec ft 

2 
mass velocity of gas or vapor phase, lbs per hr ft 

2 
m a s s velocity of liquid phase, lbs per hr ft 

heat t ransfe r coefficient, Btu per hr ft F 

saturation enthalpy of liquid phase, Btu per lb 

enthalpy of vaporization, Btu per lb 

enthalpy of s team, Btu per lb 

enthalpy of water , Btu per lb 

exponent in Vanderwater equation for m a s s t ransfer co 
efficient 

thermal conductivity, Btu per hr ft F 

m a s s t ransfer coefficient for droplets , ft per hr 

pa ramete r in Fig. 9 K = -7 - N^ -— —~ 
18 Re i , p 

1 g 

scale of turbulence, ft 
distance from a reference position, ft 

_L L " rr 
+ avg / i 

non-dimensional stopping distance, L = ^- J— 

distance ups t ream from point of 100 percent quality, ft 

m a s s of droplet or par t ic le , lbs 

ra te of t ransfer of diffusing substance, lbs per hr 

Prandt l number 

Reynolds number for flow of gas or vapor phase 



Reynolds ' number based on par t ic le diameter and r e l a 
tive velocity 

Nusselt number 

average static p r e s s u r e of mixture , psfa 

inlet static p r e s s u r e of mixture , psfa 

heat flow, Btu per hour 

2 
heat flux, Btu per hr ft 

e lec t r ic charge . Coulombs 

volume ra te of liquid flowing, cfs 

volume ra te of gas or vapor flowing, cfs 

_̂  ru u 
non-dimensional distance from wall, r = —•—^ /•;: 

V V 2 

first root of zero order Besse l function of first kind 

rat io of average liquid velocity to average s t r eam veloci 

bulk t empera tu re , F 

average film t empera tu re , F 

wall t empera tu re , F 

average axial velocity of gas or vapor phase, ft per sec 

axial velocity of dispersed phase, ft per sec 

axial velocity of gas or vapor phase, ft per sec 

initial velocity of par t ic le , ft per sec 
/7 

friction velocity u"~ = u /— , ft per sec 
avg v 2 

average axial velocity of gas or vapor phase, ft per hr 

relat ive velocity between droplet or par t ic le and the gas 
or vapor phase, ft per sec 



U - peak velocity of turbulent gas fluctuation, ft per sec 

U„ - local overall heat transfer coefficient for boiling, Btu 
per hr ft2 OF 

V - volume fraction of drops or particles having diameters 
greater than d 

v' - root mean square of the radial component of the fluctuating 

gas velocity, ft per sec 

Av - relat ive velocity between liquid and a i r , meters per sec 

V - voltage, volts 

V„ - boiling velocity, ft per sec 

w - flow rate of liquid, lbs per sec 
+ , . , , , , , + w w non-dimensional flow rate w „ 

W - total flow ra te , lbs per hour 

W - flow rate of dispersed phase, lbs per min 

W - flow rate of gas or vapor phase, lbs per min 

W - flow rate of s team, lbs per hour 
O 

W - flow rate of water, lbs per hour 
w 

X - dista.nce, ft 

X - quality 

X - initial quality at reference position 

y - distance, ft 

V - apparent quality, Fig. 2 ' m -1 . o 

Z - droplet or par t ic le displacement from mean position, ft 

Z - maximum displacement from mican, ft 



O O U 

6 - size distr ibution pa rame te r 

2 
a - eddy diffusivity of droplet or par t ic le , ft per sec 

2 
a - eddy diffusivity of gas or vapor phase, ft per sec 

9 - t ime, sec or t empera tu re difference 0 = T - T . 
B 

2 
p. - dynamic viscosity of liquid phase, dyne sec per cm 

|j. - dynamic viscosity of liquid phase, lbs per sec ft 

fj. - dynamic viscosi ty of liquid phase, centipoise 

u. - mean viscosity of mixture , lbs per sec ft 
m 

[J. - dynamic viscosity of gas or vapor phase, lbs per sec 

2 
V - kinematic viscosi ty, ft per sec 

3 
p - density, lbs per ft 

3 
p - average density of mixture , lbs per ft 

avg 

'd 

3 
p - density of d ispersed phase, gm per cm 

3 
p - density of gas or vapor phase, lbs per ft 

g 

a - surface tension of liquid, dynes per cm 

3 
p - density of d ispersed phase, lbs per ft 

2 
a - surface tension of liquid,lbs per sec 

L 
2 

shear s t r e s s , lbs per ft" 

2 
T - shear s t r e s s at wall, lbs per ft 

w ^ 
u) - angular frequency, radians per sec 



T P F 
two phase friction p r e s s u r e gradient 

O 
p r e s s u r e gradient for liquid only flowing at the total 
flow ra te 

I API 
AL I 'pp 

p r e s s u r e drop for two phase flow, psi per ft 

[API 
p r e s s u r e drop if liquid were flowing alone, psi per 
ft 

H G 
p r e s s u r e drop if gas were flowing alone, psi per ft 



APPENDIX F 

Item 

List of Equipment 

Manutacturer 

Autoscaler , Model SCIC Tracer lab 

Manometer, 36" Cleanout Type Meriam 

Manometers (4), Type W, Model Meriam 
A338A 

Oscillograph, Type 543 Tektronix 

Oscillograph Record Camera , Dumont 
Type 297 

Potent iometer . Por table Prec is ion Leeds and Northrup 

Powers ta t s (3). Type 1256, 7 .5 kva Superior 

P r e s s u r e Gauge, Air 0-150 psig T r e r i c e 

P r e s s u r e Gauge, Steam, 0-160 psig Ashcroft 

P r e s s u r e Regulator, Type F - M Rego 

Pulse Height Analyzer, RLI-4 Trace r lab 

Rotameter F ischer Por t e r 

Wattmeter , Type P -3 0-12,000 
watts 

General Elect r ic 

Serial No. 

73b 

18443 
16663 
16843 
16797 

637 

275 

546326 

670 
1491 

41775 

848 

322 

3-2288 

2607437 




