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I • INTRODUCTION 

At the present time the interaction of a slow moving liquid 

and a high speed gas and the resulting interfacial wave character-

istics are not well understood. The generation of these interfacial 

waves occurs in external flows such as air movement across a body 

of water and in internal gas-liquid flows such as those found i.n 

tube condensers, tube evaporators, and oil-natural gas pipelines. 

These internal flows have been categorized :into numerous flow 

regimes and a listing of these regimes is given by Bell, Ta.borek, 

a.nd Fe.nog.lio (1) • 

Of special interest in this study is the annular mist flow 

regime which occu:cs in the condensation of steam in a small vertical 

tube. Annular mist flow may be defined as the concurrent flow of 

a gas and a liquid in a circular duct with part of the liquid 

flowing in an annulus adjacent to the duct wall while the remainder 

flows entrained in the gaseous core. The present available methods 

for predicting the mass, momentum, and energy transfer for this 

two-phase flow problem are often inadequate. They usually rely 

on either a model requiring several simplifying assumptions, which 

are sometimes invalid, or a rough empirical correlation with limited 

a.pplicability. The information currently available on the properties 

of the vapor-liquid interface and their effect on mass, momentum, 

and energy transfer is rather incomplete. A more thorough under-

s tartding of this problem could be de;;·ived from knowledge of t.he 
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behavior of· the liquid film and the surface waves which usually 

occur j_n this type of flow. More specifically, information about 

the interfacial wave height, frequency, spacing, velocity, and 

the relations between these quantities and the dynamic flow para"'-

meters such as liquid and vapor Reynolds numbers and the heat 

transfer coefficients would be helpful. 

'l11e purpose of this investigation is to obtain this infor..,. 

mation. 
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and gas velocities and flow· rates pr~sents ··considerable difficulty. 

Nevertheless., several analyti.cal and experimental studies have 

been conducted oh the pressure drop and heat transfer in.condensing 

flows. For a condensing vapor Soliman, Schuster, and .Berenson '(7) 

have developed an analyti~al means of predicting the heat. transfer 

by including mass, momentum, and gravity effects. These terms 

were used to obtain an overall fricti:on factor which, with the 

Prandtl number; was used.to correlate the: heat transfer coefficient. 

In their analysis the assumptions t-7ere made of a smooth· vapor,_ 

liquid interface and no liq:i.Jid entrainment. Both effects were 

absorbed by the Lockhart.,-Martinelli pressure· pai~meter employed •. 

· The Lockhart-Martinelli correlation for predictidn of pressure · 

drop generally gives the best results of the most widely used 

pressure drop correlations as 'diScussed by Dukler and Wicks (8) •. 

Nevertheless, this- correlation of ten predicts pressure drop. with. 

· an erro·r as . much as . one hundred. pe'.!'."cen t.. Thus the use· of· thiS 

parameter which ignores the.details of the flow p~ttern leaves' 

much to be desired in the accurate prediction of the heat transfer 

coef f iGient. 

Goodykoontz and Dorsch (9) 4ave taken extensive data covering 

a wide range of heat·transfe:r coef.ficients for high velocity con~ 

densa.tion of steam and Freon in vertical tubes. A general corre- · 
. . 

lation of the heat transfer coeffiq.ient and a gas mass flpw 
·. . . 2 

parameter, 6(Wt/At) , was obtained. This correlation was independent. 
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included film t:haracteristics. 

condensing ina horizontal . . 

· measurements were taken· at 

two diffe.rent locaticins. 

locations.were determined fr<;>man energy balance. 

measureili.ents were deterrtiin~ the local. heat transfer 

coefficients. 

cussed B~rgles (12). 

difference 
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IIL bESC1UPTION OF EQUIPMENT . 

A schematic diagram of the test·faeility used in this study is 

given in Figure 1. The facility consists primarily of the steam. and 
. . 

the cooiing water systems, the condenser, the test section, and the 

associated instrumentation. 

The operation of this facility is described as follows. Steam 

from the building supply at 75 psig flows through a two-inch supply 

line to the plenum chamber, which is a cyl:i,.ndrical tank twelve inches 

in diameter and thirty inches . lOng •. · Installed in this supply line 

are a valve to control plenum chamber pressure, a quick-acting ball 

va.lve for emergency shutdown; and a steam strainer. The· steam the.n 

flows through the condenser and test section. The steam and condensate 
. . 

mixture leaving the test section is totally condensed and subcooled 

in the coil of three-quarter-inch copper tubing, thirty feet long, 
. . 

·placed in the water bath. Subcooling the condensate reduces evapora-· 

tion losses at the weigh tank, which is used to determine the steam. 

flow rate. The cooling water system includes a surge· tank which con-

· tains an air cushion to dampen pressure fluctuations. ·The water, 

which enters this·tank. first, exits to the condenser through piping 

which. permits either parallel flow or.counterflow. The flow·rate of 

. the ccioling water is also determined by a weigh· tank. 

Figure 2 gives the details of the condr:nser and test.section, 

.sh_owing locationsfor the pressure taps, wall th~rm.ocouples, cooling 

water 'l::ltermocouples, and the needle probes. A two-inch by three_; 

8 
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quarter,-inch reducing nozzle, which is nine inches long, provides a 

smooth entrance of the steam into the condenser. The end of the 

nozzle which is in the plenum chamber is recessed three and one-half 

inches, as shown in Figure 2, to minimize the amount of condensate 

entering the condenser. 

The condenser and test section consist primarily of two 

concei:1tric copper pipes. Concentricity in the condenser is main-

tained by spacer rings as shown in the figure. During construction 

the pipes were cleaned to insure urliform surface conditions. The 

outsides were sandblasted and the inside of the small tube was 

cleaned with a rotating steel brush. The resulting surface was 

smooth to the touch. An expansion bellows allows relative movement 

between the two pipes. The test section is fastened to the con-

denser with steel flanges fabricated so that water and steam flow 

continuously through the annulus and small pipe respectively. Care 

was taken to see that the inside pipes of the two sections were 

flush when joined together, minimizing film disturbances caused by 

the joint. The test section was designed so that it could be easily 

disassembled for future modifications. 

Details of the installation of the pressure taps, wall thermo-

couples, and cooling water thermocouples are. shown in Figure 3. The 

loop in the stainless steel pressure tap tubing accommodates radial 

thermal expans:i.on of the tubing itself and relative axial thermal 

f!xpansion of the two copper pipes. Lines of one-quarter-inch copper 
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refrigeration tubing connect the sealing glands for the pressure taps 

to the sixteen mercury manometers used to determine the steam pres-

sures. The manometers were connected so that each one measured the 

pressure difference between two successive points. A Heise bourdon 

tube gage (range 0-250 psig; least count 0.5 psi) was connected to 

the plenum chamber and an identical gage connected to the lowest tap 

on the· test section to give a reference for the manometers. The 

pressure lines were arranged so that air could be bled from them. 

The outside wall temperatures along the smaller pipe were 

measured by copper-constantan thermocouples, the copper conductor 

being the copper pipe itself. For the installation of one of these 

thermocouples (see Figure 3) a 0.025 inch diameter hole was drilled 

tangent to the tube radius through the one-eighth-inch pipe wall. 

The 30 AWG c.onstantan wire insulated with Kapton was.inserted and 

the exposed tip soldered flush with the outside wall. This instal-

lation minimized heat conduction along the wire away from the 

thermocouple junction. Kapton insulation was chosen for its excel-

lent abrasion and moisture resistance properties a.nd for its high 

temperature rating. 

A detail of the cooling water thermocouple installation is 

also g:Lven in Figure 3. These them.ocouples are copper-cons tan tan 

with an exposed junction. The leads are sheathed in a one-sixteenth-

inch stainless steel tube, six inches long, and connected to a plug 

terminal. Two, twenty-four-poi.nt recording potentiometers were 
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connected to the twenty-nine cooling water thermocouples, and to a 

thermocouple located in the plenum chamber. An ice bath was used 

as a reference temperature. Before use these instruments were 

calibrated using a standard voltage source. In addition, the wall 

and cooling water thermocouples were checked at three different 

t;;;mperatures for accuracy. The temperatures used for this calibra-

tion check were that of cold water at 60 F, room temperature, and. 

saturated steam near 60 psia. The instrumentation discussed here 

provided a full knowledge of conditions in the test section. 

For measuring film properties two needle contact probes 

mounted in machine screws were fastened one half inch apart on a 

movable rectangular piston as shown in Figure 4. This piston was 

placed in a Plexiglas (methyl methacrylate) mount which was secured 

to the test section. This mount also held in place the micrometer 

(range 0-1 inch; least count 0.0001 inch) which was used for deter-

mining the probe position. Compression springs, though not shown 

in the figure, were placed in front of the piston to hold it firmly 

against the micrometer shaft. Also not shown are four teflon plugs 

which were er,1bedde.d in one side of the piston to reduce the clearance 

between the piston and the rigid Plexiglas mount. This avoided any 

excess motion of the piston as it was moved back and forth by the . 

micrometer. The mount was designed so that the elastic deflection of 

the Plexiglas caused by thrust forces of the micrometer shaft acting 

against the spring forces did not. cause significant err.or in the 

determination of the probe position. 
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Details of the needle probes, seals, and entry ports into the 

small pipe are shown in Figure 5. The probes were made from thirty 

AWG instJlated iron wire sheathed in six-inch long, 0.0425-inch O.D. 

by 0.027·-inch I.D., stainless steel tubes. Each end of the probe 

was sealed with epoxy. The wire at the contact end protruded 

approximately one sixty-fourth of an inch from the epoxy and was 

sharpened to a point. (Most of the data were taken with this type 

probe. Af~erwards a probe with a blunt end was tested and the 

signal characteristics were compared with those of the probe with 

a pointed tip. Results of this comparison are discussed in a later 

section.) The probes were sealed with one-sixteenth-inch NPT packing 

glands with re-usable teflon sealants. These glands were tightened 

just enough to provide an adequate pressure seal and yet permit 

probe movement. The probe tips were placed behind each other with 

respect to the steam flow direction and at the same position relative 

to the pipe wall. 

The instrumentation and the probe circuit employed in obtaining 

film data are shown in Figure 6. The circuit was arranged so that 

the electrical potentials between the two needle probes and the pipe 

wall provided the input signals to the two channels on the oscillo-

scope (Tektronix type 564 storage oscilloscope, dual trace.) The 

potential between the upstream probe and the wall was the input 

signal for the electronic counter (Hewlett-Packard type 5~33L). TI1e 

tr.icroarrmieter was connected to measure the actual current flow in 
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the circuit (i.e.' between the upstream probe and the pipe wall). 

Two D.C. batteries ·were used as the power sources shown on the 

circuit diagram. 

Photographs showing the test facility and a close-up of the 

test section are given in Figures 7 and 8. 

The techniques employed in using the instrumentation described 

above to obtain film and heat transfer data are detailed in the 

following section. 
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IV. EXPEIUMENTAL TECHNIQUE 

Prior.to facility start-up air in the pressure lines was 

eliminated by filling the small pipe with water at 60 psigand 

bleeding the pressure lines. When all the air had been removed, 

each manometer indicated a zero pressure differential, since the 

hydrostatic difference between two taps on the condenser was.· 

equalized by the hydrostatic difference in the pressure lines. 

When this task was completed the plenum chamber was allowed to 

came to atmospheric pressure and the bourdon tube gage zeroed at 

this pressure. At the same time the gage for the lowest pressure 

tap was zeroed and re.adings later adjusted to account for hydro-

static pressure differences. By observing the barometric pressure, 

the absolute pressures in the plenum chamber and at. points a:long 

the condenser could be.determined. 

After the cooling water was made to flow in the annulus 

between the two pipes, the steam was •turned.onwithwater occu-

pying the plenum chai11ber and the condenser tube, The throttling 

valve at the condensate weigh tank was then opened to permit 

release of the water and subsequent flow of the.steam~ Since 

steady state.conditions were required, the facility was operated 

approximately an hour before obtaining any data. 

To vary flow and heat transfer conditions in the .condenser 

and test section, the pressure in the plenum chamber was set. and 

then maintained by the pressure control valve. For each setting 

22 
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of the plenum chamber pressure, several cooling water flow rates 
- . ' . .: .. . ·.. . .... . . \ .. . 

were selected by adjusting the throttling valve at the coolin_g · 
. . . . . . ". . . . ' . . 

water weigh tank. Furthermore, for each water flo~ rate the 

throttLi.ng valve at the condensate weigh tank was mdved. to several 

different positions to give di.fferent ste'am flow. rates. Both. 

the condensate and steam flow rates were determined by theweigh 

tank method. Before the data .for a- giveri set of conditions were 

obtained, :the. plenum cha'liberwas drained of trapped cond.ensate. 

·For the film measureiµeuts, .the needle .probes were. ini:tia,lly 
. ' . 

positioned in the steam co;re and.then t~aversed across the liquid 

film toward the pipe wall~. This movement was accomplished by . 

advancing the micrometer, thereby moving the pistononwhich the. 

probes were mounted. During this process readings for wave vefocity, .. · 

wave frequency,. and relative contact ti,me fo.r each run were takeri··· 

at approximately fifteen differ~nt positions ·of the probes •. At 

each position of the probes iri the film and .also· that po$iti0n · 

at which .the prqhes first tou~hed the pipe wall· the ·micrometer 

. setting was noted. The point at which the probes· touched the wall· 
. . . 

. . was e.asily determined,· since the current flo~ in the ammeter s~ddenly 
increased al).d the signal on the oscilloscope reached that of ground. . .; ... · ·. .•: 

. . . . 

This las.f micrometer reading was subtracted from the readings for 

the previous various probe positions to give the distan.ceshet;ween 

· pt'obe tip and pipe wall. 

· ....... · .. · .. ,. 
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As the probes advanced to~ard.the wall, intermittent contact 

with the wa•ies on the liquid film was made.· Since the electrical 

conductivity.of a liquid is greater than that of its vapor, the 

wave contact with the probe caused a measurable drop in voltage 

between the probes and the wall. .This voltage change during con-

tact could be detected on the oscilloscope and with the electronic 

counter. 

The counter was used to give the w~ve frequency of the upstream 

probe. Each t.irne a wave contacted the hp the voltage between the 

probe and the wall changed and a single count.·was displayed on the 

counter. Counts were averaged over five counting periods of ten 

seconds each, giving frequency in.counts per second. It was noted 

that a:t a .given probe. position .the average for one ten-second pcrfod. 

varied at the most five percent ~rom tlie average for the five pe:tiod~r·· · 

Unfortunately, it was occasionally necessary to replace a probe which 

had short-circuited or had lost.the epoxy seal at the tip. It was 
. . . 

rather difficult to make all probes identical and, therefore, replace-
. . . . ' . 

ments altered the resistivity of thetotal circuit. Since the 

contact frequency depended on the counting level (i.e., the voltage 

change below whH:h the counter would not register) the level was 

arbitrarily set before each run at a voltage midway between that 

whe~~ the probe was in .the gas and when the . probe -tip. ~as continuously 

submerged in the film. This step was taken to reduce dependence of 

wave frequency on probe characteristics. 
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To determine the relative contact time of the waves, the 

microanuneter in the circuit was used. For each run the total 

deflection was taken.as the difference between the two .readings 

on the ammeter, one for which the upstream probe was positioned 

in the steam core and the other for which it was submerged in 

the liquid film. The relative contaet time was taken to be the 

percentage of this total deflection indicatedby the anuneter for 

a given probe position, a procedure used by McManus (2), and Chien 

and Ibele (13) • 

In obtaining wave velocities for a given probe position the 

oscilloscope was set to display and store a single sweep of the 

two probe signals. The traces displayed indicated the voltage 

changes which occurred when a moving wave passed by the two probes. 

1he wave first contacted the upstream probe and a moment l~ter 

the downstream probe. This resulted in a horizontal displacement 

of the two contact signals shown on the screen. By noting this 

displacement and the sweep rate of the oscilloscope the time 

required for a wave to travel the distance between the probes 

could be determined. While obtaining this information on wave 

velocity it was often necessary to display and erase a signal 

several times until a sharp, easily read trace was produced. At 

each probe position, this entire procedure was repeated several 

times in order to obtain the average wave velocity for t.hat point. 

For probe positions below the modal film thickness, the probe signals 

could not be deciphered to give wave velocities. This difficulty 
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is explained by contact hysteresis. At these lower probe positions 

water from a passing wave tended to cling to the probe tip and 

before contact could be b1:oken another wave passed by. 

Several photographs of the oscilloscope patterns were taken 

during the investigation and two are given in Figure 9. Probe 

contact with the waves and the. displacement of these contact signals 

can be easily observed. For this study twenty-four runs, designated 

with.consecutive numbers from thirteen through thirty-six, were made. 

For the first bventy the cooling water was flowing upward (counter-

flow) and for the last four, downward (parallel flow). The results 

are given in a later section. 
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h = 0.0090 (in.) 

h = 0.0040 (in.) 

Figure 9 Oscilloscope Traces for"l'wo Probe Positions 



v. AN ALYS IS OF EXPE RH\'ENTAL DA'J:A 
~-·-·· .. ----

In the analysis of the experimental data obtained in this 

investigation the following assumptions were made about the con-

<lensing flow. 

1. All conditions are time invariant. 

2. Condition.s about the pipe centerline are 

·axisymmetric. 

3. Axial heat conduction effects are negligible. 

4. Body forces are negligible. 

5. The temperature of the steam at the interface 

is the saturation temperature corresponding 

to the local static pressure. 

6. Therrnodynamic and transport prcperties of the 

liquid and gas are those at saturation. 

7. There was no heat transfer to the surroundings. 

8. The measured change in cooling water temperature 

equals the change in the bulk temperature of the 

cooling water. 

The data taken in this investigation generally fall into two 

categories, that for the heat transfer and that for the liquid film. 

In this analysis curves were fitted to the data for static pressure, 

wall temperature, and cooling water temperature a.s a function of 

the axial distance along the condenser and the test section (Appendix 

A). From these curves the local heat flux and the local heat 

28 
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transfer coefficient at the needle probes were determine<l (Appendix 

B). In addition, fitted curves were obtained for the wave frequency 

and the relative contact time from which the mea:n and modal film 

thicknesses were ohtained. .For each thickness the gas and liquid 

flow areas were computed. These areas along with the heat transfer 

information were used in an energy ha.lance to determine the gas 

and liquid mean velocities, flow rates, and several other 1.ocal 

parameters at the probes. These parameters are the gas and liquid 

Reynolds numbers, the superficial gas and liquid Reynolds numbers, 

the film Nusselt number, and the dynamic quality. The details of 

all these calculations are !:)resented in Appendix B and the results 

are given in Tables BII and BIII. 

Finally~ several parametersdescribing the film surface were 

determined. These are the thickness of the continuous liquid 

sublayer, the disturbance layer thickness or wave amplitude, and 

the ratio of the difference between the mean film thickness and 

the sublayer thickness to the wave amplitude. These parameters 

for each run are given in Tab le BIV. 



VI. RESUL'rS AND DISCUSSION 

In this study a large amount of experimental data was obtained 

and many were of a statistical nature. Consequently, all the 

relationships inherent in these data are by no means exhausted in 

this discussion. Rather, several important correlations were 

derived and these are discussed. 

A. Heat Transfer Results 

The typical r.esults of the axial temperature profiles of the 

saturated steam, the outside wall, and the cooling water for ccn-

ditions of counter flow are shotvn in Figure 10. The results are 

similar for conditions of parallel flow except that the slope of 

the axial cooling water temperature variation is reversed. The 

temperature profile of the steam simply reflects the behavior of 

the static pressure since saturation conditions were assumed. 

The slope is negative since the pressure drop from frictional 

losses is greater than the rise from momentum recovery. This 

slope decreases slightly over the condenser length as the difference, 

between these two decreases. Goodykoorttz and Dorsch (9) report 

this effa~ct and actually show a static pressure ris,e near the 

total condensing length. Total condensing was not achieved in 

this investigation, and such a pressure rise v;ras not realized. 

The slope of the·axial cooling water temperature variation for 

30 



. LL 

w a:: 
:.') ·-<{ .er: 
w ·a_. 
5 ""'""" . w 
l--. 

300 .. ·· S.ATUHATED .STEAM · 8UN 26 . 
--0 ...r1 ... · .· .•.. ·· .· .· .... · .... ·. ..• . ·. , .•. , 

-0- ••:-fr-L.J-~~~-u--~ . 
-~rr-n-rr--o-:-~···· ... · ·.·. • · .. ·•··.··.• .. ·. >.··.··.·.· .. ·· .· ... · •..... 

; ' '.- .· . 

OUTSIDE WAL~ ... • .·.· 
260 RUN 26 . 

220 

180 

. COOLING WATER 
RUN 26. 

140 

6("\ -·-· 1-~__L__L_ 1 · ·.· . · l ·• . I . L__L _L _L_ -~·· _._I _.:.· ~-
v 0 I , 2. 3 4 5 · 6 . -:, 8~.,_9~1C:Y~--~ 

L(ft) 
. . 

FIG. 10 TYPICAL :AXIAL TEMPERATURE 



32 

the run shown in the figure actually increases. This incr~ase 

is. less for higher rates of water flow. The experimental data 

for the static pressures and temperatures of the cooling water 

and the outside wall are given in Tables CI through CIII. 

The axial variation of the local heat transfer coefficient 

and the local heat flux is shown in Figure 11. The heat flux, 

which is directly proportional to the slope of the axial cooling 

water ternpe_rature profile (Appendix B), increased over the con-

denser length at a constant rate. Th~ local heat transfer coef-

ficient, influenced strongly by the heat fluxi increased at first 

and then decreased further down the tube. The decrease resulted 

from the increasing thermal resistance across the growing liquid 

film. The maximum heat transfer coefficient for most runs occurred 

about four to six feet from the steam entrance. These results 

are similar to trends observed by Goodykoontz and Dorsch (9). 

The heat transfer.co.efficients at the needle probes, which are 

of special concern in this study, ranged from 2214 to 5401 

(B/hr-ft2-F). 
. . 

All computed values of the local heat transfer 

coefficient and the local heat flux are given in Table BI. 

B. P<:;13ults of Film Measurements 

The experimental data from the measurements of the liquid 

film are given in Table CIV. These measurements were wave contact 

frequency, relative contact time, and wave velocity for various 
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probe positions. ·Typical results of the measurement of relative 

contact time and wave frequency are given in Figures 12 ai1d 13. As 

these two figures indicate, the dynamic quality strongly influenced 

these measurements. Collier and Hewitt (11) show similar results 

for an upward flow of air and water in a one and one-quarter inch 

diameter pipe. However, for the same qualities these investigators 

reported film thicknesses generally greater than those obtained in 

this study. This difference results from several factors. Among 

these are the different pipe diameters, the opposite flow directions, 

and the dissimilarities between air~water flows and condensing 

flows. 

A more relevant comparison would be that of the .present film 

measurements with the prediction of film thickness given by Zivi's 

correlation. Zivi (14) has derived an analytical expression for 

the void fraction of a condensing vapor using the principle of 

minimum entropy production. From this correlation, assuming no 

liquid entrainment~ a characteristic film thickness can be easily 

derived and is given as 

(l) 
1 + 

A comparison of the two measured film thicknesses with th?t 

give11 by Zivi's.correlation is given in Figures 14 and 15. In most 

cases Eq. (1) gives a higher value than either measured value except 

.. 
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at. low·er qualities where the modal film thickness agrees with 

Eq. (1) rather well. 

A comparison of the two measured film thicknesses-is shown 

in Figure 16. In most runs the modal film thickness was higher 

than the mean thickness. This fact contradicts the relation 

between these tw·o for ~l > l~OOO which was suggested by Chien 

and Ibele (13) for an air-water flow. For all twenty-four runs 

made in this study the superficial liquid Reynolds number at 

the probes was above 4000, ranging from 5840 to 19100. Further-

more, no criterion for determining the relative magnitudes of these 

two measurements was indicated by any of the data. 

The wave ve.locity measurements dicl not vary significantly 

over the liquid layer. Roll waves, waves with a crest velocity 

higher than the trough velocity, which are normally present in 

this type of flow, were not detected experimentally. This fact 

is a result of the shape ·of the needle probes. The dimensions 

of the expused, pointed tip were of the same order of magnitude 

as those of the wave amplitude. As the probes moved through the 

film the wave cre3t was probably the first portion of the wave 

to make contact for each probe position. 

C. Correlations 

The film measurements yielded several significant functional 

relationships. First, the thickness of the disturbance layer, the 
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distance between the wave crest and trough, was dependent on the 

dynamic quality. It decreased with increasing quality as shown 

in Figure 17. 

The actual surface of the film appears to be quite random 

in nature. The waves themselves vary in size and shape for a 

given set of conditions. Nevertheless, a statistical wave form 

has been derived which gives some insight into the gas-liquid 

interaction. This fonn is simply a time averaged shape of the 

waves a.nd was determined from the wave frequency, relative con-

tact time, and wave velocity data. A constant velocity equal 

to the average measured wave velocity was assumed over the dis-

turbance layer. The analysis, which gives this statistical 

wave form is detailed in Appendix D and the results are given 

ir1 Tab le DI .• 

The statistical wave fonn as shown ih Figure 18 for several 

runs is very sharply peaked and has a relatively narrow base. 

Certainly an actual wave with such proportions could survive 

only momentarily in a real flow, since it would be broken up 

rapidly by the higher velocity gas. It is, therefore, reasoned 

that the film surface is in a continuous state of transience 

with waves being formed a.nd almost instantly destroyeq. 

An attempt was made to find, by graphical integration, a 

characteristic film thickness from this statistical wave fonn. 

The ordinate 011 the graph~above and below which there was an 
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equal amount of area under the curv.e of the statistical' wave form 

represented this thickness. For the three typical .. stati~tical 

wave forms obtained, this film thickness agreed quite cfosely with 

the experimentalmean film thickness. 

Using the data for relative contact time and wave velocity, 

the liquid mass flow occurring in the waves was obtained by 

numerical integration over the d:i.sturbance layer. The result was .. 

the total amount of liquid which flows l.n the form of identifiable 

waves. For runs where the gas velocity was low, this total plus 

the liquid flow in the sublayer agreed closely with the liquid 

mass flow minus entrainment calculated from the axial energy 

balance. (The sublayer flow was determined by assn.ming a mean 
. . . 

velocity equal to half the average wave velocity~) For runs with 

a high gas velocity; l1owever, only about thirty percent.of the· 

difference between the total liquid mass flow and that accounted 

for by the entrainment correlation cduld be.accounted for in the 

waves and in the sublayer~ ·•.·This ::result suggests the presence of · 

much more. entrainment in •. 1:.he form of spray or mist than the cor-

relation given by Goss (15) predicts•.· This correlation, which was 
. . . I 

used i.n the a~d.al energy balance, was .obtai.ned usin.g an fmpact 

pro,be located a.1; the center of a pipe in which the.re was a co~- . 

densing annular-mist two phase flow. The resulting. entrainm~n:t was 
. . : . . . 

assumed to be constant over. tht:! gaseous core. Since thi.s corre-

lation doe,s not account for such a large portion of entrained 
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. . ' . 

liquid, a radial entrainment gradient is concluded. Probably most;. 

of this liquid ·is a dense spray· near the waves. 

The percentage of the total liquid mass flow which occurs 

in the form of waves and in the continuous liquid sub layer was 

found to be a function of the gas velocity. This functional 

relationship is shoW:n in Figure 19.· 

Most analyses of this type of flow involve the determination 

of the mean gas and liquid velociti_es. Usually, as in the present 

analysis, these are determined frorn an axial energy balance modi~· 

fied somewhat by an entrainment correlation. One of the results 

is a certain amount of liquid flowing with a certain velocity in 

an area defined by a ·char~cteristic film thickness. When the flow 

rate of liquid assumed to be. in the film is too high,.· the result 

is an unreasonably high mean fi,1m vefocity.. Such is the case with 

the liquid velocities determined as described in Appendix B and 

listed in Table BII. . A better approach wou.ld be either to assume• 

the mean liquid velocity t<? .be a certain fracti.on of the wave·· 

velocity, or to modify the entrainment correlation to include· 

entrained liquid in the neighborhood of the waves. 
·;;. 

As this discussion turns to some relationships involving the . ·.;· . . ·- .... 
heat transfer, several .results' are noted. The heat transfer coef..; · · 

ficients whi.c:h are given in Table BI agreed rather well with those· 
:·_ - . : . .. ·. 

· reporJ:ed by Goodykoon,tz and. D~rsch (9). Another r.esult W?-S that 

the film :Nusselt n~mber, based on the -mean f:tlm thickness .at the 

,··. ···- .. · .... 
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location of the probes' waS' found tO 

paramet.er 6(p1 /p8}. This ~orrei.ation is shown in ~·igure. 20. 

While the heat J.ransfet coeffic:Lent inc:reased with this 

an opposite trend for the filmNusselt (Nu= ho/k1 ) was 

.. This wa:s because the film decreased at a faster rate than 

transfer coefficient fncreaseii >for increasing 6(pl/pg)• . 

D. ExperimentalError 

Several fact:ors in the experimental procedures and.in the 

analysis give rise to some·uncerta.inty in the results. The wall 
' ' . ' 

temperature measurements froill the test section, which aregiv~n 

in Table CII, were somewhat scattered. This scatter; negligible 

for low water flow rates, was coris.ide:rable at the higher· 

water. flow rates. Much of this scatter is attributed. to. the 

entrance/exit eff.ects whiclfreduced the a.xisymmetry of the 

flow. For counter flmef. conditions. the cool water entering. 

condenser through.a three-quarter inch pipe 

the o!le wallthe!'mocol.lple located below the needle probe. 
. . ' . . 

temperature was considerably lower than that m~asure,d. Ju$t 

the. rieedle probes. For parallel flow conditions 

test section was less than for counter fl9w, but 
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flow pattern of the water leaving the test section. Of lesser impor-

tance, the rather low wall temp~rature at_ the top of the ~ondenser 

for parallel flow conditions also resulted from impingement of cool 

water on the thermocouple. Another possible factor in the scatter of 

these data was the uneven surface conditions resulting from fouling. 

The uncertainty whiChwas of any importance lay· in the determina-

tion of.the wall temperature at the probes. In_ the analysis; th~ wall 

temperatur<:- was -determined from the curve fit in which the- lowest wall- -

temperature measured in the test section arid ·the high~st en the con-

denser were weighted lightly. -

As mentioned in a previous section, a blunt needle probe was _ . . .· 

tested. Better signal ~haracteristics (less_ contact hysteres;i.s) and 

a sharper tetminat_ion of frequency as the_, probe nea_red the wall were 

the' results. The probe with the pointed tip did not in all cases give 

a freqUE~ncy which.went. to ~ero as the probe touched_ the continuous 

liquid sublayer. The con'.tact cifea On the tip itself fluctuated ~s 

-_waves. passed' -- eveii wheri. the 'point- was continuously submerged.: - The-_ 

-resulting v~ltage_ ~iuctuatioh~ continu~d. to -trigger the counter. -__ Sonie 

unci:rtainty~ thetefore, ·arose in the determination of the -liquid sub-

layer _thickness. Both types of probes, however, gave id,eµ ti cal results -

over most of the liquid lay-er. 



VIL CONCLUSIONS 

The film surface in·aconden.sing flow appears to consist 

not only of distinct waves, but of a dense spray. The flow of 

this loose spray may amount to as much as seventy percent of 

the total liquid mass flow rate for high gas velocities. 

The time averaged form of the waves has a_ long narrow peak; 

a form of w.ave which is rather short-lived. This indicates that 

the waves are constantly being formed and subsequently destroyed 

by the high speed gas. 

The presence of spray in a condensing flow appears to be 

more prominent than for an air-water flow where the liquid and 

gas flow rates are constant over the flow length. 

The local Nusselt number, based on the mean film thickness, 

correlated with the mass parameter 8(p1/p). . . . g 

Further investigation of the wave velocities with a blunt 

probe, or even an impact probe, would yield fruitful results. 

More accurate liquid mass flow rates could be determined for 

the liquid layer. In addition, an analytical model involving 

an experimentally determined density profile could be employed 

to give a more accurate prediction of two-phase flows of this 

type. 
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IX. APPENDICES 

:"' .. ·.,. 



Calculation of Polynomials for Least Squares 

Fit of Experimental Data 

All of the calculations described below which involve fitting 

curves to the data were performed on an IBM 360, Model 50/65 

digital computer, A library of scientific subroutines given in 

Reference (16) and available to the computer was employed several 

times in these calculations. 

By using the method of least squares, a general polynomial was 

obtained which fit a given set of experimental data which consisted 

of argument and con:espondi'ng function values. This polynomial was 

formed from a series of Chebyshev polynomials and may be represented> 

by 
n 

P(x) = 1: · a1Ti (x) 
i==o 

(Al) 

where Ti(x) is a Chebyshev polynomial of the order i and n is the 

order of P(x). The first two polynomials are 

T0 (x) = 1 

Tl (x) = x 

The. successive polynomials can be obtained from the recursion 

formula, 

Ti(x) = 2xTi-1 (x) - Ti_2 (x) 
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These Chebyshev polynomials were ideal source functions for fitting 

experimental data because they possess the property of equal distri-

bution of error. ·A more detailed discussion of the application of 

these polynomials is given in Reference (17). 

For each run five sets of data were fitted with smooth curves. 

These sets a.re the static pressure,.the wall temperature, and the 

cooling water temperature as a function of the axial position; wave 

frequency as a function of the common logarithm of the probe posi-

tion; and the contrnon logarithm of tfie probe position as a function 

of the relative contact time. For this last curve the relative 

contact time was used as the argument since the probe position at· 

fifty perc.ent relative contact time could be obtained directly from 

the curve fit. Using the logarithm of the probe position here 

gives a better graphic indication of the dependence of the wave 

frequency and relative contact time on the probe position. This 

practice is common in the literature (11}, (12). 

The computer subroutines APCH and APFS of Reference (16) were 

employed to calculate the values of ai, (i = o,n). These coeffi-

cients for the different sets of data are listed in Tables AI 

through AV. The number of coefficients listed i.n the tables, (n+l), 

is the number of Chebyshev polynomials used to obtain P(~). · 

Since the use of Chebyshev polynomials for this purpose 

requires arguments in the range (-1, +l), all arguments in the inpt\4 

data were normalized in the above subroutines. Therefore, in 
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c;;t.lculating the smoothed function values from P(x) for a certain 

set of data the following procedure was used. The input argument 

x' (i.e., Lor log10h) was transformed by the relation 

x = x' ~ + ~ (A2) 

where ~ and x0 are the normalization constants given also in 

Tables AI through AV. ',fhis value of x and the polynomial coeffi-

cients were then substituted into the expression for P(x) to give 

the desired. function value. 

The following is an example of the above calculation using 

the tables. 

Example: Calculation of the cooling water temperature at 

L = 5.5 ft for Run 20. 

From Table Al for Run 20 

XU = .177 

~ = -1.00 

ao = 85.57 . 

al = -19.09 

22 -· -1.68 

•rransformi:n.g L gives 

x=L~+~ 

= (5.5) (.177) - 1.00 

= .0265 



Then, 

57 

P(x) = a0 T0 (x) + a 1T1(x) + a2T2(x) 

85.57 19.09x ~ 1.68(2x2~1) 

85.57 + .51 + 1.68 

- 87.76 (F) 

Calculations such as this one were performed on the computer 

by subroutine CNPS of. Reference (16). 
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TABLE AI 

Coefficien.ts of Chebyshev Polynomials and Normalization Constants 

· fbr teast S<:n1ares F.it of Cooling Water Temperature vs. Length 
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TABLE AII 

Coefficients of Chebyshev Polynomials and Normalization Constants 

for Least Squares Fit of Wall Temperature vs. Length 

Run ao al a2 a3 ~ XO -- -·---
13 242.21 -17.92 -12.65 -3.59 .176 -1.00 
14 237. 72 -22.80 . -16. 68 -5 .L•3 I 
15 236.69 .;.27.23 -17.80 -6.14 

! 16 2L•3 .40 -13 .15 -12.68 -3.49 
17 242.78 -18.86 -12.32 -4.03 I 
18 243.43 -26.20 -17.78 -4.44 
19 257.42 -17.61 -10.32 - • 72 V• 
20 258 .11 -17.16 -11. 57 .87 \0 -
21 260.32 -21.53 -12.18 -3.69 
22 250. 52 -23.78 -15.99 -2.93 
23 269.60 -13 .10 - 6.75 -1.10 
24 272.93 -12.16 - 6 .OS - .99 
25 273.51 -12.36 - 6.60 - .82 
26 "273.20 -10.31 - 2.34 - .64 
27 273.21 -10. 29 - 2.33 - .18 
28 275.01 -10. 62 - 2.87 - .79 
29 244.17 -17.13 -12 .81 -2.52 
30 245.39 -18.06 -13.67 -2. SL~ 
31 2l>6. 63 --18.66 -13.96 -3.13 
32 246.21 -21.44 -15.55 -4.67 
33 243.07 - 6.37 - 7.39 . 5.41 l 34 268.26 - 5.44 - 2. 77 2. 36. 
35 275.32 - 4.12 • 20 • 27 
36 242.71 - 5.99 - 9.44 6.23 



Run· 

13 
14 
15 .· 
lp 
17 
18.··.· 
19 
20 
21 
22. 
23 
24 
25 .· 
26. 
27 
28 
.29 
30 
31 
32 
33 
34 
3) 
36 

TABLE AIII 

Coef:f;icients of Chebyshev Polynomials .and Normalization Constants 

.!~4. 54 
.· [i:9. 39. 

51.12 
45 .{> 7 
45.13 

. 49. 97 
:t.;}.65 
lf8.89 
53.21 
[i.9. 77 
S,2.79 

.··; .57 ~44 •. 
58.67 
54.30 
.54.98 
.5~.64 

;.46~ 71 
49.10 

; 5Ll7·· 
. 5,4.28 
45.64 

·. 53.88 
53.33 
46.96 

for Le.ast Squares Eit of Pressure vs. Length ,/ 

al a2 a3 x 
_ _ll_· . 

-4.79 • 820 .152 .176 
-2.05 ~627 .89l~ 

..;l.34 .507 -.039 

..;4.68 • 747 
.. 

. • 0.96 
-4~16 . .674 .096 
-1.90 .515 .088 
..;3. 98 .316. .136 ... 
..;.3, 69 .326 .; :Q-81 
-2.36 ~324 .81$8 

- -1.11 '.200.· .070 
-3.87 .196 .041 
-2 .• 63 .20.l ; .079 
-2.30 .167 ~027 
.-3.73 .097 .• 016 
-2.46 .123 .046 
..:i.70 .. • 051· .03.8 
-4.73 .867 ,106 
.. 4.16 .843 .103 
-3.·27 .740 ·.o96. 
-2 •. 35 .700 .jQ82 
-4.03 • 746 ·.oso . 
-3.71 .260 .-038 
-3.50 .160 -.011 
-3.68 .ns .077 

-LOO 

·a..· 
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TABLE AIV 

Coe-,fficients of Chebyshev Polynomials and Normalization Constants 

:for Least Squares Fit of Log10h vs. Relative Contact Time 

Run ao a.1 a2 a3 ~ XO ---- --·- ---
13 -2.78 -.666 .146 -. ll5 .020 -1.00 
14 -2.36 -.842 .041 -.033 .020 -1.00 
15 -1.91 -.583 .075 -.069 .022 -1.07 
16 -2.96 -.734 .102 -.138 .020 -1.04 
17 -2.95 -.764 .055 -.137 .020 -1.04 
18 -2.27 -.700 .081 -.131 .020 -1.00 
19 -3.02 -.661 .134 -.164 .020 -1.00 ·O"I 
20 -2.96 -.724 .120 -.087 .021 -1.ll I""' 

21 -2.75 -.797 .076 -.123 .020 -1.00 
22 -2.43 -.852 .043 -.187 

I 23 -3.09 -.621 .163 -.208 
24 -2.96 -.677 .133 -.224 
25 -2.83 -.738 .126 - .170 
26 -3.08 -.554 .193 -.164 
27 -3.12 -.702 .230 -.273 
28 -2.96 -.919 .070 -.201 
29 -2.32 -. 772 .159 - • l.28 I 
30 -2.82 -.897 .079 -.094 

I 31 -2.73 -.909 .063 -.120 
32 -2.47 -.936 .018 -~132 
33 -2.83 -.822 .132 -.106 

1 
34 -3.05 -.752 .072 -.104 
35 -3.29 -.608 .171+ -.319 
36 -2.82 -.935 .128 -.133 v 



TABLE AV 

Coefficl.ents of Chebyshev Polynomials and Normalization Constants 

for Least Squares Fit of Wave Contact Frequency vs. Log10h 

Run ao al a2 a3 al~ as a6 ~ XO ---
13 67.10 30.33 -113. 72 -15.50 52.12 -11.35 1.27 3.33 
14 46.12 16.59 - 50061 -16.42 7.61 .43 1.13 2.65 
15 30.52 24.98 - 21.17 - 5.38 - 2.03 .97 1.53 2.76 
16 68.90 19.35 - 67.49 -27.91 36.67 9.55 -29.78 • 99 2.94 
li 72.19 16.33 - 82.78 .,zo.so 28.18 7.20 - 8.87 • 99 2.95 
18 44.34 1.29 - 52.54 .98 9.61 .50 3.10 1.17 2.51 
19 107~93 17.94 -131.31 -33.52 63.13 16.98 -32.01 1.02 3.09 0\ 
20 88.86 18.31 -102. 75 -35.04 50.44 lL.72 -32.l+l 1.02 3.06 N-

21 87.68 4.50 - ·96 .40 - 9.68 29.27 11.41 - 6.74 1.02 2.76 
22 52. 5l~ 1.67 - 38.84 -20.60 3.24 13.68 - 7.17 .84 2.11 
Z3 68.59 3.65 -103.19 .23 60.93 - 9.88 -25.89 1.03 3,14 
24 82.39 - 1.90 - 96.25 -12. 60 51.81 8.05 -30.22 .94 2.74 
25 81.90 - 2o04 -100.94 .36 42.07 -10.44 -14. 56 1.04 2.84 
26 84079 -42.94 - 97009 52.38 17.64 -30 .L,9 18.26 1.31 3o83 
27 119.91 -55.99 - 98.91 30.97 47.07 -26.02 - 9.20 .94 2.78 
28. 144.17 -41.34 -134.09 .58 69082 -42.73 15.45 .89 2. SL~ 
29 72.06 -47.50 - 52.35 17.98 18.51 - 9.08 2.00 1.01 2.73 
30 83.48 -37.52 - 6l.89 - 3.08 19 .98 .50 .93 .86 2.50 
31 93.52 -40.17 - 67.56 .26 17.51 - 1.26 2.81 .96 2.56 
32 66.96 - 6.89 - 71.58 - 6.63 19 .82 .60 1.65 .93 2.27 
33 77 .68 -49.83 - 47.19 11.56 11.96 - 3.12 1.14 1.02 2.79 
34 42.20 -26.38 - 25.56 9.55 3.96 .64 - 1.87 1.07 3.27 
35 23.67 .22 - 43.58 3.78 30.68 -25.54 12.24 1.05 3.20 
36 88.76 -39.31 - 67.43 - 4.84 27.00 - 3.69 1.07 .84 2.35 
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· ·Appendix B . 

Reduction of Experimental·Data 

The local heat fli.ix based on the inside area of the pipe is 

calculated from a radial energy balance 

.w c 
q - cw . p,cw 

JI D~ 
. ]. 

dT cw 
dL 

., (Bl) 

where c is the specific heat for water at 100 F and 14.7. psia. 
P:1CW· 

... :;~ .: 

1'he term dT / dL represents the slope of the curve that was fit to cw 
the experimental data for T as a function of L. Discrete points/·' cw 
taken at regular argumeiit intervals froin this smooth curve were 

transferred to the subroutine DGT3 (16) which calculated the slope~·.: 

using an interp-0lating.polynomial. 

The·local heat transfer coefficient is defined as 

h = cl (B2) 

The inside wall temperature, T. , in (B2) is obtained from the 
. .· .. ·· l.W 

equation for radial h_eat conductibn throu$h the tube wall, 

T. 
l.W 

(B3) 

The valu,e of k is 217 (B/hr-:-ft;-F), which is the thermal .ccinductiv- . . cu. 
ity of copper at.280 F. This is a characteristic temperature.of the 

copper pipe for.the·data taken. 

63 . .>. 
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The rate of total heat removed from the steam between the 

entrance and the needle·probes is 

Q~ "'"· W . c 6.T ... cw p,cw . cw (B4) 

where &T is the tem.perature ·drop of the cooling ·water ~etween. cw 
these two locations. 

The mean and the modal film thicknesses were each .us.ed. to . 

calculate the gas. and liquid flow areas. These are given as 

A = TI(D. ·g l. 

2 20) /576 

' . 

(B5) 

.(B6) 

where o represents. the respective value of film thickness used. 

In the·calculatiou of mean gas and liquid velocities the 

following axial. enE!.;rgy balance was employed~ 

(B7) 

Equation (B7) assumes that the entra,inedparticles movewith a 

velocity th,it is nine.ty percent of the gas velocity. · The entrain-

ment flow rate, We, in: {B'7) is ·calculated' from an en~rai.nment 

.correlation given by Goss (15) whicQ. is expressed in parametric 

form. as 



where 

K .· ==i· 

bl 

b2 = 1.137108 

b3 == .... 2.246491 

b 4 =~ 794254 

These equations (B7) 4nd (:S8) were solved iterativelyb~ the 

following process. 

1. e was initialized at a low value; .10. 

2. Usil;l.g this val11e of e, Eq. (B8.i) was solved for s. 

Since 0 < s < Ii,· a unique sol~tion existed. 

3. x was obtained from Eq. (B8b) usin,g 
' -· ·._ ,._· .. '·. :.:·,_._·)' - . 

e and s from.steps i and 2. 

4. The follo:wirig calcul(l.tions were 
• ' ', .. 1 . ' • - ' • 

obtain 1.ocal flow rates and velocities. 

W =OW .. g .· .. •· t: 
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5. At this point all quantities in Eq. (B7) had been 

determined. These values were then substituted into 

(B7). If the expression on the left of the equal sign 

was negative, e was increased by .1 and the above 

steps were repeated. This process was continued until 

the expression in (B7) became positive, a.t which time 

e was decreased successively by .01 until a sign 

change in the expression occurred again. As before, 

8 was then increased, but this time by .001 and when 

the sign of the expression in (B7) changed a fourth 

time the procedure stopped. The most recent values 

calculated in step 4 and the most recent value of El 

(to the nearest .001) were taken as the solution. 

Th~ remaini.ng parameters calculated were the following. 

L The gas Reynolds number 

p V (D-2o) 
i) = _-g_~----
'-~eg 12 µ 

g 
(B9)_ 

2. The liquid Reynolds number 

(BlO) 

3. The superficial gas Reynolds number 

4W = __ _g_ 
'iTD.µ 

l. g 
(Bll) 
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(~. · The superficial liquid .E.e)rnolds number 

(B12) 

5. The film. Nusselt number 

(Bl3) 

It; should be noted that o represents in Eqs. (B9)', (BlO), and 

(Bl3) the film thi(.kness used, modiil. or mean. The viscosities 

were obtained from a correlation given by Bruges, Latto,and Ray 

(18). The densities and the thermal conductivity of the water in'> 

the liquid film were taken.from Reference (19). 
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·: · · ·.7.. ···· :<~- .. ·.• .. 11 .. _·77•·.·• .. o.·6 ·:_·•.·.93.··_••.>< ........ ·.· .... · ·· < · 1000 .. · ·· ·a st3d ·· .·· 
... 9 · · · .··. 1s:1:~6 y ·44'io. . ·· 
10 is 1 • o · · 3licf 

192 .'6 ::" 2-~~:Q' 
,.,.· 

, . 

. 22 
···-:3f 
·:46 

27 . 2i. 
·>2s 

24 
21 

. . 21 
22. 

. 24 
··~o 
44 
56 
78 

....................... ·. . :·-' : ·< . 

.. , .,: •'· 

.·' .·: · .. ··· 18~.5· .. 
······.194.9' 

......... 

121.0·· .. , 
. 12'7.~1-··. 
134~4 

.14·1.2 .. 
14'7.9· .•.... 
15.4.6 ... 

·' . 161.4 
... :·.168.1 . 

174.8 
._18i~5 
. 188~3 . 
. 198;4 

·.,:. 
'.·· ,·, 

Run 14 ·.·-· 

. ··.·. (B/hr~~t2~F): · A'I'.f' 
.· {F). • 

. Run 16 

. 29' . 
·. 28... .~· .... 

. 22. 
' 23 
···20.·:···_.·.·. 
. :f9 

19 
-: '. -.2~2 

. 27 
·, .•. 35 

: 49~ .·. 69. 

4<;J70. 24· 
5720 : .. ·. 23 

··•·6850 ... : ::19. 
· s42a···· · 1i 

. '10400 . . . .· ' •.· , 15. 
i23a(Y :12 . 

. - .. ·-'' 13$90 ):2:. ' 
,, l2560' 13- . 

10300 17 • ..· 
·i. 7220 . ,. 23 > ' ... ·. t:i~~ ;; • ..... · ... ·.· . ' ~} .. 

..'J 

\ .. 

:~:.' 



.. ff,• .. 

- '·::~< 
· ...• >3· .. 
··< .. · .. ·1~: 

:? .. ' 

~" " 

~.t6_ '·.. <': 

"'" -
">7 '.'• 

. 8. 
. ··9 -
10 -
ll.05 . 

'"\ . .': .,-.i;··· .,, . . <·~~·: .,'.' 
. ''.· 

. . ~ .. ~:. 

". '.· 

.· .··. 70~9· -
:1· ·1·· ... -... 1···· .... -. 

83~>2 
. . _ 89 •. 3. 

. >-95.~5: 

·:,·· .·. 

·101 •. 6 ,., ... lo7.s.• - -·· 
·. li3.9 

.·120.0 
::.: ·i~, 6 ·~ .. 2::.: .. ' .' 
13_2-~-3. 

· :·~ ...... ·13a,.·s: 

•. ,·. 
. ... -. 

.. TABLE BI (continued) · ... •:''\ ,· . 

-- · -¥-eat Trana·f ~r Resu1 ts 
; .. ,.." .• . ., 

.Ruri 17- ·. .........~ .. -. ~~ ... -_-3 _____ ~·--~'~R=u~n.;;_:1~8'--........ ,....__.,,·~·~-.----·A~ 
q x .10 ·.. . .·- . . h -~~f 6.T - -. 

· .. - 'f. -
. : "(B/hr~ft2) (~/hr~~t2~F)• ·. (F} 
.. - 132 • 4 / . . 5 94Q -- . ·' . ; 22 : . 

·· zz' . i31~1· - 6azb ·20. 

· ·.cE-1 . 
\: ..... ~·,·.-

·' ;19 ·. · · _ 14i . 8 _ . · ·-· .. · .. ·.·.·.
1

·_: .... 9a1· ... -_ •. ~1. __ · __ -._-.·.4~·.····-·-o~···_._.-•.. _-." .. -·. ·. lt · .. 11 · · 146.s . is: 

··.· ·- :.;~:-_'.!~~.:.· : ·-· .· - i:~j:f . 12790 ' ' .•• '~~': 
' . '.;i~ . ' .. i~~:'~ . . . . l~~gg· ' i~ 

'.- .17 - . 1;69'.:'.·~ .·. .... . .· .. -. 7160 ... _ ··3235•_~ ..... :-- . ' . 
24··· . . . -17]?•.;J> 5121· ' 

·-_···43'83 ___ · ___ · - ..... - '. .11_··874~·-.·_·_21 .. -_' ___ ·_ ._-_.· . . ... - --•.3.'980· .·.·_. . '·49 -... :·.· 
. ·'.' .. :· .· , ...... : 

>2~60 .. : , -.. ·· ' .. - 69 

.Ruii 19- . · - · -. . - .Run 20:• 
4710 · - ·· '' 15 ·: '\ :i · 70~0 .. ,-,. · ' . 38SO · · '" 

· /:: 6.a4'o' ll . · ·-·13.4 .. · .51so 
·10.no~, - · 8 --- 19 8 _. 8750 

< 146:60 -·.. . . . . 9 . -- .· 86-:2 '• .. ·.. -132~0 . 
1929-0 :, •. 5 < 92.6 '· 18610' 
20630 .. ·.. 5 ' . 99 .• 8 . . 20940. ; 
11s80 . '6 ·· : 1o:S.:A< .... - isooo ·.-.··· 

. iJ:focj ,. . > 8 .. • - 111. 9' - 13.140 . 
• 9440 lZ .::118~3 - 9240. -

6880 l - · · ·,,-'.; 4 f · :66io> > 

.... : : .......... . ' 

17 
13 
10 -.·. 

. .... · .. ··:-::· 7"···' s·< 

· ..... ·:· .' 

··.::, •. 5········· 
6 

:a· 
.. -13 

. '19: .-. 
27 · . 

. ;37' 

· .... · 

•.•· .. J!~~ ·.· · .. ·. . ·. ~h~t~.( . ii~l •· .. · ~:~g 
;. ·. :·'<· ..... ~; :.· .... ·'<:·· . 

_, .- ....... ·.:.:: , :·;·~.~:;_.,:·:.·: ·.~ ' . ·<:-. ;;,,.:_·'. 
. . ;~ : ... ·'' ; ... ;. ~ .> .. :·::.. " . . '.: . 

·.'· ... · . .',·:. :·. ;'.· :' 

: ". 

' .. ·' .·.-· 

i"' . 

·.' . 

·,, ~ .. 

.i 

"'.,;:,-: 

; .~' 



TABLE BI (continued) 

Heat Transfer R~sults 

-.-· -·- Run 2i .Run .22 

L -3 h 10.:.~ q x 10 tiTf q x h ATf .· 
2 •· c 2 . 2 . c 2 . 

..{ft) (B/hr··ft A) (B/hr...:ft ""-F) (F) (B/hr·-ft ). (B/hr:-f t. -F) (F) ----0 71.9 6090 .12 65.5 3.5;.>o 18 
1 78.0 6810 11 71.6 4630 15 
2. 84.2. 81.30 11 .77. 7 6160 13 
3. 90.3 10040 9 83.8 8120 10 
4 96.5 12300 8 90.0 10020 9 
5 102 .-6 .13840 7 96.1 10710 9 
6 108 .7 13260 8 102.2 9550 10 
7 114.9 10750 11 108.3 7440 14 
8 121.0' 7880 15 114-. 4 . 5460 21 
9 127 .1 '5590 23 120.6 .3990 31 

10' 133.3 4000 32 126 •. 7 2960 43. .. 
11.0.s 139.7 2890. 57 133 .• 1 2210 60 

··.- Run 23 Run 24 
---'--

0 6L8 64QO··• 10 62.5 6290 10 
1 64.5 8050 8 65.0 7330 8 
2. ·67.3 10310 '6 67.5 8530 8 
3 70.0· 13140 6 70.0 9730 7 

·4 72~7 15850 5 72.5 10550 7 
5 75.4 -.•. 16980 5 74.9 ·10580 7 
6 78.1. 15460 5 77 ~lf 9720 8 
7 80.8. .12320 6 7.9. 9 8270 10 
8 "83.5 9160 .. 9 82.4 6680 12 
9 86.3 . 6690 f3 84.9 5280 16 

lO 89.0 4940 is 87.4 4140 22 
.n.os 91.8 .· .. 

3670 .25/ . 90.Q . 323Q 28 



'TABLE BI (continued) 

Heat Transfer Results 

·Run 25 Run 26 
L ·-3 h .ilTf 10-3 h f:ITf q x 10 q x ·,J.. 

~B/hr~~t2-F) 
c 2 2 (B/~ir.:.f t 2.:.F) (ft) (B/hr-ft ) ·Jn .. . (B/hr.::_ft } (F) 

0 62.6 5530 11 36.0 4880 8 
1 65.3 6770 9 4LO 5480 8 
2 61;9 8200 8 46.2 6160 7 
3 70.6 9590 ., 51.2 6843. 7 I 

4 73.2 10500 7 56.3 7480 7 
s 75.9 10500 7 61.4 7940 8 
6 78.5 9520 8 66.5 8140 8 
7 81.2 8010 10 71.-6 8020 9 
8 83.8 6440· 13 76.7 7601 10 .....; 

9 86.5 5090 17 81.8 6960 12 I-' 

10 89.l 4020 22 86.9 6210 14 
11.05 9L9 3i7o 29 92.3 5L,Ol 17 

Run 27 Run 28 
0 41.5 6040 7 41.8 5320 8 
1 46.l 6850 6 46.4 5550 9 
2 so. 7 7520 7 51.0 5840 8 
3 55.3 7960 7 55.6 6140 9 
4 59.9 8120 8 60.2 6380 10 
5 64.4 8020 8 64.8 6480 10 
6 69.0 7680 9 69 .4 .. 6400 11 
7 73.6 7180 10 74~0 6120 12 
8 78.2 6590 12 78.6 5680 13 
9 82.8 5980 14 83.2 5140 16 

10 87.4 5380 16 87.8 4560 20 
11.05 92.2 4800 20 92.7 3960 23 



L 

(ft) 
0 
1 
2 
3 
L~ 

.5 
6 

.. 7 
8 

···.·9.··· 
' 10 
. 11.05 

·· >1~.os 

·.· ·.·. 3 
.. q }C 10-

(B/h:r:~ft2) 
180. 5 . 
182.0 
183.'5 

.·. 18.5.0 . 
186.5 .. 
188.0 
.189 .• 5 

.191.0 
192.~5 
19.'.L9 
195-,4 

'• 197 .o 

201.3 
. 200. l 

199 .o ' 
197.8 
196.7 
195 •. 6 

. 194.4 ... 
193~3. 

192.l 
191~0··· 

].89 •. 9 
:.188.7 

. R.un 29 

·.TABLE BI· (continued) 

Hi;:at Transfer Results 

Run 30 
~·-·.; .. ~· ------~- ---~---

'.h . .· c· .· 
. (~/hJ:::...:ft2~~) 

·7060 
8320 

10060 
•,. :1,2320 
·.1M370 
·16800 

16780 
' 14400 

', 11110 
'·.. 8090 

5840.· 
.4190' 

(F). 
',26 

22 
19, 
15 
13. 
11 
11 
13 ' 
l.7 

'24 
34' 
48 

25 
,, .22 

19 '' 
16 
14 
13 
13 
16 
2:1 

'29 
39 
55 

q x 10-3 

·(B/hr-ft2) 
1:85 .o 
fss.8 
186. 7 

187.5' 
188.3 
189.1 
18.9 .9 
190. 7 
191. 5. 
192 .\$' ,·• '' 
193~ l 
193. 9 

198;0 
198.4 

' .198. 9' 
'199 .• 3 ' 
199. 7 
200.2 
200.6 
201.0 
201. 5 . 

· ZOl.9 
·2di.3 ' 
2"<,) ·3 

.-~ftt·-" 

h 
' c 2 

(B/hr-ft -F) 
7050 
8300 
9990 

12100 
··14310 

' '1569.0 
15190 
128.20 

9800 
7170 
5210 
3710 

Rurt 32'·· 
7920 
8380. 
9260 

10510 ' 
11900 
,12840' 

' 12550 
10820 
8380 
6130 

' 4400 
3140 

!::.!£ 
(F) 
':2'6 
23 
18 
16 ' 
13 
13 
12 
15 

.20· 
27 
37 .· 
52 .·· 

25 
24 
22 
19 
16 
16 
16 
19 

·.24. 
33 
46 
64 



,,. 

TABLE BI (continued) 

Heat Transfer Results 

Run 33 Run 34 

L q x 10<3 h llT,, q x l0-3 h L.\Tf 

(B /li.r-ft 2) 
c J. 

(B/hr..;.ft2) 
c 2 (ft) .. (13/h:t-ft2 ..;.F) (F) . (B/hr:ft -F) (F) 

0 213.8 3390 SL1c 115.4 4380 26 
1 208.9 5020 L•2 113.4 5240 21 
2 204.1 6020 34 111.4 59L1-2 19 
3 199.2 6680 29 109.4 6310 17 
4 194.I;. 6790 28 107.3 6280 17 
5 189.5 6390 30 105.3 5.940. 18 
6 184. 7 5740 32 103.3 5450 19 
7 179.8 5060 35 101.3 4950 20 -...]. 

8 175.0 4490 39 99.3 4520 22 w 
9 170.1 4060 42 97~~2 4200 23 . 

10 165.3 3800 43 95.2 4020 25. 
11.05 160.2 3710 43 93.1 4000 23 

Run 35 ·Run 36 -
0 . 107.2. 6500 17 197 .4 . 3420 58 
1 101.6 6360 16 194.2 4460 43 
2 96.0 6140 16 191.0 5560 34 
3 90.4 5870 15 187.8 6380 30 
4. 84.9 5560 15 184.6 6610 28 
5 79.3 5220 15 181.4 6240 29 
6 73.7 Li-870 15 178.2 5550 32 
7 68.l 4530 15 175.0 4850 36 
8 62.5 4200 15 171.8 L:.250 40 
9 56.9. 3880 15 168.6 3820 L+4 

·10 51.3 3590 14 165.3 3550 47 
ll.05 45~4 3310 14 162.0 3470 47 



I. 

TABLE BII 

Summary of Flow Parameters 

Wcw wt w W1 R~ x 10-3 R' x io·'.3 
g 6 g el 

Run (lhmlhE2.. (lbm/hsl ~lbm/hr2 (lbm/hr2 

13 llL,JO 682 301 357 .44 191. 5 llJ .. 46 
14 11430 530 154 352 .29 96. 7 11+.91 · 
15. i1560 468 86 358 .18 53.8 15.33 .. 
16 10~.70 .673 308 342 ;46 195.7 13 .93 
17 10470 638 272 343 .42 172.7 13.99 
18 10480 51.5 ·145 346 .28 90.9 14. 71 
19 6080 185 342 226 . 58 216.2 9.33 
20 5840 531 294 221 .55 185.0 9.25 ". 2.1 . 5840 476 229 232 .48 142.4 9.99 +:" 

22 5840. 343 111 218 .32 69.3 9~26 

23 2920 548 370 164 .67 231.5 6.99 
2L~ 2900 484 305 165 \ • 63 188. 9. 7.27 
25 2900 l~47 266 168 .59 163.9 7.46 
.26/ 1180 . 530 381 136 .72 237.7 5.84 
27 1160 430 274 144 • 64 170.4 6.27 
28 1250 387 228 147 .59 140.9 6. 52 
29 11710 723 287 409 .40 181.8 ·16.79 
30 11710 706 266 412 .38 167.6 17.24 
31 11710 667 213 426 .32 133.2 18.10 
32 11710 610 140 440 .23 .87. 2 19 .10 
33 12000 702 269 ·405 .38 170.9 16.59 
34 3750 594 351 226 • 59 219.0 9.69 
35 1500 550 372 i63 .68 231.8 7.06 
36 12000 692 276 390 .40 174.5 16.13 
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TABLE BII (continued) 

Summary of Flott Parameters 

Run 

13 
lf+ 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

v 94': 
er 
I:> 

(ft/"~ 

283 
126 

70 
282 
250 

· 118 
297 
248 
174 
89 

290 
216 
183 
290 
201 
156 
157 
224 
170 
105 
244 
270 
277 
2t+l 

v *·* g 
(ft/sec) 

285 
.129 

75 
282 

·250 
119 
298 
248 
174 
90 

291 
216 
184 
290 
202 
1.56 
1.57 
224 
170 
105 
244 
268 
277 
241 

* - Calculated using mean film thickness 

-I>* - Calculated using modal film thickness 

v * . 1 
(ft/sec) 

88.0 
26.4 
10 .• 7 

114.4 
99.3 
23.0 
95.0 
73 .8 
.45.6 
19.2 
85.1 
60.8 
44.8 
75.0 
79.0 
46 .L~ 

114.5 
95.7 
78.4 
40.4 

107 .6 
87.2 

106.3 
102.4 

v **· 1 
_{ft/sec) 

41.6 
14.7 
4.8 

79.3 
79.7 
14.5 
58.8 
57.8 
34.2 
11.4 
54.0 
38.7 
28.0 
63.2' 
53.4 
48.6 

1Q6.5 
96 .• 0 ... 
7013 
36.6. 

105.5 
132.3 
85.3 
90.7 



Run 

13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
~2 
33 
34 
35 
36 

~ • I 

76 ' 

·TABLE BII. · (continued) 

su:mma:i:y:of Flow Parameters 
·.· ..... ' · . 

Re* x 10-3·· 
g 

192 .Li. 
98.3 
56.0 

196.3 
173.l~ 

92.5 
216.8 
185.6 
143.3 

70.2 
232.1 
189 •. 6 
164.7 
238.2 
170. 7 
141.5 
182.6 
168.4 

·134.0' 
88.3 

-11i.1 
219.7 
232~2. 
175.2" 

. •TL ** X 10;_3 ·- •-eg ' 
·-----·--. -· 

193.4 
99.5 
59.0 

196 ._6 
173.6 
93.5 

217 .1 
185.8 
1431g 
70.9 

232 .• 4 
189.9 
165.1 
238.2 
110.9 
141.4 
182 .6 ' 

-168.4. 
134.1 
88.4 

171. 7 
., 219.5 

232-.4" 
175.3 

. . , . 

* .. calculated using mean film thickness 

. ic* - Calcu.lated using inoda.l f ilrn thickness 

,', .. 

·, . .! .. 

' 3 .62 
3.75 
3.88 
3.49 
3.50 
3.70 
2.34 
2.32 
2.50 
2.33 
1.75 
1.82 
1.87 . 

... ·' 

1.46 
1.57 
1.63 
.4.20 
4~32 
4.53 
4.79 
4.15 
2.43 
L77 
4.04 ·-

I -

. .\; ,· 

··!'.·.:.· 

.·,.:· _.; 

3~63 
3.76 
3.95 
3.49 
3.50 
3.71 
2.34 
:L32 
2.50 
2.33 
1.75 

.1.82' 
1~87 
l.46 
1.57 
1.63-
4'.20:· 
4.32. 

. 4-~53 _. 
., l~·-;..80':-

4.15 •. ··· 
' 2-~42 

.-. 1.77 
4.0l+. 

. . . .· .-~ . 

":/'" .J.,, 
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TABLE BIII 

Summal'.'y of Heat Transfer Parameters 

Run h xl0-3 -3 Nu* Nu** e(P/P ) QtxlO c g . 

_(B/hr-f t 2-"1'')_ (B/hr) -----
13 4.19 358.9 1.06 2.25 265 
14 2.78 349.5 2.34 4.20 149 
15 ·2.42 353.6 5.15 11.58 88 
16 If .10 343.0 .76 1.10 269 
17 4.27 344.5 .92 1.15 247 
18 2.66 3l~3. 3 2.52 4.02 142 
19 3.92 227.3 .58 . 94 322 
20 3.68 222.1 .69 .88 296 
21 2.89 229.5 .92 1.23 231 
22 2.21 215.3 1.58 2.65 162 
23 3.67 166.6 .44 .70 335 
24 3.23 ·165.3 .55 .87 282 
25 3.17 167.6 .75 1.20 258··· 
26 5.40 139.0 .61 .73 349 
27 4.80 145.0 .46 • 81 300 
28 3.96 145.8 .79 .75 256 
29 4.19 409.4. . 94 1.01 228 
30 3.77 410.9 1.02 1.01 203 
31 3.41 422.9 1.16 . 1.30 161 
32· .3.14 434.6 2.15 2.38 108 
33 3.71 . 405.5 .87 .89 220 
34 4.00 226.l .65 . 43 288 
35 3.30 165.5 .24 .40 322 
36 3.47 389.7 . 83 .93 222 

* -·Calculated using mean film thickn.ess 

~·t* - Calculated using modal film thickness 



. Run .. 

13 
14 
15 
i6 
·17 
18 
19: .. 
20 
21 
22 
23 
24 
25 
26 
27 
28. 
29 
30 
31 
32 
3J .. • 
34 
35 
36 

om x 103 

(in) 

1.18 
3.93 

.;9 .96· 
.87 

1.01 
4.43 

.69 
·.88 

L50 : 

3.33 
..• 56 
· •. 80 

1.11 
• .53 
.53 
.93 

1.05 
1.26 
1.60 
3.21 
1.10 

.76 

.45 
1.11 

· TABLE BIV 

Sununary of Film Parameters 

0111d x 103 os x 103 o' x 103 

(in) (in) (in) 

2.51 .8 16.98 
7.08 .8 34.68 

22.39 
•' 

2.0 68.80 
1.26 .4 9.55 
1.26 .3 10.92 

.· 7 ~08 1.3 54.93 
1.12 .3 8.61 
1.12 .• 4. 8.5:I_ . . .. 
1.99. .· .. 4 19.55 
5.62 .7, . 49. 42 

• 89 .3 4. 71 
1.26 .3 8.61 
1.78 .4 15.45 

.63 .3 6.78 
• 79 ' .2 7.74 
.. 89 .3 ·1a.oo 

1.12 .4 J7.38 
1.26 .3 -19.65 
1. 78 .3 24.82 

. 3.55 .5 49.62 
1.12 • :3 i9,. 65 . .. 
..• 50 .·3 6 •. 78 

.56 .·2 8.71 
1.26 .3 24.82 

(om -
o' 

os) 
x 

22 •. 7 
90.4. 

115.6 
44.2 
65.0 
57.0 
45.8 
56.3 
56.l 
53.2 
56.3 
5s·. 2 
46.0 
34.2 
32.3 
32.2 
37.2 
49.b 
52.2 
54.7 
40.7 
-67 .9 
·16. 2 
32.8 

103 

-...i· 
00 



.. 

Experimental Data 

;l 
,. ~~ 

'"::~ 

79 

' . 
' 

:~.'~::;~ 



·.-.·· 

L 
C£tL 

0 .... 
.39 
.81 

L23 
i'~64 
2.06 
2.47 
2.89' 
3.31' 
3.73 
4.14 
;4.56 

... 4.97 
.5 ~ 39 

.... 5.8l 
6~23 
6.64 

. ···7~06 
·.· .. 7.4$ 

7.90 
H.32 

. ·· 8.73 
9.14 
9.73 

.. 1o~n .... i~:Jt.· 
.. , 1l.07 

11.33 

13 
94 

91 
95 
91•· 

.. 91 
" .·89 

<s7 
•" 
.88 
87 
83 
83 
83 
80 
80 
79 
&O 
79 
78 
72 
73 
72 
72 
/0 
66 
66 
65 
65 
64 
62 

14 
.... 94 

91 
91 
90 
90 

.. 89 
87 
81 
87 
82 

·a2·· 
82 
80 
80 

';79 
.79 
79 
77 
72 
72 
72 
72 
69' 
66 
~6 
65 

. Ji~. 
.',64 
62 

TABLE CI 
. . . ·. . . . .. : ~ : . . . . 

MeasuredCdoling Water Temperatures (F) 

\ .· 

15 
~ 

90 
89 
88 
88 
87 
86 

.86 
85 r 

81 
81 
80 

·. 79 .. 
78 
77 
77 
n 
76 
71 
70 
69 

·. 69. 
67 
64 
65 
64 

.63 

~f' 

16 · .. 92 
90 
89 
89 
89 
89 
86 
86 
86 
8:1. 
81 
s2· 

.. 78 
77 
77 
77 
77 
77 
70 
70 
70 
6.9 
68 
64 
64 
64 
62 
61 
60 

Run 
17 
9:1 
91 
90 
90 
89 

.88 
87 
86 
86 
82 
82 
81 
78 
78 
78 
78 
77 
77 
71 
71 
·70 
69 
68 
64 ·. 
64 
61 
61 
60 
60 

18 .. 
95-
93 
93 
92 
92 
91 
89 
89 
88 
84 
84 
84 
80 
79 .·. 
79 
79 
78 
77 
73 
73 
73 
72 
71 
67 
66 
65 
64 
63 
62 

19 
lOl-;-
103 
1.02 
102 
101 
100 

99 
98 
98 
93 
93 
93 
89 
88' 
87 
88 
87 
86 
.80 
80 
80 
79 
76 
72 
72 .· 
11 
70 
68 
66 

20 
104 
101 
101 
100 
100 

98 
97 
96 
96 
91 
92 
91 
.87 
88 
87 
87 
,87 
84 

·78' 
78 
77 
77 
75 

.. 70 
70 
69 
68 
66 
64 

00 
0 

.... 
'·.· 



TABLE CI (continued) 

Measured Cooling Water Temperatures (F) 

L Run 
(ft) 21 22 23 

'' 
24 25 26 27 28 --'-0 101+ 101 131 130 132 193 184 189 

.39 101 97 122 124 125 186 176 179 

.81 101 98 121 124 124 185 173 178 
1.23 99 97 - 120 123 123 182 170 1 "7 r:: I ..) 

,l.64 100 97 121 122 122 181 170 175 
2.06 98 96 117 118 119 '175 165 169 
2.47 96 93 115 117 116 172 161 165 
2.89 96 9Li- 115 116 116 169 159 162 
3.31 96 94 114 116 115 167 157 161 
3.73 91 91 109 110 110 '161 152 155 
4. :4. 91 89 108 110 110 160 151 154 co 

"""' 4.56 91 89 107 107 '109 157 147 150 
4.97 87 84 102 10/+, ,106 150 141 144 
5.39 85 83 100 102 101 146 137 141 
5.81 85 83 100 101 101 141 131 135 
6.23 86' 84 '99 100 101 138 127 133 
6. 64 85 84 98 98 99 134 125 128 
7.06 84 82 96 96 97 129 122 12li-
7~48 77 75 88 91 91 122 114 116 
7.90 78 76 88 89 90 118 107 113 
8.32 77 76 87 87 88 '113 103 106 
8. 7,3 77 75 86 86 87 107 97 102 
9.14 ''74 73 82 8l1- 83 107 91 97 
9.73 68 68 78 ,80 81 97 81 84 

10,22 69 69 78 >80 79 91 79 85 
10.51 67 66 74 76 76 85 76 77 
10~81 66 65 73 75 73 78 73 75 

'11.07 64 64 70 ..., 7 72 77 Tl 73 I ;J,. 

11.33 64 63 68 69 69 65 66 69 



I ••• I ·.!.I 
, ..... :··: 

. ·.,. 

. '1. 

-·'.: ·.·:· .. 
, . . ·r .. 

·'·.··. •.' .'·" 

·-·.: 

•'}:. 

'. ·'. 

·'' ',:. · ...... 

. , .. , .. 

· TAl3tE:·CI · (ccmt~nued) 
.; .. .·.,·: 

·:·.,,.··:: 
.. : : .. ·. ·.:- . · .. ~ . 

'' 

· 1'fe~s;ured Cooling,; W4tir Temperatures· (F) 

:.:'•; -··.· .. · .... ·: 
. ~ : : . 

Run• 
'.;.]L 

' : 9•5·: 
97 

•.. 9,7·· 
>9.7 .. ·.· .. 

. ~· 

·=·: .· •.. :·. 
< ..... 

trz;; 

. 2i~i·; 
'12'3 ... · 
i~7· 

'126> 
•'i26 

.· .. :. :~~i~>,··· 

,,,· 

", ~ . . . 

:'< .· . . . . . 
. ·,/.··" . 

35·. 36 ' 
.. 72 ..• ·:6s 
:'80 ..•. ' '' 65 .. ·. ·' :•·: ·,. 

',' $2.... 68 
' 87 :", ' 70 ' . 

··:9z• ·•· · · / ·· · ·10 
',• - ' 96 : :~. \?~73 ' ' 

"t1Z·.;·•· /·.:\u#t?~• , 
. l.ts <7a 

.123J... 78· 

''..···i~i: ..... : :~~.· .. :. 
135 '' 80 
139. .·· s2< 
ti~::. ··1t' .-· n~- ;-·~~L·. 
1'58' •' 88''' ., 

·16\1· . :·.:ag\'··: .. ·. 
16-2' ' '39 ;,:. ' 
16:9 9'1 
1:%.5~ 

. '.i~~}J > ,, ' 
t173• .. ··.' 

···. "is.a',•'• .. ~:· 

··;180'• 
. ~ . .. 



.,,.1: 
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TABLE ctr 

Measured Wall Temperatures (F) 

Ruh ---L .. 
(ft) 13 14 15 16 17 18 ·-- -z-26 ---.01 230 228 229 22.8 232 

.81 257 255 257 259 260 264 
1.64 247 244 245 247 247 251 
2 .. 47 255 . 254 256 257 255 262 
3.31 250 248 250 251 251 256 
4.11+ 254 252 25!+ 254 254 260 
4.97 243 241 . 242 244 243 250 
5.81 .251 250 246 253 ·. 251 258 
6.64 247 247 21+7!· 249 249 253 
7.48 250 249 250 251 251 254 
8.32 24.9 247 246 250 249 249 
9.14 217 207 201 217 221 216 
9.73 225 214 206 227 228 222 

10.30 223 215 209 222 221 219 
10 .63 227 214 206 228 226 219 
11.38 · 156 138 .125 159 158 11~2 

Run .. 
L 

(ft). 19 20 21 22 23 24 
. 245 ~--.01 247 265 241 265 269 

:81 273 273 275 269 . 281 284 
1.64 262 262 264 256 •. 274 277 
2.47 271 272 275. 268 279 28.2 
3.31 265 266 267 260 276 279 
4.14 269 270 273 267 277. 280 
4.97 261 261 265 257 272 276 
5.81 266 268 .271 264 275 277 
6.64 262 263 . 2.66 259 273 277 
7.48 261 26l!- 267 259 272 275 
8.32 258 259 262 254 270 273 
9.14 239 239 239 226 256 '. 258' 
9.73 243 244 24.4 230 259 262 

10.30 241 244 248 232 260 266 
10.63 245 245 2.45 230 259 254· 
11.38 186 185 178 155 218 217 



L 
(£t) 

.01 
~81 

1.64 
2.47 
3.31 
4.14 
4.97 
5.Sl 
.6. 6l~ ',. 
7,~43 

8~32 
9.14 
9.73 

10.30 
10 .6:t 
11.3~ 

L 
(ft) 

.01 
•. 81 

1.64 
2.47 
3.31 
4.14 
4.97 
5.81 
6.64 
7.48 
8.32 
9.14 
9.73 

10.30 
·10.93 
·11.38 

. . ..... .. 

--12_ 

.269 
284 
277 
283 
280 
281 
276 
278 
277 

'277 
273 

'259. 
262 
267. 
266 
217 

31 

231 
262 
255 
26l 
258 
259' 
251 
257 
255 
255 
253 
223 
230 
231 
230 
15.4 

.. · .. 
··.;-:._ > • 

84 

TABLE CII (c~ntinued). 
: .· . . . . 

Measured. Wall Te~peratures (F) 

Run·. 

26 '27 .~ -----
277 277 278 
282 282 284 
280 . 280 283 
280 280 .282 
279 279 281 
277 278 279 
276 275 277 
274 274 ·. 277 
274 2i3 ·276 
273 ' 272 274 
2.71 271 274 
267 '264 267 
268 ·. 267 269 
265 266 '' 267 
265 266 268 
243 240 237 

Run 

'32 . ' ··33 34· -.-· 
234 154 198 
26:r· 243 2"71 
255 258 ·277 
261 256 276 
259 ..... , . 256 275. 
260 253 273 
253 247 269 
258 247 270 
25,6 251 2·69. 
256. 239···.· 266 
254 247 26:8; 
221 247 267. '·' 
227 " 226:: 2qi': 
230 222 2,58· 
224 238 265 
146 .2•38·. ... , 262 

i : 

·.·'.. -. 

:,,: ·:· 
' .. 

... ,,_ ..... : 

,, 

-1.L 
228 
259 
251 
257 
256 
256 
247 
254 
252 

'.251 
250 
223 
229·· 

·228 
228 
160 

: . ~ 

-1.L 
'229 

280 .. 
279 
278 
277 
277 
274;' 
275•' 
274. 
.274 
274 
273 
273 
270 
472 
272 

,.'., 

.. , 

30 

228 
261 . 
254 
259 

.· 257 
258 
249 

'. .. 256 
255 
453 
251 
223 
230.·· 
228 
2?Q' ' 

~of·,- .. 
158 . 

36 

· 155 
241 
258· 
257 
·258 

. 254 .· 
251 ' 

. 4'+8 
251 
.239, < 
. 248: 
246 ',, 
226 

·. 222 ·• 
237 . '. 

. 236 

'.·· .. 

... ;,_ . 



L 
.(ft)_ 

.01 

.81 
1.64 
2.47 
3.31 
4.14 
4:97· 
5~81 
6.64 
7.48 
8.32 
9 .14 
9 .97 

. 10. 30 
10.63 
11.3$ 

L 
(ft) 

.01. 
• 81 

1.64 
2.1+7 
3.31 
4.14. 
4~97 
5.81 
6.64 
7.48 
8.32 
.:" 

9.14 
9.97 

J,O. 30 
.10.63 

13 

50.0 
49.0 
48 .I 
47.1 
46.1 
45.3 
.4A~4 
43.6 
42.8 
l.i-2.3 
41.6 
41 .2 
41.0 
40 .• 9 
·40.s· 
l+0.7 

49 .• 2· 
48~6· 
47.9 ·. 
47.3 
(+6 •. 6 
·46.1 
4s.4 
·44.9 
44.6 

TABLK CIII 

Steam Pressure .. (psia) . 

14 

52 .o 
51.4 
50. 9 
50,4 
49.9 
49 .4 

. 49.0 
48 . 7 
48 .• 4 
48~2< 

l~.8 .o 
47 .9· 
48.0 

. 48.0 
47 .9 
47 .9 

5.2 •. 8 
52.2 
51~6 

50.9 
. 50.3 
.49.7 
49.0 
48.5 
47.9 
47.4 
46.9 
46.4 
46.1 
46.0 
4~.8 

. 45.6 

Run 

is ---
,53 .o 
52.s 
5.2 .1 
51.7 
51.3 
51 .o 
50.8 
50.~.·o 
f50 . .c4. 
so.3· 
50;2 
50 . 2 

.50. 2 
50.3 
50.2 
so. 2 

21 

55.8 
. 55.4 

55.0 
54.5 
54.1 ., 
53.6 
53.2 .. 
52.8 . 
52.5 
52.2 

. SL8 
·51~6 

siJs .. 
.51~4 
51.3.>. 

16 

51 .o 
50 .o 
49 .1 
48 ·l 
47. 2 
46.4 
45. 5 
44.9 
44 1

• 1 
43.6 
42 .. 9 
42.4 
42.3 
42 ~2 
41.9 
41.8 

51:.0 
50.8 . 

·50.6 
50~4 
50 ~2. 
·50.0 
49.7 
49~5 
49.3 
49.2 
49.;l 
.49 .o 
49.0 
49~0 
48 .• 9 

17 

49~9 

49 :o 
48.2 
47\3 
46. 5 
45.8 
4s.o 
44.5 
•43~8 
43.~r 

,. 

··42,6 
42.2 

. .42.1 
42.1· 
41.9 
41 .7 

56.8 
56.2 
55.B 

,. 

18 

52 .3 
51.8 
51.4 
50 .9 
50 .s 
50 .1 
49 .7 
49 .4 
49.1 
,48 •. 9 

,48.7 
48. 5 . 
48.7 
48.6 
48.6 ' 

48.6 

59A·· 
58.9 
58.5 
58.f 

. 57.6 



Steam.Pressure (psia) 

, .. :.:._._ __ Run_ 
L 

iftl ~ 26 27 28 30 

.01 61.1 58.l 57.4 60 .3 52~2 54.0 

.81 60.7 57.S 57.l 60.2 51.2 53.1 
1.64 60.4. · 57.0 56.8 59.9 50.2 52.2 
2.47 59.9 56.4 56.3 59.6 49.l 51.2 
3.31 59~6 55.8 56.0 59.3 48.2 .50 .4 
4.14 59.2 55.3 55.6 59.1 47 .4. 49.6 
4.97 58.8 54.7 55.2 58.8 46.5 48.8 
5.81 ·ss.s 54.2 54.8 58.6 45.8 48.2 
6.64· 58.1 53.6 54~4 58.3 45.0 47.6 
7.48 57.8 53.0 54~1 58.0 44.5 47.l 
8.32 57.4 52.4 53.7 ·57.8 43.8 46.5 
9.14 57.2 52.0 53.5 57.5 43.4 46.2 
9.97 57 .o 51.5 53.2· 57.3 43.2 46.l 

10.30 56 •. 9. •si.4 53.l 57.3 ·. !+3.2 46.0 
10.63 56.8 51.l 53.0 57.2 43~0 45.9 
11.38 56.,5 50.6 52.7 .57.0 42.9 45.8 

Run 
L 

(ft)_ 31 32 33 34 35 36 __,__. --
• 01 55.0 57.2 50.2 57.7 58~9 . 51.6 .· 
.81 51+.4 56. 7 49.7 ST.3 58.5 so~ 7 

1~64 53.T 56.l 48.7 56.6 57 .9 49.8 
2 •. 47 52.7 ss.4 47.8 55.8 57.2 ML.8 
3.31 52.2 54.9 46.9 55.3 57.7 48.0 
1+.V+ 51.5 54.4 46.2 54.7 56.2· 47.4 
4,97 50.9 53.8 45.4 54~1 55.6 46.6 
5.81 50.4 53.5 44.8 53. 6 55.1 46.1 
6 < 61.!- 49.8 53.2 L~4.3 53.0 54.5 45.5 
7 .48 49.5 53 •. 0 43.8 52~s 54~1 45 .• 1 
8.32 49. 1 52.7 43.l+ 52.0i i-n .. ·I' 

::i.::i. :::> 44.7 
0 .; . 14 48.8 52.6. 43.Q 51.5 53.2 44.4 
9.97 48.8 52.5 52~7 44 .. 3 

10.30 l;.8.$ 52.6 52.6 .44.3• 
10.;63 48.7 52.6 :>2·~4··. 44.2 
11 . 38 48.7 52.6 Sl •. 9 A4 •. 0 



Run 

13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

87 

TABLE CIII (continued) 

Steam Pressure (psia) 

Plenum Chamber 
_f~su~e (Saturation) 

54.1 
54.4 
54.7 
55.0 
53.5 
54.4 
54.7 
55.4 
57.6 
54.1 
~9.2 
61.9 
62.6 
60.3 
59.0 
61.5. 
56.6 

. 58.0 
58.6 
60.1 
54.6 
60.5 
61.3 
55.4 



TABLE CIV 

Liquid Film Data 

Run 13 Run 14 
Relative Vw Reli..'itive Vw 

h f contact h f contact 
_(in)_ (sec-:3:2_ time (%). ~ft/ sec) _(in) (sec'-1) time (%) (ft/s.ec) 

.Oll~9 8 0 10 .4 .0351 5 0 13.0 
.• 0099 l+l 0 10.4 .0251 36 8 11.6 
.0049 158 7 10.4 .0201 59 11 11.6 
.0029 230 21 10 .4 .0181 70 15 11.6 
.0019 215 33 10.4 .0151 85 18 10 .l+ 
.0014· 183 43 9.9 .0126 97 18 11.6 
.0099 12 73 .0101 105 25 10. 7 
.OOP7 3 79 .0076 105 29 10.4 
.0004 0 100 .0051 105 l~2 11.6 

.0031 90 54 9.5 

.0021 56 71 

.0016 45 77 

.OOll 13 88 

.0006 3 100 



.• Q710 
~0650 
•0600 
.0550 
.0500 . 

..• 0459. 
.• 0400 
~0:359· 
• 0.300.. 
• 0250 

. . · .• ()200 
· .• 6150 

.0100 
..• 0075 

9 
12 
18 . 
22 

>\31 
39 
47 
51 . 
54 . 
51 .. 
4-9 .... 
47 

16 
.···.Relative· 

26.0 
18.9 
17 .4 
17.4.·· 
14~9 
13.9 
14~9 



TABLE CIV (continued) 

Liquid Film Data 

Run 17 Run 18 
Relative vw Relative vw 

h f contact h + corttact .L 

_ (inl_ lli -1\ time (%) S.f!./sec) (in) (sec.::_:i -~time (%) (ft /sec) e~ 

.0106 12 .2 20.8 .0515 3 0 17.4 
.• 0096 19 2 23.1 .0415 11 0 17.4 
.oog6 26 2 20.8 .0365 20 0 17.4 
.. 0076 34 4 18.9 .0315 27 0 13.9 
.0066 44 6 18.9 .0265 42 0 13.9 

.• OOS6 63 .0215 
. 

7 18.9 60 3 13.9 
: ·· ..• 0046 83 11 17.4 .0165 83 '° 8 12.3 0 

.0036 lll+ 15 16.0 .Oll5 98 14 11.6 
~'602.6 148 20 16.0 .0090 103 25 11.6 
.0016 194 33 14.9 .0065 100 38 12.3 '.\: .. 
• 0.011 198 46 .0055 100 44 11.0 
.0006 137 67 .0045 95 53 11.6 
.0004 87 93 .0035 87 61 

.• 0002 23 100 .0025 62 77 
.0001 .6 100 .0020' 44 84 

.0015 17 94 

.0010 5 100 



20 
Relative 



TABLE CIV (continued) 

Liquid Film Data. 

------ Rm1 21 ; . Run 22 
.. '•' -,,.- ~. Relative vw Relative vw 

h .c contact ·. .... h f contact 
_ {gl} . ~~c-12. time .·(%2 (ft/~ec) (in) ,, : {sec-1) time (%) .~ft/ sec) 

. -\;·· 
'. ... 

: ,;,Qf'S.5 :11 0 18.9 .0477 6 ·.O· 10.9 
.·~0135 30 2. 17 .4 .0377 17 0 10. 9 .. 

.0115 51 3 18.9 .0277 l~O 1 11.6 

.0095 69 5 17.4 .0177 : ·71· 5 11.e 

.0075 100 8 17.4 .. .0127 87 12 12.3 

.0055 143 12 18.9 .0077 111 21 10.9 

.003:5 188 25 17 .t+ .0057 114 30 10.9 

. 0030 200 28 : 
17.4 .0037 !1'13 47 .. 10.4 

.0025 216 33 19.8 ~0027 9.6 58 10~4 

.0020 220 42 19.8 .0017 64 79 

.0015 215 48 17.4 ,:0007 35 100 .. 

~.0~1~ 75 59 •. 0002 15 100 
~ouo::i 64 92· -·. 

;::;~gg·i··· .. 39 100 -
17 100 



•'. 
:, ~ .•. 

'· · .. · 

. ~ . 

' 'h'' 
( iri) ' 

• 0086 
·~0066' 

' .0046 
• ··~oo.36 

.002{i 

.0021 
·.' .0016 

.0011 

.0008 

.0007 

.0006 

.0005 
' '.0004 

'. ,'; ' '.0003 •. ' 
.• ,0002 

· ~G0.01 

f 
· · (1s•e~:;•1), 

2 
6 

.21 
·. 41 
• 84 

.:125 
160' 

' 232 
270 
272 

·.·.:245 
' 162 

133 
46 
14 
.s .... 

Run 23 
Relative. · 
contact 

;·~' ~ime >~%> .· 
' ' 0 
.·. ·2 

2 
4 

'8 
10 
12' 
22 
34 
36 

,54' 
66 

'. BL• . 
100 
100 

'100 

TA;B'LE CIV (continued) 

. Liquid Film D.ata 

, I,lun 24 
·~·0 ____ _..._ ____ _..._·•"'"'"Rt::-" l..,.a_t_i_v_e---~v-· --

w 
Vr.q.·. 

.. (f.t/'~ec) 

'23. l · .. 
23.1 
23.1 
23•a 
20.a· 
23.1 
23'~ 1 

' 24.,5 
21.9 '' 

-
-· 

~h 

(in) · 

.Oi37 
' .0087 ' 

' '.0067 
' .• 0047 .' 
•• 0037 
, .• 0027 
~0022 
~0017 '' 
~0012 

.• 0011 
.0010 

.· .0009 
-.0001 
.0006· 
.ooos 
.0004 
.0003 

'.d002 
·.0001 ,, 

f 
(sec-12 

4 
· L7 

38 
74 

114 
162 

·. 198' '' 
'·221· 

260 
·, 268 

270 
258 
198 
153 
119 
'77 

58 
27 

' 14 .· 

contact . 
·.· .. time .(%}. 

o· 
'. 0 

0 
4 

·5 
12 
.i6 
~9 
26 .· 
32 

,· 35, ,' 
37 
61 
79 
86 
93 

100 
100 

··100' 

.. (ft/sec)· 

'21.9 
21.9 
20.8 

'21.9 
•.. 20 .8 

20.8 
21.9 
21.9 
20.8 
20.8 ', 
20.8 



.· .,, 

. T~LE Cl:V '.·(continued) 

tiquid Film Data 

Rl.l.U :25' 
'.-----~---· --.~--------------,.-~----"---. · · ···Relative. 

l{un 26 
Relative 
contact h 

··(in) 
•>. - .- -

...• Ql68 
.• 0).38 
.0088 
;o068 
.oot~a 

• 0038 
.• 0028 

.· .· .0023 
..... ··•· ).·~:'.~op1s · 

.QQ16 

·.- _, ..... _ 

.0013 
•. GOll 
.6008 

...• 0007 
~000:6 
.0005 

. • 000·3 
·.0002 

. f 
'"'"'""".'.h. .~~·· 

4 . 
· 12 
45 ·., ,, ' .. d'~, 

· · <.iscr 
.. . · 189 

214 
235 
244 
242 

·23.g 
152 
110. 

93 
75 
27 
18 

·. contact 
. . . ("'' :time ._,.,t 

0 
2· 
3 
5 
8 

15. 
.. io 

22 
32. 
31) 
3:9 
47 
69 
80 
85 
90 too·· . 

100 

. vw 
: (ft/s~£2_ 

17.t~ 

18~9 
17:A·.·. 
1T~4 
18.9 

. 20.8 . 
20.8 . 
19.8 
19~{3 
20.e 

.--
,.. 

h. . f 
.... l!_.fi). . .· .. (sec-1),, 

.0068 

.0048 

.0038 
.• 0028 
.0023 

.• 0018 
.0016 
.0014 .. 

.• 0013. 
·. ~-0011·. 
.• 0009 

· .• 0008 
· .• 0005 
. ·.0004 
.0003 
• 0002 . 

2 
11 
21 

... , 49 
75 

. 135. · . 
. ·106 

;;137 
162 
178 
221 

.··• 262 28i 
120 
_94· 
42 

·• ·. t~Y time ~L . . . 

0 
2 
5 
7. 

10 
15 
15 
15. 
17 
20 
22 
32 
41 
90 

·loo 
·. 100. 

v~ ~ 
·· .. /· (ft/s~c) ·· .. ·. · . 

·. 26 .o 
26.0 
23.1 

·23.1. 
·23 .1 
21.9 
23.1 

. 23.1 
23.1 

'23.l 
23.1 
23.1 

.. 
.· ' - '" 

. '. '~ . 



TABLE CIV (continued) 

Liquid Film Data 

Run 27 Run 28 -. .._....;;.-

Relative vw Relative \7 
'W 

h f contact h f_l contact 
· "(in).,.. 

, 
JJ-t/s.~ time (%) ~ft/;;ec}\ _(££ c "'." J.2. tilll.e (%) __ (:Ln)._ (sec.·..:2.. 

.0131 2 0 23.1 .0181 10 0 16.0 

.0081 12 '1 23.1 .0131 28 0 16.0 .:.. 

.0061 29 2 20.8 .0081 78 3 16.0 

.0031 103 7 20.8 .0056 133 8 16.0 

.0021 161 10 18.9 .0031 '224 15 16.0 

.0016 200 14 18.9 .0021 '272 24 16.0 

.0011 265 19 20.8 .0016 313 32 16 • .0 \J) 

.0006 .314 li.0 .0011 351 l+l 16 •. 0 V1 

.• 0005 278 53 • 000(). 333 70 
.0004 207 69 .0001 180 100 -
.000.3 153 90 
.Q(l02 123 100 
.0001 100 ,. 100 



. . ~ . 

-·-_.; 

.· .. h. 
. <i!!L. ___... . 

' .. ·. 
. . - . 

.• 0192 
.014? 
.0092 
~oon . 
.0052 
.0042 
.• 00~2 .··. ~~i~ 

·' .. · •. , ::. 

·. ·.0010 
.0009 ' 
.ooos.. 
.0007 

. ~ .0006 
'.0004 
.0002 ' 

' f' ( -1 ;sec )_ 

., 1 
3 

16 ?i2' 
'5~ 

77 
10.5 
132 
159 
161 
157 
157 
154 
145'. 
137 

94 
79 

Run 29· ... 
.Rela~ive 
contact · 
ti.me · ~~%2. . . 

0 
0 
2 .· 
4 

11 ' 
13 
19 .· .. 
32 
:Si 
55 
55 
55 
60 
68 
77 

100 ' 
. ··100 

TABLE CIV (continued) 

Liquid Film Data 

v . w 

Jft/sec) 

23.l 
20 •. 8 

' 20.8 .· 
23.1 
23.1 
23.1 
23,.l 
2L9 

. 20.8, 
21.9 
.23.1 

.. 

h 
{in) 

~0193 
.0143 
.0093 
~0073 

.• 0063 
.0053 . 
.0043· 
.0033 
.0030 
•. 0028 

' .0023 
.0021. 
.0018 ' 

·.0017 
'.0015 
.0013 . 
• 0010 
.0008 
.0006 
• 0005' 
.0004 
.0003 
.0002 
.0001 

Run 30 

'• •. f -1 
'. (sec :L. 

Relative · 
contact · 
tiffie <%) . 

2 
8 

34 
. 54 

72 ' 
87 

·.··. 109 
' 13'4 

141 . 
139 
141 

'150 
.155 
159 
163 
167 

· 167 . 
160 

·. 1.51 
' 141 . 

'22 
99 
90 

.. 82 

. ,·.' 

' . 

0 
0 
4 
.8 
9 

13 
19 
25 
30 

'30 
34 
36 

'38 
42 ·, 
45 
49 
57 

.65·' 
72 .·.· 
76 
91 

100 
100 
100 

. .. . . 

(ft:/sec) ~. 

·24.5 .· .. 
24.s 

. 21~9 
20.s. 
.21.9•'· 
20.8 
21.9' 

.. 20.8 
. ., 

20.8 .. · .. 
' 18.9 
.· 20.8 

..·.·' 20.8 
20.8 
20.8 

. '\.o. . O'\ 

~- .. 

··-"':·-, 



l. 

; .... •. 
' ' . 

.. ·. 

' 

• 1 ••• • •• • 

.. . ,,:. :· . 
• • • < 

TABI.E CIV (continued)' 

Liqµid Film D.ata 

Run 31 .' ...;..,___, _______ . .._ ___ _..,. _____ ......_ ___ 
> . Relative. v;, Rui1 32. ......_.,.........._..__ _______ _,,....,.._:.;;.,, R.-e_l_a_t_i v"""'·e ___ ......,..tT'~ 

h 
<i.W . 

~, ...... ~ 

.. ov~o 
• 0190 
0 14·'0·· 

• _..!- .. ., . 

·~0090 
· .. ~0070 

.0050 

.0040 

.0030 
. ;.0020 
.0015 
.0010 
• 0005 

' . ~0002 .·· •. 

. f ~ontact 

· ... \s~:e~"~l2 ·· : ti11i'e <Zt Cftlsec) 

4· 
11 ' 
31' 
·79 

·. 104 
134 
152 . 

166 
176 
177 
167 

. 120 
88 

0 
b 
2 
8 

14 
·.·. 20 
. 25 
31 
4L 
53 
66 
86 

100 

020~·.8: 
. ' 18 ~-9 

;I.8.9 
10~4 

'. 9 .9 
.9.9 
9.9 
·9.~_:g; 

h . £ 
· .(~n~, ... (s~c"'.'lt 

~0428 
.0.328. ·' 
.0228 
.0178 
.0128 
.0078 
.d068 
.0058 
.0048 

' ' ~0038 ·, 
.0028 
.0018 . 
• 0008 

..• 0003 

2· 
12 . 
38 ·.' 60 ' .. 

·95 
. ,'. ··136 

'139' . 
i51. 
152 
15,8 
150 
136 
-68 . 
31 

. contact 
time (/~) · 

0 
1 
5. 
6' 

11 
'26 

·28 
··31 ... · 
39 · .. . 

·. 46 
51 

; 67 
·88 

..• 100< 

.w 

~ft/se.£);_, · 

n.6 
11~0. 
13.9. 

' 16.0 
> 14.9 

16.0 
12.3 
14.9 
14.9 ' 

-· 



.... 

· .. ,.·. ' . 

. ' .. 

· .. :[:". 'l'ABLE CIV (continued) . . . . 

Liqui.d Film Dat:a 

·.· .. R· u. n .':>3 .... ·· ·. 
·~-·~---................. ~-.-~~,.,.;;;~..;;...,..----,_..,,.._..-.._.,.,:...__ __ 

Relativ:l;1 · . vw 
' h 

(in) 

.0180 
· .• 0130 

.0080 

.0060 

.0040 
• 0030 . 
~00.20 

' .; : ..... ~ . ~·.00:·1.s· 
.0010 ,· 

. · . 00005 
·. ·, . ·, .• 0003 

.0002 . 

. ''· ··f . . ~l 
· · ~sec· •.. ) 

'r 

2 
8 

34 
56 

'89 
110 . 
i:fa_ 
144 
:l49 
123 
····92 

85 

contact ' 
tiine (%). · f,,'£t/s~c)._ ·. 

0 
2 

·A 
8 

17 
.· 23 
3s 
42 .·· 
52 

,· 79 
100 ' 

'':160' 

26-;0 .. ' 
18.9 
18.9 
20.8 

' 20.8 
18.9 
18.9 ' .· 
18~9 

18~9 

-... 

h 
···(in). 

·.b075· 
.0055 
.Q045 
·~0035 
~0025 
.0015 . 

.• OOio 
.0005 

.. , .0004 
.0003 
.0002 
.OOOl 

Run 34. 

2 
5 

11 
.·.' 19 

·. 29 ' 
. .SL , 

:6$.' ... 
'· .• ··., ff7 

76 ·. 
. 71 . 

67 
36 

l'<:el,ati ve 
co1itact .· 

·. t;ini:e. (%) 

0 
4 
8 

12 
15 

. ' 23. 
38 
61 
81 . 

'. 89 
100 
100 

v . 
W· 

J,:f.t/sec) · .·. 

26.0 
23.1.· 

' 23.·1 
23.l 

,· ·. 23.l 
20.8. 

. 20.8 
20.8 

.. ·'..'t"· 

·'.·· 

\0 
00 



l~9 

80 
102. 
.··95 

59 
45 

Relative · 
.. co.11;tact . 
~timeKJ02. 

0 
.o 

0 
2 
5 
5 

12 
31 
57 
81 

100 

TABLE C:tV (continu~d) 

· I4:quid Filrn Data . 

:23.1. 
·23~1 

.. 40.8 
20.$ 
20.8 

, .18.9 
20.8 

h 
(in2_• 

.0246 

.0146 

.Q.096 

.0076 

.0056 

.0046 

.0036 

.0026 

.0021 

.0.016 

.0011 

.0010 

.0009 . 
. • 0007 
.0006 
.0005 
.0004. 
.0003 
.0001 

2 
17 
51 
75. 

105 
125 
14.0 
160 
170 
181 
181 
183 
186 
169 
is7 
137 
121 
111 

97 

R\ln.36 
·Relative 
. corita.ct 
t::Lm~··czr 

0 
3 
7 
8 

12 
17 
22 
28 
35 
42 
50 
53 
60 
63 
73 
80 
87 

100 
100 

v , 
w 

··18.9 
13.9 

. 18.9 
18.9 
18.9 
18.9' 
17d+ 
20"8 



Calculation of a Statistical Wave Form 

lbe fill.11 disturbance layer was first divided into a number of 

small increments or strips on a common logarithmic scale. The wave -

frequency and re.lative contact time corresponding to the graphic mid-

point of each increment were determined. A constant velocity over 

the distui;bance layer was assumed to be equal to that of the average 

measured wave velocity. An average wave density in waves per foot 

was determined for each strip by dividing the frequency by the wave 

velocity. The assumption was then made that the experimental rela-

tive contact time was the actual percentage 9f time that the wa'ies 

w<;:.re in contact with the probe. 1'hen, dividing the relative conta.ct 

time by the wave density yielded the wave thickness for a givz:i.1 

strip. This e.".llculation is summarized by the following expression;•:, . 

wave >'lidth = (contact time) (wave velocitYl_ 
frequency (Dl) 

Also, fo:r each strip, the liquid mass flow which occurred in the 

form of identifi::;i.ble waves was determined. First, a characteristic 

strip density was defined as the product of relative contact .time and 

liquid m.ass density. The mass flow in a strip is then determined 

from continuity: 

W = (contact.time}p11fD.6h V 
.t :L. w 

(D2) 

where lih represents the increment width. 'I'he resµlts of these 

calculation.s are presented in Table DI. 

100 
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TABLE DI ,,,· 

.. · stat.is:itiea~ wave Fqrm Calculati~~s} 
·._.;·_.· .·· .. 

. ~- ":. :::> 

·,·. 

. r _ ·." ~ - . ·._. ·:.: .·. ~- :· ... · 

Rup;· 
•' 

• ·• 4Mi4~1'oirtt ~f. 
.. :tµC!remeht 

. A"ltl?:t:.age: , . · ., .. :*at!i{~1f~¥~nt ,. 

. :; .... 
· .. ·.15<' 

. . . . 
·.·.:·:···. 

,--· .. ·. 

;_ .... 

. :__ ,-.. : . 

·. ·~oioo ... · od~o .· ·· ··· 
. ·.ci44o -- .· :0280 .· ... ·. ·· · 
' '·.0280 ~' .011.5 .. · ·;mg~·:~ 

; ~ 0044 . - .':()'02Jf 

O·so'·o"· · -. · · ··o· ? 60··· · .• · . .. . .. ·• : ~·ii> . 

··•·.· ..... ~U!E:~~· 
'.' .0028' - ~.0:016: '.· 

·:.·_. 

.·~ " . 
.:·: /· 

·.\ .. 
. . ~ .· .. 

•' ·" -~· 

- .. . . . (lj;n~~ ·;;...,-... 

, .. ,~ .... - . 

·>,· 

. ~0095 ; .· 

:~::~~·." .. 
-...•.• 002.lf 
. · .O;O,lS 
··.oo.o.s. 
<~0550 .• 
. {d3.?0 ' 
.-0220 

' ::~0145 ; 

~-: : ,. 

•,':::-· .. ' . 

,"-.. ,.-. 

· :Wava'Width ... 
' _. •, ,',(#\:):·\ • 

:: ' ·_.:-~ ·:·. .· ,: •. : ,' ·" . . : ~:20:4.••· .· .. ·.·· 
. < '~96 ',, 

· _ ~io -
; .. ;·17;. 

i - - .36' . 
_ .. ;L91 
.. >L··::;.·1~-· 

·~·22. 

' .· ~ 46 
. ,_86 

·-··· L.?~. 

>\ '.i!i> · .. , _ ..... 
,• ., . 3.19 

: :~~ig/ ., ; 
~012()'· . :• 
.. 0066 ··.' 

-: '~-

".::.~ .. : > 

;00.37 
· .• o_<il~l.· · 

_.:,:.-. 

-. '-.. 

'·,·-· 

· .. · .. : 
. ~· " .. .' 

.· • 10;00····. 

·, .. :.,. .·;~:01.' '' -
,/. '.~09 ·.·· 

\30·· 
.. ·.~64 
·l-~:3-? . : . ,,_ .. 

; }~1;2 

. : -··, 

. ...... · ·. :: . . . .. -· 

:. ' ,. . . ........ ·. :1 ..... ~·.2::: .. 

'·'. '_'..: . 

·.· .. 

. ·._·,.: -

,._ ,···. 
.· ·::·· 

ig:~:::; 
12~2····· 

' 13.0 :·12·.6: 
•', .. 

'23i8. 
•48·L8 
70~$ 

·79:.'.4, 
69 7 ; 61,:s 

.· . 45~6 

· .. ' · .. > 
. ··.-

"a···· 

. . : : .· -~ . ··, ·_. ' . ' -' 
.·.: 

. ··~: ,··. 

·.,,.·· 

._.:· ..... 

;.; 

···.·,.· .. · 

" .. , ~: 

. " .. ~· ·. ·. 

• • ·: ·~·. c ·'· ' .. : ' 
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Rp'a 

13 

15 

18 

23 

27 

28 

29 

TABLE DII 

Liquid Mass Flow in Identifiable Waves 

Liquid Flow Mass 
in Waves and Sublayer 

(lbm/hr) 

118 

344 

319 

53 

69 

103 

168 

Fraction of w1 in 
Waves and Sublayer 

.33 

.96 

.32 

.48 

• 71 

.41 

f--' 
0 
N 



The vita has been removed from 
the scanned document 



A STUDY OF INTERFACIAL WAVES AND HEAT TRANSFER 

FOR TURBULENT CO:t-.'DENSATION IN VERTICAL TUBES 

by 

Oscar Bryan Taliaferro, Jr. 

ABSTRACT -----

A study was made of the film characteristics and the local heat 

·transfer coefficients for the dbwnward flow of steam condensing .in. a 

vertical tube. The mass velocity of the steam was such,that the 

flow .occurred in the annnlar-mist regime. The interfacial wave veloc"' 

ities, frequencies, and amplitudes were experin1entally determinec;l 

using needle contact probes. From these data on wave characteristics 

a statistical wave form was obtained. The liquid mass flow L1cc1.1rring 

in identifiable waves was determined from a numerical integration 

o~er .the disturbance layer (Le., that portion of the liquid layer in 

w11i~h waves are. present) and compared to the liquid mass flow given 

by an energy balance and an entrainment correlation. The results 

indicated a heavy concentration of liquid particle entrain_inent ir: the 

neighborhood of the film. In addition, the axial profiles of the 

local heat fluxes and local heat transfer coefficie.nts across the 

film were obtained. The film Nusselt number at the location of the 

probes based on an operationally defined mean film thickness was fcund 

t;o correlate with the product of the dynamic quality' a.nd the ratio of 

liquid to gas dens:i..ties .. 
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