
UCRL 9023 

I. 

UNIVERSITY OF 
CALIFORNIA 

erwrobCawreIee 

adiation 

DOWNFLOW BOILING AND NONBOILING 
HEAT TRANSFER IN A 

\UNIFORMLY HEATED TUBE 

TWO-WEEK tOAN COPY 

This is a Library Circulating Copy 

whIch may be borrowed for two weeks. 
For a personal retention copy, call 

Tech. Info. Division, Ext. 5545 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal 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 its 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, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



UNIVERSITY OF CALIFORNIA 

Lawrence Radiation Laboratory 
Berkeley, California 

Contract No. W7405-eng-48 

IJ 

DOWNFLOW BOILING AND NONBOILING HEAT TRANSFER 
IN A UNIFORMLY HEATED TUBE 

Robert LeRoySani 

(M.S Thesis) 

January 4 1960 

'I 

Printed for the U. .S. Atomic Energy Commission 



I 	 $ 

••rV ' 1 ' 	 - - 	
. - 	 - - 

Printed in USA. 	Price $2.50. Available from the 
Office of Technical Services 
U. -S. Department of Commerce 
Washington 25. D.C. 



Table of Contents 

REM- 

Nomenclature . 	 ..........•.•..,. 	.... 

1 I . Abstract 	 •..t.a•••••eese•a•afsø*s 

ii. Introduction 2 

A. 	General 	., 	 ........ 2 

B. 	Forced-Convection Boiling of Saturated 

Liquids 	•. Ct a • •øcac, earn. ea-e...*9a a. S C CO SO 	 •O ) 

Dengl.er •.........,S.,*ø•Se*O•C•*O*••S*C 

Mumrn...,....,...., .•. ....•...•..•..• 	..• 5 

C.- 	SchrockandGrossrnan.................... 6 

C. 	Local Pressure Gradients in Forced- 

Convection .  Vaporization 	... .. . .•. . .... 	.. .-..... 7 

III . Experimental Equipment 	..........•..........•.w.. 9 

Flow 	System 	•....... •.0000as•.eO•ee*•Se•••*•S• 9 

Test 	Section 	..O....,..,aaea***C*e•tO•*D*••S•• 1].. 

Power 	Suoply 	....,.,...a..............,......m - 	12 

P . 	Instrumentat1on 	•, a . . . 	a • • • 	. •• • . a.. . • a . a. a 12 

a. 	Temperature Measurement •a• 12 

b.-. 	Pressure 	Measurement. ,  . . , ,. . 	.. a.  a o..e a 14 

c . 	?ower 	Suoply 	a . a a a a a 	a 	a a 	a a a a a a a a a • a a a • a 16 

d. 	Flow-Rate Measurement 	,.a..aa,..,n.o,a.. 17. 

IV . Experimental 	Procedure 	• . a . * . a  . a a . a a a • a a a a • a • a • . a a a - 	18 

V. Calculationproceduresn , a.. , .aw.... , a.....o.w 20 

A. 	Inner Wall Temperature 	aano.aa..w.* ......... 20 

B. 	Nonboiling Heat Transfer Calculations •...... 21 

C. 	Boiling 1-14cat Transfer Calculations 23 ........... 



Table of Contents (Continued 

 Local..FluidPrOPcrtiCs 	............. ......... 24 

 Local Total Pressure Gradients •.............. 24 

VI. Discussion - 26 

A. Nonboiling Heat Transfer 26 

B. BoilingHeatTransfer.......w....w..s.. 27 

C . iintrance 	Effect 	. . . . . 	. . . . . 	. 	. . . . . . . . . . . . 31 

D. Local Total. Pressure Gradients 	.............. 34 

E. Amplitude and Frequency of Local Pressure 

Fluctuations 	. . . . . . . . . S • 	• • • • • • . . . . . ... . . . . 	. 35 

VII . Conclusions . . 	. . 	. . 	. . . . . . 	. 	. . 	. . . 	. . . . . . . . . . . . 37 

VIII .Graphical Results 	. . . . . . * . . . . .. . . . . . . . . . . 	. . . . . . . . 39 

IX . Appendices 	. 	. . . . • . . . . . . . . . . . . . 	. . . . . . 	. . . . . . 	. . ,. . 54 

A. Determination of Inner Wall Temperature ...,. 54 

B. 59 

Table 	I 	....... e.....e 60 

Table II 61 

C. 79 

a. 79 

b. 	Martinei].i Parameter 	................... 84 

c. 	Boiling Heat Transfer Coefficients ,..... .84 

d. 	Nonboiling Heat Transfer Coefficient 

(Boiling Runs) 	. . . 	. . . . . . . . . . . . . . . . . . . . . 85 

e. 	Boiling Number 	. . . . . . . . . . . . . . 	. . . . . . . . . . . 86 

X. Bibliography 	............... 87 



NO4ENC UtTURE. 

bol Definition Unit 

A Area ft 2  

BO Boiling Number QJhfgGT dienr1on1 

C Specific Heat BTiJ/lb.. ° F 

D Inside Diameter ft 

E Voltage Drop volts 

£ Blaius Friction Faetor dimenionlzs 

.Aoceleration of Gravity ft /sec' 

Conversion Factor ft.lbr/seo21b 

U Mass Flux lb/sec.ft 2  

Specific Enthalpy or I3IU/lb 

flat-Trariafer Coefficient BTtJ/hrftI 

J Joules Constant ft lb./BTU 

ic Thermal Conductivity DTU/hrft OF 

Distance from Entrance of 

Heated Section ft 

L Total Length of Heated Section ft 

m Mass Flow Rate lb/sec 

Nu Nusselt Number ensionless  

p Pressure psia 

P Electrical Poer kjlouatts 

Pr Pranciti Number dimensionless 

q Heat Flu;. BTU/hr ft 6  

Q Total heat Liput BTU/hr. 

Radius ft 

Electrical Resstanco 

rj  



N0MENC1!.Tt1RE (Continued) 

ibol Definition 

Re Reynolds Numbex 

Liquid Holdup 

T Temperature 

AT Temperature Difference 	(Ti-Tb) 

v Specific Volume 

Velocity 	o 

x Quality (mass fraction of vapor) 

iartinelli Parameter 

(2/J1
9

) 01 (V/V
9

) 	(1-x/x) 09  

cx Linear Temperature Coefficient 

of Thermal Conductivity 

Linear Temperature Coefficient 

of Electrical Resistanc.e 

Density 

11  Viscosity 

a Surface Tension 

Unit 

dimensionless 

dimeris lonloss 

O F  

O F  

ft 3/lb 

ft /sec ; ft 

dimensionless 

dimensionless 

0p1 

O F 

lb 

centipoise 

lb /ft 

I 

'V 

Subscrirts 

b 	Evaluated at bulk fluid properties 

B 	Boiling 

f 	Properties of saturated liquid 

fg 	Difference in property between saturated liquid 

and vapor 

g 	Properties of saturated vapor 

I 	Inner wall 
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OcpLlR 	r42l 

£ 	Property. evaluated or ba$is of local liquid flow rate 

o 	O..iter wall or property evaluated on bac1of total 

mass flow rate4 

T 	total 

w 	Property evaluated at inner wall temperature 

xii 	Vican value 

I 	?roperty próce ding tlahthg valve 

0 	Firat approxirnat ion 

1 	Second approximation 

11 
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DOWNFLOW BOILING AND NONBOILING HEAT TRANSFER 
IN A UNIFO}MLY HEATED TUBE 

Robert tRoy Sani 

Lawrence Radiation Laboratory and Department of Chemistry 
University of CalifOrnia, Berkeley, California 

January 4, 1960 

I. ABSTRACT 

Local heat-transfer coefficients in forced convection, 

downflow boiling,and nonboiling have been measured by use of 

an:electrically heated type-304 $tainless steel tube (0.7194 

i.d. x0.7502  in. o.d. x 68.0 in. long). Average forced-

convection heat-transfer coefficients In turbulent onephase 

flow and 1oc1 total pressure gradients in two-phase flow were 

also determined. 

Data have been obtained for the boiling of distilled water 

with mass fluxes of 51 to 165 1L- /see. ft, 2 , heat fluxes from 

13.8'10 to 49.8103  BTU/nrft 2 0  pressures from 15.8  to 30.9 

psia,arid qualities up to 1 1 . 

The boiling heat transfer data were compared to the cor-

relations proposed by Plumm., Dengler, Rohsenow, and Grossman 

and Schrock. No attempt was made to formulate a new correlation 

because of the limited range of conditions investigated. The 

nonboiling heat transfer data were compared to the Dittus-

Boelter and Sleder-Tate correlations. The local total pressure 

gradients in two-phase flow were correlated by the MartinellA.  

parameter, Xtt , for turbulent two-phase flow. 
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II. INTRODUCTION 

A. Oenera]. 
11, 

Recently attention has been focused on the problem of 

removing tremendous quantities of heat from small spaces. Con-

ventional heat.trarisf'er methods do not even approach the solution 
to this problem. A solution to the problem seems to lie in the 

realm of forced-convection boiling heat transfer.Heat-transfer 

processes which involve a change in phase can accommodate very 

large heat fluxes. Until recently little attention had been 
directed to boiling of saturated liquids (net boiling) in forced 

convection. This is a very complex problem. Even the flow 

mechanism encountered in isothermal two.phase flow isnet under.. 

stood. In the two-phase flow of a liquid and its vapor an 

additional degree of freedom, the quality of the mixt4re 9  is 

encountered. When heat transfer which effects a phase change 

is superimposed on this complex flow mechanism, the analytical 

complexity of the problem becomes intractable. 

Downflow systems operated at moderate pressures are impor-

tant in the food Industry and in one of the proposed processes 

for the conversion of sea water to fresh water0 The food 

industry uses downflow evaporators in the concentration of juices. 

Prolonged retention of the juices at high temperatures is Injur 

iou.s to their flavor. The short retention time in downflow 

evaporatOrs causes minimum flavor damage. For desalting of sea 

water to be economically feasiblef  thultiple-effect evaporation 

units must be uscd,and effective use must be made of the surface 

available for heat transfer. The stag1nof unitsmeans that 
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small temperature driving forcee will be encOUntered. In an  

upflow oystem inefficient use of hoattrancfor surface Is caused 

by thhydrostati.o.hcad,which prevente boiling in the lower 

Sections of the 	poator, Thie has led to the use of doWU?.ow 

systozs. 

Previous work in this field has nainly been directed to 

upflow cytcms-whIch were operated at elevated pressures and 

large 	 work was undertaken to extend this to 

a dowaflow system opetatod over a ranc of low heat fluxeS and 

low pressures 

B, Forced-ConvectIon: Boilinr of Saturated LIcu1ds 
- 

The three notable works published in the field of fot'ced-

• convection boilinr of water were due to DcncIer (1), Mutin (ii), 

and Schrock and Grozsman (i) 

3cnlcr°s.upfl.ow eys'eia consisted of a 1-In. i.d. 20-ft. 

vertical copper tube. iive star jac!cets were spaccd.along the 

tube and twemtyone thermocouples were embedded In the tube 

wall. Local static prcsstzres were obtained by a nanometer 

system o  and local heat fluxes were determined by coliectin cOne-

densate. Saturated feed was introduced to the test section and 

the iass flow rate was varied froi 2..102  to 5.5010  lb /hr. 

The outlet pressure varied from 7.2 to 29 pola. The nass ftsction 

01 VPO (quality) was varied from 0 to 100;. The local vol 

umetric fraction of 1ICIUIC1 was deternined by a radIoactive trqcer 

technique. It ws postulated that the local heQtVa1WfCr 

coefficients at low flow rates and qualIties tre overned by 
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the eoibined influence of boiling and forced convection. As 

the linear velocity of the vapor-liquid mixture increased 9  the 

nucleate boiling mechanism was su7preesed and the forced con 

vection heat transfer mechanism was the doininmt factor. The 

correlation in the region of suppressed nucleate boiling was 

hB  -0.5. ç_3.5xtt  

ho  is the nonboiling heat-transfer coefficient calculated from 

the Dittus-Boelter relationship, 

h0  0,023 - te1 	
.k 

The physical properties were those of the liquid state evaluated 

at the local saturation temperature, and the Reynolds number s  

DGT/.e, was based on the total mass flow rate0 

Xtt Is the Lockhart$4artinellI parameter defined by 

V 0.5 Pf  10.1 	0.9 
tt - r- 	- 

V 	 Pg 

This was originally developed for the correlation of pressure 

drop in twophase, two-component floi. Its possibilIty as a 

correlating parameter for heat transfer in twophaso flow was 

suggested by Locithart and Martinelli (9)0 

In the entrance reglon3 of the test section Dengler observed 

values which were larger than those predicted by the cci'-

relation. Dengler postulated that this was the region in which 

the nucleate boiling mechanism was predominaNt. The boiling 

was suppressed as the linear velocity of the liquid increased. 

A temperature difference to Initate nucleate boilin., T19  was 

defined by 
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for nucleate boilirt 	ten.1er 

the liquid VC1OCIty and AT 

was then nondimioiia1ied 

data were corre1atd by div1i.1n 

0 6 673 [(T 	Tb - 
	i)cat] 

01 

when this group wa greater than one. The tori of the facLa 

seems Inappropriate and its sIgnificance vague. It dId succeed 

in reducing the scatter ofthe data0 

b.  Mumm 

Muxnms system consisted of an electrically heated hor1 

zontal, type-347 stainless steel tube which Was 0,465 in. Ld. 

and 7 ft long. Local heat-transfer coefficients were meastired 

for exit alities up to 	The investigation covered a 

range of pressures from 45 to 200 psia q  heat fluxes from 510 

to 2.5 '. 10 TtJ/hrft 2 ,and mass flow rates from. 70 to 230 lb :per 

5CC 	The data for qualities less than 40 were correlated 

by 	 . 

.64 	0.464 

- 	UB 	[4.3 + 5,104 	x]) 

with a etandard deviation of ±l, 

S 

T=l0() I 	 .0 

This was applied as a criterion 

obtained no correlation between 

when a fog riow model was used. 

in an arbitrary manner a  and the 

.h/h0  bythe factor 
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a. Schrock and Grossman 

The upf low oystem of Schrock , and Grosriian conitod of 

an electrically heated 1/8-in. i.d. type-347, stainlezo eteel 

tube which wa 20 in. lone. Local heat-ran1er .coefi'icieit 

were measured for qua1itie from 0 to .50% at heat fluee of 

610 to 6•10 BTU/hr.fV S, pressures from 50 to 200 psiaard 

niase fluxe3 of 255 to 605 lb Ieee. Ct The data were correlated 

in two flow regimee For very low vapor qualitIes where cleats 

boiling wae considered predeminaHt, the data were correlated by 

S 

h. 
- 	1.15 lO °  q 

Since the scatter of the data in thie region wae large, the 

validity of this correlation seems dubIous At higher qualities 

the hIgh values of the heat-transfer coeffioient were attributed 

to forced convection due to high vapor ve1ooitIe and mass 

transfer from the anruiar liquid layer to the vapor core. the 

data were correlated by 

h. 	-0.75 

where 	is the local nonboiling heattranster coefficient cal- 

culated from the Diti sI3oe1ter correlation. The physical 

properties were assumed to be those of the liquid state at the 

prevailIng saturatton temperature. The .Feynold nurL'r ws 

craluatcd at the local liquid mass flow rats an Oi not  th e tote] 

mass flow,  rate as used by Dengler; 	Is the Lockhart- 

Iartirie III parameterS. 
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ehrock and Grossman (14) have recently extended their 

reported experimental data0 The new data indicated, the impor 

tance of the boiling number which wa defined by i'iunmi (ii) 

At very high boiling numbers the heat-transfer coefficient 

proved to be nearly independent of the 1artine11 parameter0 As 

the boiling number was decreased the heat-transfer coefficients 

became more dependent upon the Nartinelli parameter. All theIr 

experimental data were correlated by 

lqu r. 14T.10[ 	+ 1. 510 4  tt 

with a standard deviation of ±35. 

• 	

0 

 

C. ical Pressure Gradients inForeod-CoirectionVaporisation 

The most extensive Investigation in this field is due to 

Grossman and Schrook (6). They obtained data for 1/•61- to 1/2-1n. 

id. electrically heated stainless steel tubes ' Th and 20 In. 

in length4 The system was the same one .dIscwsed in Section B. 

They investigated mass fluxes of 200 to 700 lb/sec.. ft heat 

fluxes of 110 to 810 BTU/hr ft 4 , exit qualities up to 50, 

and pressures from 50 to 400 psia. .4 correlation was obtained 

between the local total pressure gradIent and the Lockhart-

1,1artIne1li parameter. Their data were correlated to ±15. By 

assuming a slip-flow model and using Denglers holdup data, the 

Lockhart-Martinelli correlation for frictional pressure drop In 

two-phase flow was verifIed. A better correlation was obtaIried 

for the local total pressure gradient than for the local fric-

tional pressure gradient. This was due in part to the 



[] 

inapplicability of the clip-flow model. The advantage of this 

type of correlation over previously suggested ones (io) is that 

it greatly simplifies design calculations. 
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III. EXPERIMENTAL EQUXPNENT 

A. Flow System 	 - 

The flow system óonsisted of a 3emi-closed loop. Two 

vented 50-gallon stainless steel barrels were used for storir 

the distilled water. One was placed on a Toledo dial scale to 

facilitate the measurement or a mass flow rate. By an auxil- 

iar'y piping and valve arrangement either one of the barrels could 

be used as a source for the teed puthP. A filter constructed 

from small-mesh Gtainless steel screen was ir.se.cteci in the 

systeth between the feed barrels and the feed pump. The feed 

pump was a Waukeshaw 10 DO stainless steel gear pump with a 

rating of 4000 lb /hr at 60 psig discharge pressure and 700 

rpm. The speed of the pump was controlled by a Reeves Van-

speed Iotodrive. A surge tank was installed near the pump's 

dischare end to smooth out any pressure fluctuations induced 

in the feed by the pump. 

Two steam preheaters connected in series were used to pro-

heat the feed to the desired temperature. Each preheater con-

tained a bundle of four 1/4-in. o,d. copper tubes which were 10 

ft long. The steam pressure in the first preheater Was manu-

ally controlled by moans of a Spence pressure regulator. The 

steam pressure in the second preheater was controlled by a 

Taylor diaphragm valve model 4VQ255. The diaphragm valve was 

actuated by a Taylor indicating pressure controller model 

162fl1123,which had proportional and reset modes. The sensing 

element of the controller s  an Accüratuc temperature-compensated 

stainless steel thermometerb was inserted in the flow circuit 
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at the outlet of the second preheater. 

The flashing valve consisted of a globe valve which was 

controlled from the main control panel, On the doWnstream 

aide of the flashing valve a high-pressure Pyrex sight glass 

was installed so that a visual inspection of the two-phase flow 

pattern could be made. The distilled water was degassed before 

each run by causing hot, high-pressure water to flash when 

passed through the flashing valve. 

The vapor-liquid mixture was separated by means of an 

insulated cyclone separator. Negligb1e entrainment of the 

liquid in the vapor stream was encountered,aa proveii by tests. 

3olifb1e salts were dissolved in the liquid phase, and then an 

analysis for the salts was performed on the . vapor-phase con-

densate, Such tests showed that under the vapor-liquid loads 

experienced in this work there was negligible entrainment, i 

two-pass condenser in which cooling water was run through ai* 

1-in. o.d, copper tubes was attached to the vapor outlet of the 

condenser. On the liquid outlet an inter000ler had to be 

installed to stop cavitation from occuring in the liquid return 

pump. 

Through a solenoid valve arrangement the vapor óondens ate 

and liquid flows to the feed barrel could be diverted into 

separate 50-gallon stainless steel barrel8 located on beam 

balances. This was done to obtain the mass flow rates of the 	'F 

vapor condensate and liquid streams, 

All interconnecting piping was of 304. stainless steel. 

The test section and all interconnecting piping from the flashing 
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• valve to the test section wasp heavily insulated. Figure 1 

is a. flow diagram and ?igures 2 to 5 are photographs of the 

installed equipment,Tke s1Tp was 	 of 4S5 wooL 

B.Tet Section 

The test section was constructed: or 304 stainless steel 
tubing which had a 0.7502-In. o.d. and a 0.0154-in, wall 

thickness. Two copper. sleeves woresilver-soldered on the test 

section to provide.adequate electrical connection. These 

eleeves insured a uniformly distributed current density at the 

entrance and exit of the test section. 

Nine pressure taps were distributed along the test section. 

They were 
I constructed by silver-soldering 1-in. x 3/16-in. 

stainless steel tubes to the test .sectjon and then drilling 

a.0.040-in. (No. 60 drill size) hole through the test.section 

wall. Those were electrically isolated from the rest of the 

pressure-measuring, circuit by 3-In. sections of 1/4-in. i.d. 

Fisher-Porter glass pipo 

Sixteen copper-constantan thermocouples were spaced approx-

Imately. every 6 in. along the test section. They were fabri-

cated by soldering the junctions directly to the outer tube 

wall. The thermocouple wires were wrapped around the tube 

three times before loading the wires to the measuring circuit. 

This wa2 done to eliminate the effect of longitudinal heat con-

duction along the.thermocouple wires. The thermocouple wires 

were then taped to the test section with pressure-sensitive 

high-temperature glass tape. 
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Fig. 1. Schematic diagram of flow system. 
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Fig. 2. Control panel. 
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St 

FRI 

1L 
4H 

fl 

-11.4. 

ZN. 23 13 
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Fig. 5. Pumping installation. 
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The test section was connected to the aux.iliary f1oi 

system by stainless steel conical fittings. These fIttin 

were silver-soldered on the ends of the test aection. Teflon 

caskets were used to electrically isolate the test section. 

Thermal insulation was effected by first wrapping the 

test section with a 3/4-In. layer of Johns-Manville asbestos 

woven tape and then with a 1-in, layer of glass wool insulation. 

The bottom of the test section was securely anchoredp and 

a hook was attached to the top so that a vertical force could 

be applied to prevent buckling. 

See Figures 6 and 7 for complete details of the con-

struotion of the test section s  rtires 8 and 9 for 

C 	 Pot-for  

An air-cooled stepdown transformer was used to supply power 

to the test scction It eculd delIver a znaxiraun of 25 

With 2.30 V., 150 amp on Its primary the transformer would 

deliver 40 it, 815 athp: at its secondary. The yoltag& to the  

primary of the step-down transformerwas regulated by a General 
V 

 Electric Induction regulator. The voltage regulator operated 
V  at 60-cycle, single-phase, 25-lcV&continuous duty with a 2.40r,. 

primary voltage. The output voltage of the regulator was varied 

continuously over its output 	 • means of an electric 

0 	 motor. 

D. Instrumentation 

a. TempeflreMeasurement 

Iron-constantn thermocouples were placed in Insulated 
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Fig. 6. Detail of test section. 
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Fig. 7. Test section. 
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Fig. 8. Test section installation. 
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Fig. 9. Instrumentation. 
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stainless steel wells at major points in the flow system. The 

thermocouple wells protruded Into the fluid stream for at least 

3 in. in the direction of flow. These were used to keep a 

check on the thermal conditions throughout the system. The 

thermocouple wires were led to an Insulated junction box. The 

box had a thick copper cover and back to eliminate temperature 

gradients across the thermocouple terminal strip. From the 

terminal strip the thermocouple wires wereled to.an IS-point 
Minneapolis Iiorieywell-Bron model 156 x 62?18 tempezature 

indicator. Theindicator had a range of 0-400 °F and an accuracy 

of 1/5 of 15 of span. Leeds and Northrup 11-point thermocouple 
switches were attached to two of the eIghteen points. This 

enabled the instrument to aecomodate all the thermocouples. A 

six-point, Minneapolis Honetwe1l-&own model 153X-G2-PG-X-23 

temperature recorder was attached to certain key thermocouples. 

it was used in the determInation of steady-state conditions. 

• 	All the copper-constantari thermocouples were fabrIcated 
from matched Leeds and Northrup thermocoup1 wire, The thermo-
couples which were solderédtô the test - sectlon -and those 
in the Insulated thermocouple wells before and after the flash-

Ing valve were led directly to a heavily insulated oopper box.. 
This bo àlsohe1dabuck1ng voltage and span-adjust circuit, 
The thermocouple emf could be reduced by a buckIng voltage 

and displayed on a 0-1-mv Leeds and Northrup Speedomax-G 
recordor or read directly on a precision Rubicon laboratory lp 
potentiometer. The bucking voltage circuit was designed so that 

the bucking voltage could be read on the 0-1-mv recorder. See 

figure %b for details of the circuit. 

A direct electrical circuit between ground and the test 
section resulted when a thermocouple was switched into the 

recorder circuit. This impeded the operation of the recorder0 
This was remedied by operating the recorder with a floating 

ground. A 60-cycle pickup problem was also encountered until 

one side of the main transformer was tied to ground. 
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The Speedomax-G recorder was used to observe temperature 

and preesure fluctuations. All quantitative temperature 

measurements were made on the precision Rubicon potentiometer. 

SInce the thermocouples were in electrical contact with 

the test section, their cold junctions had to be electrically 

Isolated from one another. This was accomplished by individ-

ually sealing the cold junctions in small glass capillary tubes, 

The Ice bath was located in a large Dewar flask. 

The thermocouples were calibrated in place by filling the 

test section with steam. Condensate and Inerts were bled out 

the bottom of the test sectionQ The bleed valve was adjusted 

until It performed the above duties while causing a negli-

gible pressure drop across the test section. After afew 

hours the thermocouple and pressure readings were recorded. 

Over the range of temperatures encountered in this work, the 

measured and thermodynamically determined (assuming saturated 

steam) temperatures areed to less than 0.2 °F. No orréctions 

were applied to the Leeds and Northrup table, This also:  yen-

tied the adequacy of the test-section insulatIon. 

b. Pressure Measurement 

A pressure manifold was connected to the 3-In, sections of 

glass pipe by 1/4-in. o.de  copper tubing. A needle valve was 	
11. 

installed in each line Immediately preceding its attachment 

to the manifold. The manifold was constructed from a 30-in. 

length of 1-in. I.d. brass tubing which was closed at both ends 

and mounted vertically. It was provided with a vent valve at 

the top and a connection with the main flow circuit. With this 
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arrangement all the air could be flushed out of the system 

before making pressure measurements. A Consolidated Eleotro-

dynamics model 4-313.transducer was attached to the center of 

the manifold. The transducer was calibrated by,a dead-weight 

ge. The transducer was excited witha stable thxee-voit 

battery source. Its output was run through a bucking voltage 

circuit and displayed on a 0-1-mv Leeds and Northrup Speedomax-G 

recorder. The bucking voltage was also road on the recorder 

after first being run through a voltage-divider network. This 

system was used in the calibration of the transducer so that 

the small voltage drop incurred in the voltage-divider network 

was incorporated In the calibration curve. The calibration 

curve was linear. 

Since the most stable exciting voltage will eventually 

drift, a procedure was developed to eliminate this effect 

Before each run the barometric pros sure was independently deter-

mined, The transducer was then opened to atmosphere and the 

exciting voltage was adjusted until the transducerts output 

corresponded to the voltage determined from the calibration 

curve. In th$.smanner the pressure could be measured to less 

than ±0.1 psia. 

Temperature gradients across the transducer's case caused 

erratic operation. This was corrected by two system rnodifi- - 

cations. The transducer and pressure manifold were insulated, 

and a head tank of room-temperature distilled water was used 

to fill the manifold. 
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• The root-mean-square (rms) value and the frequency 

spectrum of the pressure fluctuabiona were measured in certain 

run8. The transducer's output was bucked, and the remaining 

signal was amplified by a Leeds and Northrup ty -pe 9835-A amp-

lifier. The amplified signal could be visually observed on a 

Tektronix type 511-A osoL].loscope,or its rms value could be 

read from a Ballantine model-320 true root-mean-square volt-

meter. For the frequency-spectrum analysis the voltage ampli-

fier output was fed directly to a Hewlett-Packard model 300-A 

harmonic wave analyzer. Only qualitativo results were obtained 

from the wave analyzer. The main frequencies were low, and 

the sensitivity of the instrument was poor in this range. 

igure 14 is a plot of the pressure fluctuations encountered 

in some typical runs.) 

e. Power Measurement 

Four equally spaced voltage, taps were soldered to the 

test section. Calibrated Weston voltmeters, models 341 and 

155, with a least count of 0.05 volt and 0.5 volt, respectively, 

were attached to these voltage taps by short lengths of low-

resistance copper wire. 

Before being connected to the test aection ) the main 

power inputs were run through a Weston model 327 current trans-

former. This transformer had the following ampere ranges: 

1200/600/400/300/200/100/50/20/10 primary to 5 secondary. At 

60cyc1e. the characteristics of this transformer were such 

that the ratio-correction factor, 0.9990, and the phase-angle-

correction factor, leading 001', were negligble. The secondary 
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of the current transformer was connected to a calibrated 

Weston model 155 ammeter which had a least oount of 0.05 ampere. 

With this load the maximum error in the secondary of the cur-

rent transformer was 0.0035 amperes • In actual amperage 

through the test section this amounted to 0.28% of the total 

current. 

The voltmeters could be switched out of the voltage- 

measuring circuit and a calibrated Weston model 432 wattmetor 

could be used to measure the power dissipated btween taps. The 

average power factor as well as the power dissipated per unit 

lengthwere obtained.. See ligure It for details of the circuit. 

d. Flow Rate Measurement 

The flow rate was metered by a calibrated Fisher-Porter 

rotemetor and by weight measurement. Through a solenoid valve 

arrangement the flow could be 	 switched from the feed- 

tank circuit to the weighing-tank circuit. A weight rate of 

liquid and vapor condensate was obtained in this manner. The 

mass flow rate could also be determined by a direct measurement 

on the feed barrel0 The maximum difference in flow rates 

obtained by these independent measurements was 1%.  See ?igure 

I for details of the flow circuit. 
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IV. EXPERINENTAL PROCEDURE 

Prior to making an experimental run all the air was driven 

out of the pressure manifold and its auxiliary lines. The feed 

was then degassed for about 30 minutes. This consisted of 

preheat ing the distilled water enough so that it flashed when 

passd through the flashing valve. 

The quality of the mixture entering the test section was 

controlled by the amount which was allowed to flash. The approx-

imate amount of preheating for the desired quality entering 

the test section was calculated before a run. By those calcu-

lations the experimental conditions could be approximately 

set. The flashing valve was closed to raise the pressure in 

the aeeond•preheater 10 psi.a above the saturation pressure of 

the preheated liquid. The closing of the flashing valve was 

done, concurrently with the advancement of the pump speed in 

order to maintain the desired mass flow rate. Then the temp-

erature controller was set to maintain the desired preheat 

temperature of the lIquid stream Issuing from the second 

preheater. 

The test-section power was then turned on and adjusted to 

the desired level. The increased quality in the test section 

raised the back pressure so that a slight adjustment of the feed 

rate was necessary. The flow was very stable and reproducible 

except at, very low vapor fractions and power inputs, where 

"sluggIng" occurred. 

Forty-fIve minutes after startup a quasi-steady state was 

reached. At this time experimental data were recorded, Cutzuidc 
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tube wall temperatures and all other fluid temperatures which 

were necessary in later calculations were measured on a Rubicon 

precision potentiometer. Al]. 'pressures of interest were 

measured by means of a pressure transducer and recorded on a 

Leeds and Northrup. recorder. After each run the liquid 1es of 

the auxilIary piping from the test section to the pressure 

mahifold were recorded. In this manner compensation for the 

density of the liquid in these lines was effected. That the 

lines were always completely filled with liquid was established 

by visual inspection through the small 8eetion3 of glass pipe. 

• AtmospherIc pressure was road on a barometer and recorded. 

At frequent intervals the flow system was cleaned with a 

solution of triaodiuni phophate. The test section was:cleaned 

by a soft bristled test tube brush dipped in a suspension of 

Bon Ami,. After these operations the sy$tem was thoroughly 

rinsed with distIlled water. The flow storage system was then 

recharged with fresh distilled water, 
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V. CAItUUtTION ?R0CEDURE 

A. Calculation Procedures 

inae. the inner wall temperature of the tube could not 

be measured directly without disturbing the flow, theoutér 

tube wall temperature was measured. With a heat-transfer 

processoocurring there is a temperature drop through the wail 

which is a. runotion of the 'amount of heat transferred. The 

pertinent heat-conduction equation was solved in order to 

determine: the temperature drop through the tube wail. The 

basic assumptions made were 

Linear dependence of thermal conductivity and 

electrical conductivity upon teraperature. 

Circular srnimetry. 

.3 NegligIble longitudinal heat conduction. 

Adiabatic outer tube wall. 	. 

Negligible electrical capacitance and inductance 

effects. 

The derivatIon of the equation and the justification of 

the asumptIons are given in Appendix B. The solution obtained 

was: 

T(r1 a,y) 	(rj) + jTo +To  r )} +T_PoT(rj )1 
24 	 222 22 

A 	r0  A r0r1 r 	A r0 

(ro-irl2In 	- --- in1. 

± 	(r-r 	... 
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where 

(r -r ) - ° in 	+ 

A = VkØF(Q  

The maximum tube well temperature drop was 3°? 4 The lowest 

film temperature drop s  T i -T  bp which was encountered concur- 

rently with the maximum tube wall temperature drop,as 10 °F. 

If the correction due to the temperature drop through the tube 

wall were neglected1 a maximum error of 23 would have rosulted 

In the heat transfer coefficient. 

The temperature drop through the tube wall was subso-

uently evaluated for this particular test section 4nd plotted 

In ligure )to facilitate 	the reduction of dat -a- ---- 

B. Nonboi11n&1eat-Transfer Calculations 

The inner wail temperature of the tube was obtained(from 

Figure ) after having experimentally determined the outer 

tube wall temperature. A plot of inner wall temperature verus 

distance from the entrance of the heated $eotlon was made. 

After an initial thermal entrance region which lasted for 

approximetely 16 dialuetero g  the slope of thia.line was nearly 

constant. In the constant-slope region the thermal boundary 

layer was assumed to be completely established. In Ref. 12 

it was shown that In the range of Peclet numbers nvolved in 

this study axial conduction In the fluid was ne1Igib1e. With 

this condition and the condition of uniform axial generation 

of heat (whIch was justICiet by FIgure 	the bulk temperature 
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of the fluid is •a linear function of the distance from the 

entrance of the heated section. The bulk fluid temperature 

was obtained by plotting the inlet and outlet bulk fluid tethp 

eratures at their respective tube positions and then conflectinC 

these two pointa by a straight line. Zn this. manner local 

values of the bulk fluid temperature were determined. In the 

region of the plot where the s]ope cf :.the inner wall temperature 

• of the tube was conatant• the temperature difference between the 

inner wall and the bulk fluid also was constant. This is the 

• region where the heat -transfer coefficient was calculated. It 

Was calculated from the defining equation 

h=ff —)- 

The experimentally detormtned hoat-transfercoetficients 

ero compared to the DittueBoelter correlation, 

0.023 Re° ' 8Pr° ' 4  

and the Sieder-Tato correlation, 

0.027 Re8Pr033() 

In those relationships alithe fluid. propertie3 were evaluated 

at the bulk fluid temperature except p in the Sieder-Tate 

relationship, which was evaluated at the inner.wàll temperature. 

The results are plotted in Figures S and 3 . 

Iiocal heat-transfer coefficients wore also calculated for 

one run and compared to those theoretically predicted by 

R. Siegel and E. M. Sparrow (15). The comparison is shown in 

2igure 17. 
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C. Boiling Heat Transfer Calculations 

The temperature of the inner wall was obtained in the 

same manner as in the nonboiling runs. The local axial static 

pressure was assumed to be independent of radial pOsition, and 

the twophase mixture was assumed to be in thermodynamic equi 

librium. To support this assumption the temperature and pres 

sure of the bulk fluid stream were measured independently at 

a point near the entrance of the test section. The measured 

temperature and the temperature obtained from the static-pressure 

measurement by assuming thermodynamic equilibrium were a1way 

in agreement within the experimental accuracy of the measure 

menta. This supports the validity of the previous assumptions 

XL' one further assumes that the boiling heat transfer process 

does not materially affect the e8tablishment of thermodynamic 

equi1ibrium These assumptions were also made in references 

10 6, 9, 10, and 12. The bulk fluid tomperaturea were then 

obtained from the pressure measurements with the help of the 

Keenan and Keyes steam tables (7). For each run local beat 

transfer coefficients at five different tube locations were 

calculated from the defining equation, 

hB tLi•sTbJ 

The first location was one foot from the entranOe of the heated 

section and succeeding locations were at one-foot intervals. 
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D. Local Fluid Properties 

The local fluid properties in the two-phase flow regime 

were calculated by writing an energy balance over the reglon 

bounded by a point immediately preoeding the flashing valve 

and the position of Interest in the teat section. The velocities 

of the two phases were assumed to be equal (fog flow model), and 

the spatial generation of heat was assumed uniform. Using 

Linning's slip-flow model (8) as a basis 1 calculatjoris were made 

which indicated that in the region of vapor qualities encountered 

in this study, 1..::.. even with an appreciable amount of slip (the 

vapor velocity was assumed to be nine times that of the liquid) 

betweenthe two phases, the error in the vapor quality was small, 

With these assumptions the energy balance was  

:h1 	 - (z-z1 ) hf  +xhf 	h1  

Since the velocity depends on the vapor quality,whióh is an 

unknown an iterative procedure was employed. As a first 

approximation the kinetic energy term was neglected, and the 

quality. x was calculated. Then the kinetic energy term was 

evaluated,using this quality. A second approximation to the 

quality was generated by placing this kinetic energy term. Into 

the original energy balance. Since the qualities of interest 

in this study were small,one iterationwasall that wasnecessary. 

E. Local Total Pressure Gradients 

The local two-phase-flow pressure gadients were determined 

graphically. The experimental static pressure was plotted and 
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then a plastic straight"edge was visually adjusted until the 

tangont to the curve was obtained. The local pressure grad. 

ients for each run were then plotted versus length in order to 

ohecic their consistency. In every instance a smooth curve could 

be placed through these poiflt8A which indicated the procedure 

was reliable. The plot of static pressure and pressure gradient 

versus length for run 57 is shown in figures B and IL9 .) 

The local twophaae pressure gradients were nondimonsion-

alizedby dividing them by the local liquid frictional pressure 

gradient,wiioh was calculated from the following relationship: 

(2 \ 	fGVe 
2D ' 

The £riøtion factor, 1, was calculated from the relationship 

Ia 0D 
1/4 

f 
OP-1 	9 

which is the Blasius formula for a smooth tube. 
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VI. DISCUSSION 

A.. Nonboilirig Heat Transfer 

The average heat. transfer coefficients for turbulent 

one-phase flow, were correlatedby the Dittuo-13o&ter and 

Sieder-Tate correlations to ±8.7% and *3,7% respective].y, The 

Siedex'-Tate correlation was superior .beóause of its ability 

to correlate runs with large (TcsTb)...  This was due to the 

viscosity term which was added to compensate for temperature 

effects in the thermal boundary layer. In this range of 

Grachof and Reynolds numbers, Eckert, Diauila, and Curren (5) 

have shown that the superposition of natural convection effects 

on forced. cOnvection is negligible. As was expected, the data 

compared. favorably . o these correlations,  

Under conditions where the axial and radial variations 

of fluid properties with temperature were negl1gibie, the 

local nonboiling heat trnsfer coefficients compared favorably 

with those theoretically predicted by Siegel and Sparrow (16). 

The condition of constant fluid properties was met by running 

at high mass fluxes, low heat inputa,and bulk fluid temperatures 

greater than 150 °F. At these temperatures the temperature 

gradient of the viscosity of water is much smaller than it is 

at roori temperature, (Figure 17 shows the comparison between 

the measured and theoretically predicted entrarce region for 

a run at Pr = 1.86 and Re = 9.8 • io.) In rune where the 

condition of constant fluid properties was not inet , the thermal 

entrance region showed more Reynolds-number dependence than pre-

dicted by Siegel and Sparrow (16). In this case the entrance 
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region compared more favorably to the theoretically predicted 

one of Diessler (2). The main interest in the entrance region 

in turbulent one-phase flow was to aid. in understanding the 

one encountered in two-phase flow. - A thorough investigation 

of this: region was beyond the scOpe of this work, 

B. .B3i1ing Heat Transfer 

Visual inspection was made of the twophase flow pattern 

entering the test section. At large qualities the flow was 

mist-annular with wavy fluctuations riding on the vapor-liquid 

interface. As the quality was lowered there was a gradual 

change in flow pattern. A train of vapor bubbles with liquid 

entrained between them was visible at qualities near 1%. 

In Figure IS the net boiling data arc plotted in terms of 

the Rohsenow parameters, (q1p2h) 	 and (CAT/h g )Pr' T,  

The correlation is unsatisfactory. In the derivation of the 

Rohscnow correlation the characteristic constant in he equatIon 

depends on the fluid and surface properties, The present test 

section was constructed of 304 stainless steel. The data lie 

in the region of the curve obtained from Rohsenow' s data for 

a 0.18-In. I.d. nioke], tube. The applicability of the corre-

lation to this investjgtion ceems dubious. In Ilobsonow's 

investigation and In the present study the surface was kept 

clean, and the distilled water was degassed. It, doesn't seem 

probable that the deviations can be attributed to these factors. 

The data for an individual run tend to spread horizontally 

because of changes in the parameter, 	(CT/h r )Pr'  which are 

not reflected in the s1ow1 changing parameter. 
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This horizontal spread can be charao-

torized by the Martinelli parameter. As the. Martinelli param-

eter of .a data point increases the deviation from the RohsenOW 

correlation becomes greater. The parameters used in the 

Rohsenog correlation seem to be necessary but inufticient to 

characterize forced-convection net boiling. 

The data are compared to Mumms correlation (ii) in 

Figure )9 	The spread in the data is large. There is a definite 

trend in the data for each separate run. This indicates that 

although the parameters used by r7wnm are important in charac-

terizing the heat transfer, the groupings of variables and their 

exponents seem. to be inappropriate. 

Figure 2b. shows that the present data lie below the Dongler 

correlation (1). This might be attributed to the inaccuracy 

of Dengler's local heat fluxes, which were determined by 

measurement of condensate. A definite correlation of the present 

data is visible in rigure 20, which indicates the Martinolli 

• parameter is an important parameter in characterizing the heat-

transfer process. 

The compari;on of the data to the Schroek and Grossman 

correlation No. 1 (B) was good. The comparison is shown in 

E'igure 7.1• The parameters h'h 2  and X 	 correlate the datatt  

to ±2O. The data smoothly Join the Schrock and Grossman 

correlation at higher values of X tt
because the Schrocic and 

Grossman correlation was based on their data at low X. 

By assuming a sisaplifled model it can be shown that a 

certain value of h'h is approached as X tt  gets large. The 
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velocities of the liqui.d and vapor phases beoomo.equal when 

slugging occurs... The vapor slug pushes the upstream liquid 

out the end of. the tube. The "boiling heat transfer coeffi 

dent," hlA  will approximately equal one calculated from. the 

1)ittus.Boelter equation in which the Reynolds number Is based 

on the, increased velocity which exists due to vapor formation. 

sgtrig is an unsteady and, complicated phenomenoN, This aim-

pified model gives a 'qualitative bound or h/h 2  as 'X gets 

1arLe. Calculations based on this simplified model yielded 

hB/hz  1.6 at an Xtt  of 15. The data tend In this direction. 

This model wouldn't apply at very large heat fluxes... 

When Grossman and Schrock (14) analyzed their recent data 

• definite trorid was found in the high X range. There was tt 
• systematic deviation from the, correlation. A set of curves 

resembling a friction-factor plot was obtained, Boiling number 

appeared as a parameter analogous to the relative roughness on 

a friction-factor plot. As the boiling number became larger 

the heat-transfer coeffIcient became less dependent on X. The 

Grossman-Schrock correlation No, 2 was developed in an effoit 

to combine these effects.. See Section lI-C, It correlated. 

their data to ±35%,.  The form of this equation implies that the 

boiling effect and the forced-convection effect are additive. 

The boiling-number range of this study was in the region 

where the heat-transfer coefficIent was dependent upon X. 

This was verified in this study. Although the parameter8 

correlated 95% of the present data to *15%,  the comparison 

between this ,óorrélation and the data wasn't too, favorable. 
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Figure 	ShOWS that the present data lie approximately 200 

above the Schrock and Grossman correlation. In this figure 

the correlation obtained from the data of Morgan et al, for a 

downtlow system is shown. It lies between the present data and 

the Schrock and Grossman correlation. This indicates that 

the deviation from the correlation is not solely due to a basic 

difference in upflow and downf low if the data of Morgan et al, 

are reliable.. 

The most pronounced difference in conditions investigated 

by this author and by $ohrock and Grossman was the pressure 

range. Schrock and Grossman operated at pressures from twioe 

to thirteen times those encountered in this study.. At low 

pressurea the spoific volume change on vaporization is from 

two to four times that at high prssures. The difference 

between the data and correlation might be attributed to a need 

for riiore pressure dependence in the correlation. 

The boiling number, c/hCGT)  can be considered as the ratio 

of the perpendicular mass flux to the total mass flux. It 

seems to the author that q/h is not the important perpendic-

ular mass flux. A quantity with more physiøal significance 

would he qiç/hv. A boiling number based on this mass flux fg 
would be clvg/hfvfGT.  The term civff/hfgvf  is the mass flux of 

liquid whIch is caused by vapor generation. This term dOes not 

allow for the mass flux of liquid due to flashing. The signif-

icance of the boilIn. number does not depend on the presence of 

nucleate boiling at the inner wall. It can characterize the 

disturbances caused at. the vapor-liquid Interface duo to 
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vaporization.. It is interesting to note that a boiling number 

formed on this basis was fundamental in characterizing the 

pressure fluctuations • Not enough experimental data have been 

obtained in this study to investigate the significance of this 

group. 

A sacrifice In accuracy was made, when Sehrock and Grossman 

.neorporatod the boiling and forced convection effects in 

their correlation No. 2. Their "friction tactor t  type corre-

lation, whIch is a plot resembling a familiar friction-factor 

plot, is the best available correlation for ferced-convection 

net boiling of water. The boiling number defined by Mumm 

doosnt have as much physical significance as the proposed 

modIfIed boiling number0 A more general correlation might b. 

bt.ained by using the modified boiling number, 

C. Entrance Effect 

A large, reproducible entrance effect was observed in 

forced-convection net boiling. The effect was more pronounced 

than the one encountered in onephaae flow. Figure 3 shows 

data obtained for a series of runs in whIch the inlet quality 

was decreased (increased inlet value of the Jartinelli parameter.) 

while the total mass flux and heat flux were held constant. 

The entrance effect alwaya resulted in boiling heat transfer 

coefficients Which were higher than those predicted from a 

Schrock-Grossman-type correlation of the remaining data. 

The effect was not caused by axial conduction. An experi-

mont was performed with adiabatic two-phase flow. Tube wall 
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and bulk fluid temperatures were measured. These measurements 

proved that axial conduction in the tube wall was negligible. 

The entrance effect varied, at a constant heat flux. This 

• 

	

	indicates that the effect was not due to nonuniform heat gen- 

eration. This was also substantiated by other measurements 

which are mentioned in Appendix A. 
• 	 The entrance effect had two characteristic regions. The 

two regions were characterized by their positIon with respect 

to the'obserred maximum in the inner wall temperature. The 

initial entrance region prece"ded the maximum and the terminal 

entrance region immediately followed the maximum. The Initial 

entrance effect had the following behavior: 

1. slight increase in magnitude and no effect on thermal 

entrance length as the heat flux was increased, 

2.. decrease in magnitude and no effect on thermal entrance 

length as total mass flux was Increased, 

S. large Increase in magnitude and thermal entrance 

length as inlet value of Martinelli parameter was decreased6.  

Figure 11 clearly illustrates the behavior described in 3 and 

the.initia]. and terminal entrance regions. The main effect 

observed in the terminal entrance region was that its length 

of influence decreased as the heat flux was increased. In the 

Initial entrance region the length of Influence refers to the 

tube position at which the maximum inner wall temperature was 

reached and In the terminal entrance region it refers to the 

length of tube over which high boiling heat transfer coeffici-

ents were obtained. 



33 

Dengler obeerved heat-transfer coøfficients in the entrance 

region which were too high and attributed then, to the presence of 

nucleate boiling. He reasoned that increased liquid velocity 

suppressed the boiling mechanism, See Section 11-A. In the 

range of conditIons studied the data indicate that this is 

erroneous. If a nucleate boiling effect was predominaNt in the 

entrance region of the tube one would expect that at a constant, 

high value of the Martinelli parameter (indicating a low liquid 

velocity) the length of the entrance effect would increase as 

the heat flux was Increased. An increase in heat flux increases 

the degree of supeztheat TiTb,  which should increase the 

nucleate boiling effect0 In this study the MartInelli parameter 

could be varied by adjusting, the quality of the mixture entering 

the test section. The Martinelli parameter was varied in runs 

at three different heat fluxes. The total length of the 

entrance effect 1  initial plus terminal, decreased as. the heat 

flux was increased while the Martinelli parameter was held 

constant. This indicates that nucleate boiling is not the 

mechanism which increases the heat -transfer coefficients in the 

entrance region. Calculations based on Denglers holdup data 

indicated that the difference In the velocity of the liquid 

entering and leaving the test section was small. It seems 

unlikely that if nucleate boiling occurred in the entrance region, 

It could be suppressed at some later axial posltlon,as Dengler 

prcpocd, 

The properties of the entrance effect observed in this 

tudy scorn to Indicate that It originates from an Interaction 
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between the increased turbulence in the:  liquid annulus due 

to iNtevfaciaL shear and the development of the thermal boundry 

layers More experimental work is needed to verify this 

interaction. As the magnitude of the entrance effect can have 

an appreciable influence on design caloulations, a more 

thorough study of this region is warranted. 

D. kcal Total Pressure Gradienta. 

The local total pressure gradients were correlated by 

means or the Martinelli parameter. The correlation is plotted 

in 3igures 	andZS, Figure 25 is ag,00d test of the exper 

mental data, since the ordinate and abscissa of the conventional 

Iokhart4artinelli type correlation are squared. since 9 2 

of the data are correlated to ±2Q, the validity of this 

correlation is substantiated. The conventional Lockhart 

Martinelli-type cDrrelation shown in Figure 24 correlated the 

data to ±6,, Most of the scatter in data occurred at X t  values 

greater than one, . ?artinelli and Ickhart (9) observed the 

same effect. This could possibly be attributed to a transition 

region in the hydroynamical character of the flow1 in rigure 

the present data are compared with the curve that Schrock 

and Grossman (e) obtained in an upflow system. The present 

data lie l higher. 

A gravity field accelerates the liquid annulus in a dowr• 

flow system. It has the opposite effect on an upflow system. 

Due to this effect the liquid holdup in a downflow system 

could be expected to be smaller. This would account for the 

difference between the two systems. . There is also a difference 
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clue to the sign of the static-pressure-drop tex'rn The differ-

erice opposes the trend seen in figure M 	The effective. density 

of the mixture is small, The gravity head is small compared 

to the total pressure drop. The gravityhcad exerts a small 

inflttenôe on the total until the Martineilt parameter becomes 

large. 

Schrock and Grossman (6) investIgated 1/-In -  to 1/2in.-

diameter test sections over a wide range of conditions. All 

their data were correlated to *15%.  On the basic of their 

results the validity of the present pressuz'edrop correlation 

over a wider range of conditions seems justifiable. 

E. •Appitude and Frequonoy of Weal _uctuatiQ 

The proesure fluctuations for a series of runs are shown. 

in rigure 11 • The shape of the ourvos is the same at a total 

mass flux of 110 lb /seo ft. The hump in the curves becomo 

more pronounced and the initial value of the fluctuations 

become larger as the inlet quality is decreased. In each run 

the fluctuations become larger as the quality increased. The. 

trend seems reasonable as an increase in these variab1es causes 

aninorease in the specific volume change on vaporization. 

At a constant total mass flux a relationship existB between 

the fluctuations, Martinelli parameter, and the modified boiling 

number, civ'h fgvfOT. This substantiates the significance of 

the modified boiling number in characterizing the flashing or 

vaporization process. A thorough investigation of pz'essure 

fluctuations should be undertaken. This would 1cad.to a better 

understanding of the heat-transfer process. 
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Qualitative measurements of the freuenoy spectrum of the 

pressure fluctuations were made with a hatonic wave analyzer. 

The obOrved wave forn.was very random. Its main components 

were at frequencies less than 30 cycles/sec Frequencies of 

1 cycle/sec were observed in the s1uging reion0 This 

indicated that the simplified sluin model is qualitatively 

correct. 6  The components at 60 and 120 cycles/eec WO CU21l 

compared. to the main components. This indicates that the Use 

of alternating current does not affect the vapor .  generation. 

Frequencies observed in.pool boiling are approximately 

1000 cycles/sec. No high frequencies were obsorvod. This 

indicate8 that either there was no pool-type boiling or that 

forced-convection effects were predominait. The same con-

c1uson would be obtained from the "friction factor" type heat 

transfer correlation proposed by Schroek and Grossman (14). 



37 

VII. CONCWSION$ 

1. The beat correlation of the boiling heat transfer 

data was obtained by the following Sohrook-GrOasmafl type Of 

correlation: 

- 	
3.4 ' 102 rfgGT+ 165 • io 

This correlated .95% of the data to ±15%, There was a 

deviation between this correlation and the one obtained by 

Sahrook and Grossman for upt].ow. The deviation might be 

attrjbuted to a need for more pressure dependence in the 

correlation. To introduce this pressure dependence a modified 

boiling number, qvhfgVjO was proposed. 

2.. The local total pressure gradient$ in forced vapor-

ization were correlated by the Martinelli parameter. The 

following correlation represented the data to *2 

3. Nozlboilingheattrarwfer coefficients were correlated 

by the Dittus-Boelter and Siodor-Tate correlations to ±3.7% and 

*3.7% respectively. 

I. Main frequencies of pressure fluctuations observed, 

in forced vaporIzation were below 30 cycles/ceo. It was 

concluded that either nucleate boiling didnt occur or that 

forced-Convection effects were predominaNt. 



38 

5. A large thermal entrance region was observed in 

forced vaporization. Its origin was not due to nucleate 

boiling. It was postulated that it was due to an interaction 

between the increased turbulence in the liquid annulus due to 

interracial shear and the thermal boundary layer. 
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IX. APPENDICES 

Appendix A - Determination of Inner WallTemperature 

The following assumptions were made in deriving, the per-

tinent heat-conduction equation: 

Linear dependence of thermal conductIvIty i1 e1c-

trical resistivity upon temperature. 

Circular symmetry. 

Negligible longitudinal heat conduction. 

Adiabatic outer tube Wall. 

Negligible electrical capacitance and inductance 

effects. 

Under experimental conditions the temperature drop through 

the tube wall was small. The fir3t assumption was justified 

because over a limited temperature range these phy8ical prop-

orties may be fitted with linear relationships. Assumption 

two was checked by Inspection of random samples of the tube 

with a calibrated metallurgical microscope, The standard 

deviatIon of the wall thickness was less than 3%. The maximum 

error in the temperature of the inner wall arising from these 

variatIons was less than 0.1 °F. Assumptions, three and four 

were justified by measurements and calculations which indicated 

that the maximum axial heat conduction was less than 0.001% of 

the total.heat input and the maximum radial heat loss to the 

surroundings was less than 1% of the total heat input. The 

minimum value of the measured power factor was 0.97, which sub-

stantiates assumptiOn 5. With these assumptions the following 
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differential equation results: 

	

. [r1+T 	
.] 

with the boundary conditions 

T nT 	19 

The temperature dependence of the electrical resistance and 

thermal oonductiity were assumed to be 

R w R0 (l+yT) and k = 1c0 (l+aT) 

Under experimental conditions the temperature drop through 

the tube wall was small not greater than 3 °F, Therefore, the 

temperature may be expanded in a pertubat ion series in a and 

's', and second-order terms may be neglected; 

0 	1 	2 

	

T(r,y) 	T(r) + aT(r) + 'yT(r.) + 

This relationship was substituted into the differential equation 

and bound3ry .  conditions. The coefficients of the first-order 

torme in a and y on both sides of the equations were equated. 

The following linear differential equations and boundary 

conditions result: 

n 
L4 

1 
- 

dl dPi 
-- I = -A rdr Ur 

i4r L~ 1] 

1 d [

r  5LT  AT ar 

dr =0; P=T0 at r=r 

1 
=0; T = 0 at r 

2 	2 
z 0; T 0 at r = r0 
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These differential equations were solved and substituted into 

the original pertubation series. The following relationship 

was obtained for the inner wall temperature: 

	

T(r1,cz) 	(ri) + IT
2 ( rj )] + Y[TT0j ) 

	

A 2r4 	r 	A2r2r2 	r 	A2r2  

	

o 	o 	oi 	o 	o,2 2 in 	- 	- in 	+ 16  i1 r0  -rj  

A2  44) + 	(r-r0 )j + ••• 

With 
2 

Substituting the dimensions and physical properties of the 

stainless steel tube into the relationship, the final result 

was 

8.250 • 10 A - 4.389 	10-10  T0A 

+ 1.810 16 6  A 2  + 'yfe.250 • 10 AT0  

+ 0.016 10-10  A2} + 

The second-order terms were obtained and proved to be 10% of 

the first-order terms. Since the first-order terms contributed 

a maximum of 0.3 °F to the temperature, the justIfication of 

neglecting second-order terms was proven. The term Which 

resulted from the dependence of the electrical resistance upon 

temperature was also negligible under these test conditions. 

The final result for the temperature drop through the tube wall 

was 
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8.250 i07 A 4.389 ' 10 °  ¶A 

+ 10810 • 10 16  A 2  

• Pigtiz'o 14 is a plot of this equation whio} wags made to faoil-

itaté the z'eduotion of the experimental data. 
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(ppendix C - Sample Calculations 

The experimental data were partially reduced by taking the 

thermocouple emf and tranduoer einf and converting these 

into temperatures and pressures respectively. These were then 

plotted versus length from the entrance of the heated section, 

and a smooth curve was placed through these points. The bulk 

fluid temperature was then determined from the saturation 

pressure, and it was also plotted. Five heat-transfer coeffi-

cients were determined per run, Starting one foot from the 

entrance of the heat section, heat-transfer coefficients were 

deteminod at one-foot intervals, Figures Zi  and 8 are plos 

of experimental data from run 57. A sample calculation will 

be made for run 57 ata point which is five feet from the 

entrance of the heated section. 

a. Vappr Ilass Fraction 

The vapor mass fraction, x, was determined by assuming a 

ho-mogeneous.  model and writing a total energy balance on the 

fluid from before the flashing valve to the position of interest 

In the test section. As a first approximation s  the kInetic 

energy terms were assumed negligible. This resulted in the 

following: 

o h1-h+()2_ j(z- 1 ) 

fg 

where 

enthalpy of liquid before flashing valve, BtJ/lb, 
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local enthalpy of liquid)3TU/lb, 

m = mass flow rate, lb ieee, 

L = total length of heated section,ft, 

(z -z 

	

	= vertica1 distance from flashing valve to 

point of interest, ft, 

h fg = heat or vaporzation,TU/lb. 

This vapor mass fraction was then used to calculate the kinetic 

energy change. The kinetic energy of the liquid preceditig 

the flashing talve was eOnideréd negliib1eo 

a2v2  a 2 	o 
(E.)=rj?(vf+XYf g ) 2  

This kinetic energy term was substituted into the complete 

energy equation to obtain a second approximation of x, 

1 	- 
• 	 h g  

• 	This converged very .  rapidly-. Since all the experimental runs 

of interest in this study were made at low qualitiesp one 

iteration was all that was required, 

The following values were obtained from the reduced-data 

sheet for run 57 and the Ieenan and Keyes steam tables (7): 

298.0°? 
Tb = 233.9 °F 
V. 0.01687 ft 3/lb 

It 

18.12 ft'/lb 
Vf  18.10 ft /lb 

m = 0.464 lb/8ee 
t5ft 
(z-z 1 ) =-7 ft 
L 	5,67 ft. 

= 164.5 lb/sec ft, 2  
P • 	9.84KVA 

267.5 BTU/lb 
h 	202.1 T13/1b 

956.3 BTU/lb 

Therefore: 



SA 

(9.o4X.a)15) 	7 
0 2G752O2.lTç0 4Jj5. 6'(l [3600) 	=0.0869  956.3 

• A(.E,) 	32 	h 7-t31[0901ee7 + (18.10)(0.0869)] 	1.37, 

= '956 	
•* 1.37 	0.0055, 

MartinelU I'arameter 

The MartnelIi parameter, X, was calQulated from the 

definin equation,• 

0.5 	0.1 	0.9 

x=() 
(Uf 

&) 

From the reduced-data sheet and from quantities previously 

calculated, the following results 

,Fo.  Q1687\ 0510 249 \0e 1tl-o..Qa550'9 
ri 	srj 	0,347. 

Doiling }Ieat Tran$ferCoeffloiertB. 

The heat transfer coefficient was calculated from the 

definition 

hB TççJ ' 

where 

q = local heat flux at inner wall, BTU/hr ft 

inner wall temperature as computed from the 

measured outside wall temperature, T0 , and 

!'igure2 



emL 
WO 

Tb bulk fluid temperature,whioh was assumed to 

be the temperature of saturated liquid at the 

pressure, which was obtained from f'iure 27. 

For this particular run and tube position the to1lowin quanti 

ties were obtained from figures 7.7 and 28 

To  =241.2°F, 	Tb =233.9°F , 	ci 31,400 TU/hrft 

From !igure U the drop through the wall for this partiu1ar 

heat input and outer wall temperature is 190F. Th•tore, 

_ 149 = 241.2 	1.9 	239.3 1O F 

and 

5820 BTU/hr ft 2°P. 

1. Nonbollina Heat Transfer Coefficient 

The nonboiling heat transfer coefficients were calculated 

from the Dittus-Boe)ter correlatiOn, 

Nu 2  = 0.023 fle 3  p 4 . 

The !errolds number and Prandtl number were oalculated on the 

basis of local liquid flow and not on total mass flow. All 

fluid properties were aisumed to be those of the fluid state 

evaluated at the local saturation temperature. From the 

reduced-data sheet we have 

ROT = 58,800, Pr 2  = 1.54, k = 0.395 BTU/hr ft °F. 



Therefore 

Re2 1eT(1.X) 	(58,800)(0.9131) 	53,690 

and 

h-à (O.023)(0o395)(i54)0.4(53.690)Q*8 	1110 
5,996 '10 

The nondirnenaional ratio of heat trariefercoetfjcient8 

may noW, be calculated: 

h13 sao 
ç iii4 	25, 

Nu 	h 	 0.4 

Be?'8PrY3 
ri (0.023) 	00124. 

e.  soiling Number 

The boiling number waa calculated from the defining: 

equation 

Bo 

From the reduced-data aheet and the Koeñan and Koyea tablee 

we have. 

q 	.31,400 BTIJ/hr ft 

0T •164 SIb/coo ft 2  

95•3• 

Thorof ore 

t 	, 	 5.5 • .io6 

84 
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