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h^ Coef f ic ien t of h e a t t r a n s f e r u t i l i z ing the t e m ­
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^ " / ^ c B t u / ( h r ) s q ft) (F ) 
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NOMENCLATURE (Cont 'd.) 

Symbol Definition Units 

q Total heat t r a n s f e r r e d per unit t ime Btu /hr 

q" Heat flux Btu/(hr)(sq ft) 

r i Inside r ad ius ft 

Si Outside rad ius ft 

s Thickness ft 

t T e m p e r a t u r e F 

U O v e r - a l l coefficient of heat t r ans fe r 

V Specific volume cu f t / lb 

X F rac t i on of flow evaporated 

^ Ratio, orif ice d iamete r to pipe d iamete r 

7 Specific weight l b / c « ft 

^ sat V ^ t sa t F 

0 c tw - % F 

B T e m p e r a t u r e excess F 

\i Viscosi ty Ib /h r 

Subscr ip ts 

b Bulk s t r e a m 

f Liquid 

fg Denotes change in p roper ty f rom liquid phase to vapor phase 

g Vapor 

sat Saturat ion 

w Wall 
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HEAT TRANSFER TO BOILING WATER FORCED THROUGH 

A UNIFORMLY HEATED TUBE 

by 

J, F . Mumm 

ABSTRACT 

An e lec t r ica l ly heatedj horizontal , Type 347 s ta in less 
s tee l tube (0,465 in. ID by 0.505 in. OD by 7 ft long) was used 
to obtain local coefficients of heat t ransfe r in the region of 
net s t e a m generat ion. The max imum weight fraction evapo­
ra ted was 0,60. The Investigation covered a range of p r e s ­
s u r e s f rom 45 to 200 ps ia , of heat fluxes f rom 50,000 to 
250,000 Bta / (hr ) (sq ft), and of flow r a t e s f rom 70 to 280 l b / 
(sec) (sq ft). 

The data were co r re l a t ed by means of the d imens ionless 
equation 

h D. 
q" 

[Ghfg J 

0.464 [GD 1 
Mf 

0.808 

with a root mean square deviation of 10%. 

I. INTRODUCTION 

Recent technological advances have focused an ever increas ing 
amount of attention on the boiling phenomenon as a means of increas ing 
the magnitude of the heat removed pe r unit a r ea . The purpose of th is i n ­
vest igat ion was to m e a s u r e the r a t e of heat t r ans fe r to s t eam-wa te r m i x ­
t u r e s during forced flow through a uniformly heated channel and to examine 
the effect of quality, heat flux, flow r a t e , and absolute p r e s s u r e on this r a t e . 

The scope of the work repor ted is l imited to forced circulat ion of 
water through a hor izonta l round tube with the following approximate range 
of va r i ab les : 

(1) Mass velocity: 70 to 280 lb / (sec) (sq ft). This co r responds to 
inlet liquid veloci t ies of 1.5 to 6 fps. 

(2) Absolute p r e s s u r e : 45 to 200 psia , 
(3) Heat flux: 50,000 to 250,000 Btu/(hr)(sq ft). This co r responds 

to a max imum power input of 53 kw to the t e s t section. 
(4) F rac t ion of flow evaporated: 60% maximum. 



n . LITERATURE SURVEY 

T h e r e is r a t h e r extens ive l i t e ra tu re avai lable which per ta ins to bo i l ­
ing. An excellent review of the subject i s given in a paper by Rohsenow^^) 
who p r e sen t s the sal ient fea tures of m o r e than 50 invest igat ions . 

An ex t remely sma l l amount of work has be«n done in the a r e a of 
investigation covered by the author . S t roebe, et al . , l^/boiled wa te r , sugar , 
and ^Duponal" solutions in a 20-foot long v e r t i c a l evapora tor . Average i n ­
dividual coefficients were obtained for the en t i re tube. The r e su l t s were 
c o r r e l a t e d empir ica l ly in t e r m s of the P rand t l Number , surface tension of 
the liquid, specific volume of the vapor , and the average t e m p e r a t u r e drop 
f rom the tube wall to the bulk s t r e a m , a l l of th is based on the average t e m ­
pe ra tu r e of the boiling liquid. The fact that the var ia t ion of the difference 
between wall and bulk t e m p e r a t u r e f rom one end of the tube to the other 
was large compared to the range of the mean values of this difference makes 
the cor re la t ion of l i t t le value for de termining point coefficients. It was o b ­
se rved , however , that the heat t r ans fe r coefficients decreased af ter 50% 
vapor izat ion of the fluid. 

Davidson, et al.,^ * invest igated heat t r an s f e r and p r e s s u r e drop in 
flat he l ica l coils exposed on one side to furnace heat . They succeeded to 
some degree in using the magnitude of the d imens ion less p a r a m e t e r 

qif 

—-i-— as an indication for overheat condit ions. 
fg 

McAdams, Woods, et a l . , '* ) vapor ized wate r , benzene and benzene -
oil m i x t u r e s in s t eam- jacke ted hor izonta l tubes . Up to 99% of the feed was 
vapor ized during runs with boiling water . Inlet ve loc i t ies ranged f rom 
0.27 to 0.85 fps and the absolute p r e s s u r e ranged from 1 to l e s s than 2 a t ­
m o s p h e r e s . Over -a l l coefficients of heat t r an s f e r were obtained but no 
co r re la t ion is ci ted. 

The above papers const i tute the bulk of the invest igations of boiling 
with net steam, generat ion in a dynamic sys t em. 

E a r l i e r invest igat ions shed some light on the mechan i sm of boiling. 
Nxikiyama^^/ and F a r b e r and Scorah^^ used a plat inum wire in a pool of 
wa te r . The la t ter inves t iga tors defined the va r ious regions of boiling. 
Jakob and c o - w o r k e r s ^ ' / made extensive s tudies of bubble format ion, growth 
a n d / o r col lapse . These invest igat ions showed that bubble formation is pref­
e ren t i a l , i . e . , bubbles fo rm where t he re is a sma l l rad ius avai lable , and, 
t he re fo re , depend to some extent on surface roughness . They a l so showed 
that the number of originat ing points depends on the heat flux. 

T h e r e a r e no genera l co r re l a t ions avai lable in the l i t e r a tu re that 
pe r ta in to the a r ea of invest igat ion covered in th is r epor t . 
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n i . EXPERIMENTAL APPARATUS 

A. Genera l Descr ip t ion 

The appara tus desc r ibed i s the s a m e a s that used by George 
Lepper t i ° / for p r e s s u r e drop m e a s u r e m e n t s . Cer ta in aspec t s of the design 
a r e the r e su l t of joint effort | t hese include the method of r ec i rcu la t ion of 
the water and the maintenance of water pur i ty . The ins t rumenta t ion for 
obtaining t e m p e r a t u r e m e a s u r e m e n t s a r e p r ima r i l y the au thor ' s r e spon ­
sibi l i ty. 

F i g u r e 1 shows a p ic tor ia l r ep resen ta t ion of the major compo­
nents of the t e s t appa ra tu s , which cons is t s of a closed loop which is filled 
with dis t i l led wa te r . Water flows f rom the bot tom of the supply tank to the 
f i r s t - s t a g e , turb ine- type centr ifugal pump and then to the second-s tage 
pump. The pump bodies were i ron , the i m p e l l e r s , b ronze . A turb ine- type 
pump (Aurora Pump Co., Model D5T) was chosen because of i ts s teep 
head -d i scha rge curve , which offers the advantage that a la rge i n c r e a s e in 
p r e s s u r e drop causes a re la t ive ly sma l l d e c r e a s e in flow. F i g u r e 2 shows 
the pum.p c h a r a c t e r i s t i c s for the motor speeds of 1150 and 1750 rpm used 
in the exper iment . 

The pump discharged into pa ra l l e l orif ice a s s e m b l i e s which 
were fitted with gate va lves so that the flow could be d i rec ted through e i ther 
of two ca l ib ra ted or i f ices . These or i f ices were machined and a s s e m b l e d in 
1-inch pipe in the manner desc r ibed by Grace and Lapple,^"^ except that 
the th in-p la te orif ices were machined with edges 0.005 in. or l e ss instead 
of the 0.001 in. o r l e s s for the knife edge or i f ices used by those au thors . 
It is bel ieved that the dul ler edges account "for the slightly lower orif ice 
coefficients obtained by weigh-tank cal ibrat ion (F igs . 3 and 4) , as compared 
to the Grace and Lapple(9) coefficients. 

F igu re 5 is a schemat ic d iagram of the orif ice p r e s s u r e tap 
connect ions. E i the r orif ice may be connected to the d i f f e ren t i a l -p ressu re 
t r a n s m i t t e r (Brown Model No. 228N5G2) and to the U-tube m.anometer which 
is in pa ra l l e l with the t r a n s m i t t e r . The manomete r was used for flow m e a s ­
u r e m e n t because of i t s accu racy , while the t r a n s m i t t e r was used in the a i r -
opera ted flow control s y s t e m , shown schemat ica l ly in the f igure. The 3 - to 
15-psi a i r s ignal f rom the t r a n s m i t t e r , together with the 3 - to 15-psi cont ro l 
point a i r p r e s s u r e , was balanced by the flow cont ro l le r (Moore NuUmatic 
Cont ro l le r Model 50F), which sent a 0 - to 15-ps i s ignal to the a i r - ac tua t ed 
th ro t t l e valve (Conoflow Model AB-10 , l / 2 - i n c h valve with in terchangeable 
1/4- inch and 3 /8- inch por t s ) . 

Immediately af ter passing through the flow thro t t le va lve , the 
water en tered the 40-kw, 440"volt , 3-phase Calrod i m m e r s i o n p rehea t e r . 
Power to the t h r ee phases was control led manual ly by means of continuously 
va r i ab le t r a n s f o r m e r s (Powers ta t Type 1256). 



PREHEATER 
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The waters near sa tura t ion tempera tures entered the unheated 
port ion of the tes t section through a pai r of Teflon-insulated f langes. The 
t e m p e r a t u r e and p r e s s u r e of the water were measu red at the inlet by the 
use of a No. 30 i ron-cons tan tan thermocouple placed mside a copper tube, 
1/8 in. OD by 1/16 in. ID, whose end was s i l ve r - so lde red shut and which 
was i m m e r s e d in the flowing water for a dis tance of 4 - 1 / 2 in. The inlet 
p r e s s u r e m e a s u r e m e n t was made with a Bourdon-tube gage connected to 
the f i r s t p r e s s u r e tap on the tes t section. 

E l e c t r i c power was brought to the t e s t sect ion through copper 
lugs s i l ve r - so lde red to the surface . The a l ternat ing cu r r en t was supplied 
by th ree welding t r a n s f o r m e r s (Lincoln F l e e t - a r c 500 Indus t r ia l -Type 
Welder) connected in para l le l . These t r a n s f o r m e r s a r e each ra ted at 
500 a m p e r e s at 40 vol ts on a 60% duty cycle with 70 vol ts on open c i rcui t . 
The cur ren t var ia t ion was provided by a motor dr ive through chains and 
sp rocke t s so that the t r a n s f o r m e r s shared the load equally at the va r ious 
se t t ings . 

The t e m p e r a t u r e of the s t eam-wa te r mix ture at the outlet of 
the t e s t section was m e a s u r e d in the same manner . 

The mix ture passed through a sight g lass (1/2 in, ID) which 
pe rmi t t ed visual examination of the flow as it left the t e s t section. 

The exhaust header was made of 4- inch Schedule 80 pipe. The 
four 2-inch gate valves and the single 1-inch Globe valve in pa ra l l e l after 
the exhaust header w e r e used to build up back p r e s s u r e to the des i r ed 
ainount. Finally^ an a i r -coo led condenser was provided to condense the 
s t e a m before it entered the dra in line to the condensate tank. A float con­
t ro l m th is tank in termi t tent ly operated the condensate pump which re turned 
the water to the supply tank. 

All pipe and fittings after the m a m pump and up to and including 
the exhaust va lves w e r e of Type 18-8 s ta in less s teel with the exception of 
the b r a s s fittings on the t e s t section p r e s s u r e t aps . Because the condenser 
and condensate pump were carbon s teel , however, and because galvanized 
pipe was used m pa r t of the condensate pipings a smal l ion exchanger was 
used to mainta in the puri ty of the water m the sys tem. A separa te pump 
was used to draw wate r f rom the supply tank for purifying and subsequent 
r e t u r n to the tank. 

F i g u r e s 6̂  1, and 8 a r e p ic tor ia l views of the exper imenta l 
appara tus . F igu re 8 shows the exit therinocouple connection followed by 
a p r e s s u r e tap . The thermocouple is centra l ly located m the tube at the 
interface between flanges. 
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FIGURE 6 VIEW OF EQUIPMENT FROM END OF CONTROL PANEL 
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/ / . 

FIGURE 7 CONTROL PANEL 



FIGURE 8 EXIT THERMOCOUPLE INSTALLATION 



18 

B. Tes t Section < 

The t e s t sect ion (Fig. 9) was a Type 347 s ta in less s tee l drawn 
tube (0,505 in. OD by 0.465 in, ID by 7 ft long). A l lange was welded to each 
end and Teflon r ing-joint gaskets were machined for each flanged connec­
tion. The flange bolts were a l so fitted with Teflon s leeves and w a s h e r s to 
isolate (e lect r ica l ly) the t e s t sect ion f rom the r e m a i n d e r of the piping and 
f ramework which was grounded. The s /S - in . thick copper lugs were s i l v e r -
so ldered to the tes t sect ion at a dis tance of 6 ft between the i r inner f aces . 

The p r e s s u r e t aps w e r e formed by dri l l ing l / 3 2 - i n c h rad ia l 
holes through the tube wall , then running e m e r y cloth through the tube to 
remove the b u r r in the path of the flow. A s t a in le s s tube (1/8 in. OD by 
1/16 in. ID) was s i l ve r - so lde r ed to the t e s t sections c a r e being taken to 
prevent the entry of solder or flux into the sma l l p r e s s u r e tap . After a l l 
of these sma l l tubes had been so ldered ons a final pass was made through 
the t e s t section with e m e r y cloth. A sample of a p r e s s u r e tap made in 
th is manne r was cut apar t for inspectioni F ig . 10 shows this sample tap 
whichj when viewed with a magnifying g l a s s , a p p e a r s to have squa re edges 
with no b u r r . 

For ty -e igh t the rmocouples of No. 30 i ron-cons tantan t h e r m o ­
couple wi re were a t tached to the outside sur face of the t e s t sect ion to 
m e a s u r e the outside wall t e m p e r a t u r e . The thermocouples were spaced 
at one and one-half inch in te rva l s along the en t i r e heated length, except 
that the f i r s t and last the rmocouples were one -qua r t e r inch f rom the 
copper lugSs and, t he r e fo r e , only one and one -qua r t e r inches f rom the 
adjacent couples . Each thermocouple was held to the outside surface of 
the tube by h igh - t empera tu re g lass e l ec t r i ca l tape (Scotch E l ec t r i c a l 
Tape No. 27). Each thermocouple was wrapped around the tube approx i ­
mate ly one -qua r t e r tu rn under the g lass before it is led out through the 
heat insulat ion in o r d e r to avoid e r r o r f rom axial conduction along the 
w i r e s . F i g u r e 11 shows a s ample thermocouple instal lat ion. 

To check on the uniformity of heat generat ion in the t e s t s e c ­
tions voltage taps were a t tached by wrapping one t u rn of copper wi re 
around the t e s t sect ion at d is tances of 5 - 1 / 2 , 22, 37, 50, and 65-1 /2 in. 
f rom the face of the copper lug on the inlet end. 

Heat insulation was applied to the tes t sect ion after surface 
thermocouples and voltage taps were insta l led. One inch of laminated 
a sbes tos was f i r s t applied. Then six thermocouples were placed on the 
outside of this m a t e r i a l at the following locat ions: one, an inch before 
the copper lug at the inlet ; one each at 1/2, 19-13/16 , 5 5 - l / 4 and 7 I - 1 / 2 
in. f rom the inlet lug| and one, an inch f rom the copper lug at the outlet . 
These couples were used to de te rmine the heat l o s s . 
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FIGURE 10 CUT-AWAY VIEW OF SAMPLE PRESSURE TAP 
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FIGURE n THERMOCOUPLE INSTALLATION 
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C. T e m p e r a t u r e Measuremen t 

The inlet and outlet water thermocouples were lead f rom the 
tes t sect ion through individual lengths of copper shielding direct ly to a 
Leeds and Northrup Po r t ab l e P rec i s ion Po ten t iomete r , An ice junction 
was used a s the re fe rence junction for the potent iometer . 

The wi re s of the for ty-eight thermocouples used to m e a s u r e 
the wall t e m p e r a t u r e of the tes t section were led through individual lengths 
of copper shielding to a 2- inch square duct and then to a junction box that 
was kept at r oom t e m p e r a t u r e . Here the wi res were connected to t h e r m o ­
couple lead wi re s of the s a m e m a t e r i a l and led through a conduit to a 
Brown, Fo r ty -E igh t Point Elec t ronic P r e c i s i o n T e m p e r a t u r e Indicator . 
The ins t rument operated over 0-300F and 300-700F t e m p e r a t u r e ranges 
and provided i ts own room t e m p e r a t u r e compensat ion. 

D. P r e s s u r e Measurement 

P r e s s u r e drop m e a s u r e m e n t s were made with four 60-inch 
U-tube manome te r s connected a s shown in F ig . 12. Two s ta in less s t ee l 
wells were const ructed of 6-inch Schedule 40 pipe, so that the four m a ­
n o m e t e r s provided eight s imul taneous p r e s s u r e drop read ings . The f i r s t 
four read ings , of c o u r s e , we re al l re ferenced to the f i r s t p r e s s u r e t ap , 
while the last four were re fe renced to the fifth p r e s s u r e tap. 

P r e s s u r e m e a s u r e m e n t s were made with a p rec i s ion Bourdon-
type gage at the eighth p r e s s u r e tap , located 3 in. ups t r eam f rom the out ­
let power lug. During par t of the exper iment , a gage was insta l led at the 
f i r s t p r e s s u r e tap as a check on the p r e s s u r e drop m e a s u r e m e n t s . A t m o s ­
pher ic p r e s s u r e was observed on a m e r c u r y b a r o m e t e r . 

The power reaching the t e s t sect ion frona the t h r ee welding 
t r a n s f o r m e r s previously desc r ibed was m e a s u r e d with a ca l ib ra ted wat t ­
m e t e r (Weston Model 432), which received i t s voltage f rom a s tep-up 
t r a n s f o r m e r (Westinghouse Type PV-130 Potent ia l T r a n s f o r m e r , 5, 4 and 
2 to 1 ra t ios ) and from e i ther of two cur ren t t r a n s f o r m e r s (Westinghouse 
Type U-5s 1500 to 5 a m p e r e s . Style 824238; and Type CT-2 .5 , 600 to 5 
a m p e r e s . Style 1435495A), depending upon the c u r r e n t range in u s e . 
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IV. EXPERIMENTAL PROCEDURE AND TECHNIQUES 

A. General 

The t e s t runs were made by setting a constant flow ra te by 
means of the a i r -ope ra t ed con t ro l le r , maintaining the outlet p r e s s u r e 
at the des i red level (45, 90, 120, 150, 200 psia) manually with an exhaust 
throt t le valve, set t ing the power at a pa r t i cu la r level [5 x 10^, 10 x lO*, 
15 X 10*, 20 X 10*, 25 X 10* Btu/ (hr) (sq ft)], and adjusting the inlet t e m p e r ­
a tu re to the t e s t sect ion to cause boiling to begin at the p roper point along 
the tube. 

Equi l ibr ium conditions were es tabl ished for each run and held 
for a period of one-half hour before the data were r eco rded . 

At the end of each week a check was made to de te rmine whether 
or not scal ing had taken place; no evidence of sca le was observed. 

Water quality was examined daily. The pH was kept at about 
7 and the water res i s t iv i ty was kept above 100,000 o h m - c m . 

Re - runs were made per iodical ly to de te rmine reproducibi l i ty . 
F igu re 13 shows a typical case of a r e - r u n compar i son , 

B. Heat Loss 

P rev ious (8/ t e s t s on a 1/2 in. OD t e s t sect ion, insulated in an 
identical manner , es tabl ished the soundness of the insxilating techniques . 
The heat loss f rom the sect ion mounted to 0,1% at an operating power of 
50 kw. 

Heat balances were made where the observed power readings 
were checked agains t the product of m e a s u r e d flow, specific heat , and 
observed t empe ra tu r e r i s e . The ins t rument e r r o r plus power factor e r r o r 
thus observed was of the o rde r of 3%. Typical data a r e given in Table I. 

C. Heat Flux Distr ibution 

It was assumed that the heat flux along the tube was uniform 
and, the re fo re , that the r a t e of s t eam generat ion along the tube was con­
stant from the inception of boiling to the end of the heated length. Voltage 
m e a s u r e m e n t s were made along the sect ion during heating in an effort to 
verify this assumptioni typical r e su l t s a r e shown in Fig . 14. It i s seen 
that the voltage drop was l inear and, the re fo re , the heat generat ion was 
uniform. 
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The uniformity of the heat generat ion per unit length did not 
extend to the immedia te vicinity of the p r e s s u r e t a p s . An extensive 
miathematical invest igat ion has not been made for this region since the 
points were not used for ana lys i s . 

D. P r e s s u r e Drop 

P r e s s u r e drop data were taken for each run so that the s a t u r a ­
tion t e m p e r a t u r e at each point along the tube could be evaluated. No 
analys is of the p r e s s u r e drop data -was at tempted. 

E . T e m p e r a t u r e Measu remen t s 

Thermocouples were located in the fluid s t r e a m before and 
after the heated sect ion. The exit thermocouple was located between 
p r e s s u r e taps so that the p r e s s u r e and, hence, the sa tura t ion t e m p e r a t u r e , 
could be found by interpolat ion. In al l c a s e s the exit thermocouple indicated 
a t empe ra tu r e within one degree of sa tura t ion . 

The surface thermocouples were read from a forty-eight point 
indicator . The t e m p e r a t u r e s were plotted d i rec t ly on graph paper , a s shown 
in F ig . 15, so that a t empe ra tu r e t r a v e r s e of the tube was imnaediately 
avai lable . Once equi l ibr ium had been es tabl ished the re was a r emarkab le 
absence of fluctuations until qual i t ies of the o rde r of 60% were reached. 
As quali t ies above 60% were reached, the t e m p e r a t u r e fluctuated by hun­
dreds of deg rees and burnout finally occur red at a quality near 70%, 

F . "Wilson Plots'" 

In an effort to detect any scaling that might in te r fe re with the 
heat t r ans fe r m e a s u r e m e n t s "Wilson Plots'^l^ / were made at the end of 
each week. This did not coincide with the t ime at which the sys tem was 
drained and r echa rged . 

A "Wilson Plot" i s a form of plotting heat t r ans fe r data that 
was introduced by E . E . Wilson in 1915. Although the Dittus and Boe l t e r ( l l ) 
or Colburn(l2) re la t ion was not known at that t ime , Wilson found, by t r i a l 
and e r r o r , that he could obtain the water side coefficients of heat t r ans fe r 

by p lo t t i ng—vs ;:'o':82 (where V r e f e r s to velocity) on rec tangular coordinate 

paper and extrapolat ing to infinite velocity. 

The validity of this form, based on the assumpt ion used, can 
be demons t ra ted as follows. Assume that the Co lbu rn"^ ) re la t ion holds 
throughout the turbulent region: 

hcDe „ ^ • ^ - l^X' 
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In th is case Dg i s constant , and s ince the average fluid t empe ra tu r e was 
kept constant by adjusting the flow and heat input, k, 7 , jU£, and Cp were 
a lso constant . Therefore^ 

h^ = G2 V -̂8 

Assuming that rj ss r^ and, the re fore , a s lab geometry can be 
used for the sake of brevi ty , the ove r - a l l coefficient of heat t r ans fe r can 
be exp res sed a s : 

1 1 s 1 
— = — + — + U he k hgc 

Since he = Cg V"-^ 

J. _ 1 s_ _J__ 
U ~ Cz V»"^ "̂  k + hgc 

As V tends t© 00 , —— j^g tends to ze ro ; the re fo re , by extrapolating t© 

s i s 
ze ro , the in te rcep t yields the value of-^ + T-— . Since — i s known, the 
value of hgc can be found. F igu re 16 shows the r e su l t s of a typical 
"Wilson Plot ." No evidence of scale was found. 

G. Compar ison With The Colburn Corre la t ion 

Runs were made with an all- l iquid sys t em and the measu red 
coefficients were compared with coefficients calculated from the Colburm-'-'^/ 
equation: 

• ^ = 0.023 (NRe)''"« (Npr)^"^ 

F igure 17 shows the compar i son of the m e a s u r e d coefficients 
with the calculated coefficients, 
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Vo DISCUSSION 

A. G e n e r a l *«' «̂  

T h e m e c h a n i s m of bo i l ing i s u n d e r s t o o d only in a q u a l i t a t i v e way 
and t h e e s s e n t i a l v a r i a b l e s a r e not c o m p l e t e l y def ined . S ince t h e r e a r e no 
m a t h e m a t i c a l e x p r e s s i o n s a s ye t f o r m u l a t e d to show t h e r e l a t i v e i m p o r t a n c e 
of t h e v a r i a b l e s one m u s t r e l y , t o s o m e ex ten t , on in tu i t ion in t r y i n g to f o r m u ­
l a t e a c o r r e l a t i o n . It i s , of c o u r s e , p o s s i b l e to g u e s s t h e v a r i a b l e s and app ly 
t h e m e t h o d s of d i m e n s i o n a l a n a l y s i s to ob t a in d i m e n s i o n l e s s p a r a m e t e r s . Un­
f o r t u n a t e l y , i t i s diff icul t , if a t a l l p o s s i b l e , t o f ind t h e p r o p e r v a r i a b l e s and 
to d i s t i n g u i s h t h e i r r e l a t i v e i m p o r t a n c e . In fac t , one h a s to be c a r e f u l how he 
s o l v e s fo r t h e e x p o n e n t s , s i n c e i t i s p o s s i b l e to ge t d i f f e ren t d i m e n s i o n l e s s 
p a r a m e t e r s u s i n g t h e s a m e s e t of v a r i a b l e s . 

H o w e v e r , t h e r e a r e w e l l - k n o w n d i m e n s i o n l e s s g r o u p s t h a t s e e m 
t© h a v e p h y s i c a l s i g n i f i c a n c e . T h e s u c c e s s f u l u s e of t h e s e h a s h a d a l a r g e 
p a r t in t h e d e v e l o p m e n t of f luid flow and h e a t t r a n s f e r knowledge . 

In t h i s c a s e , a r a t h e r g e n e r a l c o r r e l a t i o n w a s a t t e m p t e d wi th t h e 
h o p e t h a t i t m i g h t p r o v e u se fu l for c o r r e l a t i n g t h e da ta of o t h e r i n v e s t i g a t o r s . 

T h e d i m e n s i o n l e s s p a r a m e t e r s u s e d w e r e c h o s e n a f t e r a r a t h e r 
t h o r o u g h s e a r c h of t h e l i t e r a t u r e , m a n y a t t e m p t s a t t h e u s e of d i m e n s i o n a l 
a n a l y s i s , a n d v a r i o u s t r i a l s a t f o r m i n g a c o r r e l a t i o n . 

In t h e f ina l a n a l y s i s v a l u e s of h, a t c o n s t a n t qua l i t y and a t c o n s t a n t 
h e a t f lux, w e r e p lo t t ed a g a i n s t m a s s flow, u s i n g p r e s s u r e a s a p a r a m e t e r . 
Next , v a l u e s of h , a t c o n s t a n t qua l i t y and m a s s f low, w e r e p lo t t ed a g a i n s t h e a t 
f lux, u s i n g p r e s s u r e a s a p a r a m e t e r . 

T h e s e d a t a cou ld be r e p r e s e n t e d by s t r a i g h t l i n e s w h e n p lo t t ed on 
l o g - l o g p a p e r . S ince d i m e n s i o n l e s s g r o u p s w e r e to be f o r m e d , on ly t h e s l o p e 
of t h e s e l i n e s w e r e u s e d . T h e d i m e n s i o n l e s s p a r a m e t e r s w e r e t h e n f o r m e d 
and t h e da t a for e a c h p r e s s u r e w e r e p lo t t ed on r e c t a n g u l a r c o o r d i n a t e p a p e r 
wi th qua l i t y a s a p a r a m e t e r . E x a m i n a t i o n of t h e d a t a i n d i c a t e d t h a t t he f i l m 
coef f i c i en t v a r i e d l i n e a r l y w i th qua l i t y u p to abou t 4 0 % and t h a t t h e s l o p e 
d e p e n d e d on t h e p r e s s u r e , A funct ion , of t h e f o r m 1 + m x , w a s o b t a i n e d w h e r e 
t h e s l o p e , m , w a s a p r e s s u r e func t ion . T h e c o r r e l a t i o n so f o r m e d w a s t h e n 
c o m p a r e d wi th t h e e x p e r i m e n t a l da t a a s shown in F i g . 25 . 

B. Effect of Flow 

The data were assembled in graphical form and points were s e ­
lected at a quality of 5%, The m e a s u r e d heat t r ans fe r coefficient was plotted 
against flow r a t e at a constant heat flux with p r e s s u r e as a p a r a m e t e r . F i g ­
u r e 18 shows a typical plot at a heat flux of 250,000 Btu/(hr)(sq ft) for p r e s ­
s u r e s of 45, 90, and 120 ps ia . The l ines w e r e pa ra l l e l and the slope equal to 
0.344. 
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C. Effect of Heat Flux 

The heat t r ans fe r coefficients were then plotted against heat flux 
at a constant flow with p r e s s u r e as a p a r a m e t e r . The l ines were para l le l 
with a slope equal to 0.464. F igure 19 shows the r e su l t s of one such plot at 
a flow r a t e of 7.5 Ib /min for p r e s s u r e s of 45, 90, and IZO psia. 

D. Effect of Quality 

Examinat ion of the data indicates that, to a f i rs t approximation, 
^ sa t v a r i e s l inearly with the quality and the slope is a function of the p r e s ­
s u r e . F igu re 20 shows the t rend of the slopes with p r e s s u r e s for runs at 
250,000 Btu/ (hr) (sq ft) heat flux and 7.5 i b /min flow r a t e . 

E. The Dimensionless Group N|^^ 

The data w e r e co r re l a t ed by m e a n s of four d imens ionless groups . 
The f i r s t of t hese was the Nussel t Number Nĵ y .̂ The t h e r m a l conductivity of 
the liquid is used in evaluating the number . 

F . The Dimensionless Group C 

The data indicated that the film coefficient var ied l inear ly with 
quality and that the slope of the line depended upon p r e s s u r e . The second 

di inensionless group chosen was C 1 + a -T7-&I x , which has the form 
L vvf/ J /Vfg\b 

of an equation for a s t ra ight line and where the slope, a i -y J . is a func­

tion of p r e s s u r e . This s t ra ight line re la t ionship does not hold when the 

quality exceeds 0,40, 
G. The Dimensionless Group Nfi 

The th i rd of the d imensionless groups chosen was Ng . Davidson 
et ahS ' made ment ion of the d imensionless group N B and used i ts magn i ­
tude as a m e a s u r e of overheat conditions. They a r r i v e d at this group by con­
sider ing Jakob 's f ree boiling p a r a m e t e r , f-—r- H t - j ) - This group can a lso 

be a r r i v e d at by the methods of d imensionless ana lys i s . 

In the ca se where net s t eam is generated, as is r epor ted he r e , the 
group can be considered as the ra t io of tota l heat t r a n s f e r r e d to net s team 
genera ted t i m e s a ra t io of d iamete r to length. This can be demons t ra ted as 
follows: „ 2 

q - q g 
Ghf g L. D m 4 hf g 

„ q _ D 
m hfg 4L 
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Since the heat generat ion was uniform along the tube length, the ra t io of the 
heat t r a n s f e r r e d to s t eam genera ted was constant along the tube and, t h e r e ­
fore, the total q was significant and the D / 4 L ra t io could be put into the con­
stant. The ra t io then has physical significance that i s easi ly understood. 
Unfortunately^ this reasoning cannot be extended to the local or subcooled 
boiling region since any s t eam formed i s quickly condensed in the main 

q» 
s t r e a m . At the sam.e t ime , the d imens ionless group ™ — d o e s s e e m to 

Ghfg 
have some impor tance in the region of local boiling. 

If the group is to have any genera l physical significance, it mus t 
be considered as a m e a s u r e of the intensity of the boiling phenomenon and 
thereby r e l a t e s the amount of heat to be t r a n s f e r r e d at a given c r o s s section 
to the abili ty of the s t r e a m to absorb it. With th is reasoning it may be p o s ­
sible to expand the a r e a in which one might predic t conditions with confidence, 

H, The Dimensionless Group N ^ g 

The fourth d imens ionless group chosen was the Reynold 's Num-
berj N;^g, The Reynold 's Number i s used extensively in the fields of fluid 
flow and heat t r ans fe r . As is t r ue of al l d imens ionless groups^ there is 
difficulty in determining which physical p rope r t i e s to use. 

It has been r a the r definitely es tabl ished that in turbulent flow 
of a fluid through a pipe the re exis ts a l aminar boundary layer next to the 
surface. .The th ickness of the boundary layer i s a function of Reynold 's 
N u m b e r , " ' 

F o r the boiling case the si tuation is m o r e complicated in that 
the liquid boundary layer i s constantly being disrupted by the format ion of 
bubbles . However, the high heat t ransfe r r a t e s a r e possible only when there 
i s a liquid layer against the wall^ for once the wall i s dry it cannot, for a l l 
p rac t i ca l pu rposes , be r e -we t . As a gas film tends to form, the heat t r a n s ­
fer r a t e s d e c r e a s e sharply and the surface t empe ra tu r e begins to fluctuate. 
If a gas film is allowed to fo rm on the surface of an e lec t r ica l ly -hea ted tube 
at heat fluxes such as a r e r epor t ed h e r e , the tube burns out. Since the 
mechan i sm is controlled by the liquid, the v iscos i ty of the liquid is used in 
the express ion of the Reynold 's Number, 

L Formula t ion of the Corre la t ion 

The form of the equation chosen was 

hDg 
= C 

q.. W /G D 
e\ e 

Ghfg/ \ l̂ f 
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£1 
The data were put into this fo rm in the following manner . From, the slopes 
de termined f rom F igs . 18 and 19: 

h =^Cig(x,p)(q"r*«(Gr 344 

o r 

h = Cig(x ,p) (^)^ '464(G)o. 808 

T h e r e were then formed the d imens ionless groups 

h D 
6 = 0 , 1 + a 

q " 
0-464 

Ghf, 
J r^^g, f 0-aos 

The data at each p r e s s u r e were then plotted with the d imens ion less group^ 
^ N u ^® ordinate and (N-g)"'*^ (N^g)"'**'^ a s absc i s sa and with quality as a 

p a r a m e t e r a s shown in Fig, Zl^ which i s for a p r e s s u r e of 90 psia . Some 
over- lapping of the data was caused by the l imi t s of the exper imenta l a c ­
curacy. The slopes of these l ines were found to be equal to 

1 + a ft) ' •] • 
the function ©f quality assumed. These values were then c r o s s plotted v e r s u s 
quality with p r e s s u r e a s a p a r a m e t e r a s shown in F ig . 22. The l ines a r e 
seen to be approximate ly s t ra ight with a common intercept . The s lopes of 
these l ines were then plotted against the ra t io of V£g to Y£, a p r e s s u r e func­
tion^ a s seen in Fig, 23. F r o m this function 

1 + a 

was de termined to be 

4.3 1 + 16 X 10'* ( ^ 1 
1-64 

The resul t ing equation was , with a smal l modificationj, 

h D. 
-e = 4.3 + 5.0 X 10* 

1-64 0-464 

iGhfc 

0-808 

o r 

N Nu 4,3 + 5.0 X 10 - 4 (N^r^^ (M^^r SOS 
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A compar ison of m e a s u r e d values v e r s u s calculated values of 
the Nusse l t Number is shown in F ig . 25, The root mean square value of 
sca t te r ing i s 10%. 

J, Evidence of Vapor Film. Format ion 

A l imited number of runs were made where the quality was h igh­
e r than 40%. F igu re 24 shows the resul t ing ^g^t ^°^ °"-^ run. Unfortunately, 
the t e s t sect ion burned out at a quality nea r 70% and damage to the equip­
ment precluded the exper iment . Too few runs were made at high quali t ies 
to be used quantitatively in the cor re la t ion . At burnout, which occu r s at a 
quality nea r 70% for a heat flux of 250,000 Btu/(hr)(sq ft), Ogat i s of the 
o rde r of 1500F which i s between 30 and 50 t imes the min imum ^gat. Since 
this i s of the same o rde r a s could be expected of a gas film, it may be 
concluded that between qual i t ies of 50 and 70% of the film changes f rom 
liquid to vapor . Once the vapor i s formedj burnout occu r s in a ma t t e r of 
a second at these heat f luxes. 

K. Extension of the Corre la t ion 

Mr . R, Rohde of Argonne National Labora to ry h a s , in conjunction 
with the author, used the p a r a m e t e r a r r ived at in this r e po r t to c o r r e l a t e local 
boiling data taken at Massachuse t t s Institute of Technology'1-3) and Universi ty 
of California, Los Angeles( l4) on ve r t i ca l sec t ions . These data cover p r e s s u r e 
ranges from 100 psia to 2500 psia and hea t f luxes to 2,5 x 10"^ Btu/ (hr) (sq ft). 
The form of the equation is 

The exponents a and b a r e the same a s those a r r i ved at in this r epor t , but 
the coefficients a r e different. F o r the Univers i ty of California, Los Angeles , 
data Cj i s equal to 6 and for the Massachuse t t s Institute of Technology data 
the coefficient is 8,5. The mean value of sca t te r ing in these invest igat ions 
i s 25%, It may be that one should also use a P rand t l Number , This work 
i s not yet complete , but it i s in teres t ing to note that the data a r e cor re la ted 
by means of the d imens ion less p a r a m e t e r s descr ibed, 

L. Limita t ions of the Exper iment 

1, Mass Velocity 

A flow ra te of 71 lb / ( sec) (sq ft) was the min imum poss ible 
with the flow control sys tem, pump, and pump moto r s that were used. Flow 
control was difficult at this low r a t e . Unfortunately, one lower flow r a t e 
was t r i ed to get higher qual i t ies and the tube burned out before a complete 
set of data could be obtained. The inaximum heat flux would allow only low 
qual i t ies at the high flow r a t e s at higher p r e s s u r e s . 
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2, Absolute P r e s s u r e 

A m^inimum p r e s s u r e of 45 psia was chosen because of p r e s ­
su re drop c h a r a c t e r i s t i c s . The p r e s s u r e drop at high quali t ies becam.e an 
appreciable pa r t of the total p r e s s u r e even at this p r e s s u r e . A max imum 
p r e s s u r e of 200 ps ia was chosen because of the power l imi ta t ions . At any 
higher p r e s s u r e only low quali t ies could be obtained and the p rehea te r 
would not heat the fluid to the des i red t e m p e r a t u r e . 

3. Heat Flux 

The inaximum input to the tes t section f rom the power s u p ­
ply was 53 kw. 

The exit quality obtained for each p r e s s u r e and flow r a t e i s 
given in Table II, 
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Table II 

EXIT QUALITY FOR EACH RUN 

Heat Flux, 
Btu/ (hr) (sq ft) 

250,000 
200,000 
150,000 
100,000 

50,000 

250,000 
200,000 
150,000 
100,000 

50,000 

250,000 
200,000 
150,000 
100,000 

50,000 

250,000 
200,000 
150,000 
100,000 

50,000 

250,000 
200,000 
150,000 
100,000 

50,000 

(In] 

20 

4.4 
7.7 
5.8 
3.8 
2.0 

16.7 
13.2 

6.4 
4 .3 
2.3 

10.8 

per cent) 

15 

13.3 
10.7 

8,0 
5.5 
3.0 

14.6 
11.5 
8.9 
5.8 
3.1 

15.1 
10.0 

9.3 
6.0 
3.6 

Low Quality 

Flow 
10 

20.7 
16.9 
12.5 
8.35 

22,3 
17.8 
13.4 
10.1 

4.6 

22.8 
18.3 
13.8 

9.5 
5.0 

22.8 
18.4 
14.1 

r a t e , Ib /min 
7.5 

28.4 
22.7 
17.5 
11.3 

5.8 

29,8 
23.9 
17,9 
11.8 

6.3 

31.1 
24.5 
18.4 
12.3 

6.7 

30.6 
24.7 
18.3 
12.6 

31.8 
25.5 
19.4 
12.7 

5 

54.4 
43.2 
32.3 
21.4 
11.2 

56.3 

4 

X-Burnout 
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VL CONCLUSIONS ^4-0 

The local heat t r ans fe r coefficients a r e miuch higher in the boiling 
region than in the liquid region. 

The local heat t r ans fe r coefficients i nc rease with increas ing quality 
up to a quality near 0.50, whereupon the coefficients d e c r e a s e rapidly t o ­
ward a gas film coefficient which i s reached nea r a quality of 0,70 for these 
t e s t s . 

The m e a s u r e d local heat t r ans fe r coefficients can be presen ted in 
one equation involving d imens ion less groups . 

h D g 
4.3 + 5.0 X 10* | - ^ | 

q" Y'^^ (G D e l ^-8°* 

Pfg/ 
The equation can be used in the range of qual i t ies f rom 0 to 40%. 

The d imens ionless groups appear to be significant p a r a m e t e r s for 
use in cor re la t ing local boiling data of other inves t iga tors . 

A m o r e extensive investigation should be undertaken to include a 
g r e a t e r var ia t ion of heat flux^ flow and absolute p r e s s u r e . 
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APPENDIX A 

TABULATION OF DATA 

Table III is a compilat ion of the m e a s u r e d and calculated quanti t ies 
for all of the runs used in the ana lys i s . The f i r s t 60 runs were p re l iminary 
and were not used in the ana lys i s . It was initially conceived t© have local 
boiling conditions over a la rge fract ion of the tes t section and the r e s t of 
the section in the region of net s t eam generat ion. Unfortunately, not 
enough of the sect ion could be held in the local boiling region and st i l l nave 
l a rge enough exit qual i t ies to adequately study the t rans i t ion region. These 
runs were then used mainly to become acquainted with the operating c h a r a c ­
t e r i s t i c s of the appa ra tus . 



Table I I I 

Run No. ( h r ) ( s q f t ) ( h r ) ( s q f t ) % F Run No. 

7S 1.03 O.OS 0 10.9 62 

75 
76 

76 
77 

77 
78 

78 
79 

79 
74 

73 
72 

72 

71 

71 

Pres su re - 45 p s i a 

G/IO^ 
lb 

( h r ) ( s q f t ) 

1.02 

0.765 

0.765 
0.765 

q V l O ' 
Btu 

( h f ) ( s q f t ) 

O.OS 

O.OS 
0.100 

0.100 
0.150 

0.150 
0.200 

0.200 
0.250 

0.250 
0.765 

0.05 
0.100 

0.100 
0.151 

0.151 
0.200 

% 

0 
0 .5 
1.0 
2 .0 
0 

1.0 
2 .0 
3 .75 
0 
1.0 

2 . 0 
4 . 0 
5 .8 
0 
1.0 

3.0 
5.0 

. 7.7 
0 
1.0 

3 .0 
6 .0 
9.4 
0 
1.0 

2 .0 
2 .95 
0 
1.0 
2 .0 

4 .0 
5.46 
0 
2 .0 
4 . 0 

6 .0 
8.0 
0 
3 
6 

^ . « * . sat* 
F 

10.9 
10.4 
9.7 
8.0 

23 .0 

18.4 
15.2 
11.2 
27.7 
24.4 

21 .5 
16.4 
13.9 
31.2 
29 .0 

23 .0 
19.6 
18.9 
33 .6 
31 .5 

27 .0 
23 .0 
23 .0 
13.1 
11.5 

10.0 
9 .0 

23.8 
21.0 
19.0 

15.0 
12.8 
29.4 
25 .1 
20.2 

17.7 
15.7 
33.7 
28 
23.7 

EXPERIMENTAL DATA 

Pres su re - 45 p s i 

9 20 .5 
0.200 10.7 19.7 

70 0.250 0 31 .1 

65B 
139 

70 0-250 13.2 22.S 139 
63 0 .51 O.IOO 0 23 .8 138 

2 .0 20.7 

4 .0 18.8 
6.0 16.3 

3 
6 

9 
12 
13.2 

27.6 
24.6 

22.6 
22.6 
22. S 

62 
61 

61 
60A 

60A 
69 

69 
68 

68 
74 0.765 2 .0 10.0 67 

74 
73 

67 
66A 

66A 

6SB 

63 0.100 8.4 14.6 
138 

G/10« 
lb 

( h r ) ( s q f t ) 

0.382 

0.255 

qVlO^ 
Btu 

( h r ) ( s q f t ) 

0.150 

0.150 
0.200 

0.200 
0.250 

0.250 
O.OS 

O.OS 
0.100 

0.100 
O.ISO 

0.150 
0.200 

0.200 

0.2S0 

0.250 
0.05 

O.OS 
0.100 

0.100 

% 

0 
3 .0 

6 .0 
9 .0 

12.5 
0 
4 . 0 

8.0 
12 
17 

0 
4 . 0 

8.0 
12 
16 
20.6 

0 

2 .0 
4 . 0 

S.8 
0 
3 .0 

6 .0 
9.0 

11.3 
0 
4 . 0 

8.0 
12.0 
16.0 
17.2 

0 

5.0 
10.0 
IS.O 
20 .0 
22.7 

0 
5.0 

10.0 
IS.O 
20 .0 

25 .0 
28 .4 

0 
4 . 0 

88 .0 

11.2 
0 
4 . 0 
8.0 

12.0 

16.0 
21.4 

^ s e t . 
F 

31 
27.4 

23.7 
18.9 
17.7 
33.2 
28 .3 

23.4 
20. S 
18.5 
37.2 
32 .0 

28 .0 
24 .3 
21.4 
20.0 
15.6 

14.2 
12.4 
11.6 
29 
25 

21 
18 
15.1 
32 .8 
28 .3 

25,4 
22.3 
19.8 
19.0 
36 .9 

31.8 
27.7 
23 .5 
20.7 
20 .0 

42 
37.2 
33 .0 
29.6 
26 .5 

23 .3 
22 .5 
17.9 
15.5 
11.9 

10.1 
32 
30.7 
22.7 
14.4 

14.3 
13.5 
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Run No. 

137 

137 
136 

136 
135 

135 

84 

84 
83 

83 
82 

82 
81 

81 

P re s su re - 45 p s i a 

a/io« q»/10' 
lb Btu 

( h r X s q f t ) (h r )<sq f t ) 

0.150 

0.150 
0.25 0.200 

0.200 
0.250 

0.255 0.250 

P res su re - 90 p s i a 

1,02 O.OS 

0.05 
0.100 

0.100 
0.150 

0.150 
0.200 

0.200 

JC, 

% 
0 
4 . 0 
8.0 

12.0 
16.0 
20 .0 
24 .0 
28,0 

32 .3 
0 
5.0 

10.0 
15.0 

20.0 
25 .0 
30 .0 
35 .0 
40 .0 

41.0 
42 .0 
43.2 

0 

s.o 
10.0 
15.0 
20.0 
25 .0 
30.0 

35.0 
40 .0 
4S.0 
47 .0 
48.0 

50.4 
52.0 
54.4 

0 
1.0 
2 .0 
2 .3 
0 

1.0 
2 .0 
3.0 
4 . 3 
0 

2 .0 
4 .0 
6.4 
0 
1.0 

3.0 
S.O 
8.6 

Table 

( C o n t 

^ ' s a f 
F 

4 1 . 5 
38 .9 
31.9 

23 .8 
20 .9 
19.1 
17.2 
16.6 

15.9 
45 
41 .5 
33.7 
26.7 

23.5 
21 .5 
19.8 
19.5 
17.5 

17.2 
18.8 
22 .5 
45 .1 
41 ,8 

38.4 
35 .1 
32 .1 
28 .8 
26.7 

24 .9 
23.0 
20.8 
21 .1 
21.6 

24.4 
27.9 
33 .5 

10.9 
9 .9 
8.9 
8.8 

16.0 

14.8 
12.8 
11.8 
11.4 
20 

17.7 
16.7 
16.5 
22.7 
21.7 

20 .0 

18.8 
17.6 

I I I 

•d) 

Run No. 

80 

80 

85 

85 
86 

86 

87 

87 

88 

88 

89 

89 

90 

90 
91 

91 
92 

92 
93 

93 

Pressure - 90 p s i a 

c/io' 
lb 

( h r ) ( s q f t ) 

1.02 

0.765 

O.Sl 

q" / l0« 
Btu 

( h r ) ( s q f t ) 

0.250 

0.250 

O.OS 

O.OS 
0.100 

0.100 

0.150 

0.150 

0.20 

0.20 

0.25 

0.25 

O.OS 

0.05 
0.100 

0.100 
0.150 

0.150 
0.20 
4 .0 

0.20 

x» 

% 
0 

1.0 

2 .0 
4 .0 
5.0 
8.0 

10.8 

0 
1.0 
2 ,0 
3 .1 
0 

1.0 
2 .0 
3 .0 
4 .0 
S.8 

0 
2 .0 
4 .0 
6.0 
8.8 

0 
3.0 
6 .0 
9.0 

11.S 

0 
3 
5 
9 

12 

14.6 

0 
1.0 
2 .0 

3.0 

4 .6 
0 
2 .0 
4 .0 
5.0 

8.0 
10.1 
0 
3 
6 

9 
13.4 
0 
4 .0 
8.0 

12.0 
16.0 
17.8 

^ ~ » t . 
s a t ' F 

26 
25 

24.2 
22.8 
22 .0 
22 .0 
22 .1 

a.4 
10.s 
10.2 
10.4 

118 

17 
15 
15.7 
14.6 
13.6 

23 .5 
21.7 
18.7 
17.6 
16.0 

25.6 
22.7 
21.0 
20.0 
18.8 

25.3 
24.0 
22 .5 
22.9 
23 .1 

22.9 

12.6 
11.9 
11.4 
10.4 

9.6 
24.8 
22 .5 
19.8 
17.2 

15.5 
13.8 
27.9 
26 .0 
24.0 

21.7 
19.1 
29 
27.3 
24.9 

23.7 
22.7 
22.7 



Table III 

(Cont'd) 

Pressure - 90 psia Pressure - 120 Psi^ 

Run No. 

94 
99 

99 
98 

98 
97 

97 
95 

96 
95 

95 
140 

140 

100 

100 

109 

109 
109 

G/10^ 
l b 

( h r X s q f t ) 

O.Sl 
0.382 

0.382 
0.2SS 

0.255 

P re s su re 

1.02 

1.02 

0.76S 

q ' / l O ^ 
Btu 

( h r ) ( s q f t ) 

0 .25 

0.2S 

o.oso 

0.05 
0.100 

0.100 
0.150 

0.150 
0.20 

0.20 
0.25 

0.25 
0.250 

0.250 

- 120 p s i a 

0.2S0 

0.250 

0.05 

0.05 

X, 

% 
0 
5.0 

10.0 
IS.O 
20 .0 
22 .3 

0 

2 .0 
4 . 0 
5.3 
0 
3.0 

6 .0 
99.0 
U . 8 
0 
4 .0 

8.0 
12.0 
17.9 
0 
6.0 

12.0 
18.0 
23.9 

0 
6.0 

12.0 
18.0 
24 .0 
29.8 

0 

3 .0 
6.0 
9.0 

12.0 
15.0 

20 .0 
30.0 
40 .0 
50.0 
53.0 

55.0 
56.3 

0 
3 
6 
9 

10.8 

0 
1.0 
2 .0 
3 .0 
3 .6 

6* . » . s a t ' 
F 

32 .9 
31.2 

29 .1 
27 .8 
26 .3 
25 .8 
14.4 

13.9 
13.4 
12.9 
22,2 
22,2 

20,2 
17.3 
14.4 
26 .2 
25 .0 

23.4 
22 .3 
21 .0 
29.0 
27.2 

25.7 
24.4 
23 .2 
31 .9 
30,6 

29 .1 
28.6 
28 .0 
27.2 
46 .9 

44 .9 
4 0 . 9 
34.4 
26 .9 
21 .1 

20 .1 
20 .0 
19,5 
19,5 
19.4 

21 .6 
24.6 

24.2 
21.9 
20.6 
W.S 
18.7 

13.9 
12.9 
12.4 
12.4 
12.0 

Run No. 

108 

108 
107 

107 

106 

106 

105 

105 
110 

110 

111 

111 
112 

112 
113 

113 
114 

114 

119 

119 

G/10« 
l b 

Chr)(sq f t ) 

0.765 
O.Sl 

O.Sl 

0.382 

q"/10« 
Btu 

( h r X s q f t ) 

0.100 

0.100 
O.ISO 

O.ISO 

0.200 

o.aoo 
0.250 

0.250 
O.OS 

0.05 

0.100 

0.100 
O.ISO 

O.ISO 
0.200 

0.200 
0.250 

0.250 

0.050 

0.050 

% 

0 
2 .0 
4 . 0 
6 .0 
0 

2 .0 
4 .0 
6.0 
8.0 
9 .3 

0 
2 .0 
4 . 0 
6.0 
8.0 

10.0 
0 
4 . 0 
8.0 

12.0 

I S . l 
0 
2 .0 
4 .0 
S.O 

0 
2 .0 
4 . 0 
6.0 
8.0 

9 .5 
0 
3 .0 
6.0 
9.0 

12.0 
13.8 
9 
4 . 0 
8.0 

12.0 
16.0 

18.3 
0 
4 . 0 

8.0 
12.0 
16.0 
20 .0 
22 .8 

0 
2 .0 
4 .0 
5.0 
6.7 

& <., sat* 
F 

14.8 
14.0 
13.8 
13.8 
19.7 

18.7 
17.3 
16,2 
1S,8 
IS .2 

22.4 
21.2 
19.7 
18.4 
18.0 

IS . 6 
26 .5 
23 .0 
22. S 
21.5 

20 ,5 
13,1 
11,9 
10,9 
10.6 

20 ,3 
19.8 
18.8 
18.2 
18.0 

17.2 
23 .1 
22 .1 
20,9 
20 .6 

19.5 
19.2 
26.6 
25 .5 
24.7 

23.7 
23.2 
22.7 
30 .1 
29 .5 

28 ,5 
27. S 
26 ,5 
26 ,1 
26 ,0 

13,1 
12,6 
12.S 
12.4 
12.4 
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Table III 

(Cont'd) 

Pressure - 120 psia Pressure - 150 psia 

118 

118 

117 

117 
116 

116 
US 

lis 

127 

127 
126 

126 
125 

12S 

123 

123 

G/10« 
lb 

( h r X s q f t ) 

0.382 

P re s su re - ISO 

O.Sl 

O.Sl 

0.382 

q V l O ' 
Btu 

( h r ) ( s q f t ) 

0.100 

0.100 

0.150 

O.ISO 
0.200 

0.200 
0.250 

0.2S0 

p s i a 

0.150 

0.150 
0.200 

0.200 
0.250 

0.250 

0.100 

0.100 

Kg 

% 

0 
3.0 
6.0 
9.0 

12.3 

0 
4 . 0 
8.0 

12.0 
16.0 

18.4 
0 
S.O 

10.0 
15.0 

20.0 
24. S 

0 
S.O 

10.0 

15.0 
20.0 
25.0 
31 .1 

0 
3.0 
6 .0 
9.0 

12.0 

14.1 
0 
3.0 
6.0 
9.0 

12.0 
IS.O 
18,4 
0 
4 .0 

8.0 
12.0 
15.0 
20 .0 
22 .8 

0 
3 
6 
9 

12.6 

^ s a t . 
F 

21 ,3 
20 .5 
19.7 
18.8 
17.8 

25 .1 
24.2 
23 .3 
22.7 
22.4 

21.7 
28.9 
27.7 
27 .3 
26.7 

25,7 
25,6 
31.2 
30.4 
29 .5 

28,7 
28 ,5 
27,5 
27 ,0 

25 ,9 
23 ,8 
21,9 
19.5 
17.7 

15.7 
31.2 
28.9 
27 ,0 
25 ,1 

22,9 
20,7 
19,0 
28,6 
27 .1 

25.6 
23.6 
22 .1 
20.6 
20.0 

19.3 
18.3 
17.7 
17.5 
16.2 

Run No. 

122 

122 
121 

121 
120 

120 
133 

133 
132 

132 
131 

131 
130 

130 

G/10^ qVlO^ 
l b Btu 

( h r ) ( s q f t ) ( h r X s q f t ) 

O.ISO 

0.150 
0.200 

0.200 
0.250 

0.382 0.250 
0.382 0.100 

P re s su re - 200 p s i a 

0.100 
0.150 

0.150 
0.200 

0.200 
0.2S0 

0.382 0.250 

% 

0 
3 
6 
9 

12 

15 
18.3 
0 
4 
8 

12 
16 
20 
24.7 

0 

S 
10 
IS 
20 
25 

30 .6 
0 
3.0 
6 .0 
9 .0 

12.7 
0 
4 .0 
8.0 

12.0 

16.0 

19.4 
0 
S.O 

10.0 

IS.O 
20 .0 
25 .5 

0 
5.0 

10.0 
15.0 
20 .0 
25 .0 
31.8 

^ s a t . 
F 

20.7 
20.2 
19.9 
19.9 
19.5 

19.3 
19.3 
26 
26 
25.7 

25.7 
25 .1 
25.2 
24.9 
31.4 

.10.4 
29.4 
28.6 
28 .3 
27.6 

26 .8 
22 .3 
21.3 
20 .5 
19.5 

18.7 
23.7 
22.9 
22.2 
21.2 

21 .1 

20.7 
28.7 
27 .9 
27 .0 

26 .1 
25 .8 
24.7 
29.9 
30 .1 

29. S 
29.6 
28.6 
28 .3 
28 .3 
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APPENDIX B 

ESTIMATE OF EXPERIMENTAL ERROR 

Lineal Measurem.ents 

The t e s t sect ion was a s e a m l e s s drawn tube, se lec ted for conform­
ance with dimensional specif icat ions. The possible var ia t ion in wall th ick­
ness could account for l e s s than 1% e r r o r in calculat ing the t empe ra tu r e 
drop through the wall . 

Flow Rate 

The flow r a t e , which was m e a s u r e d by means of ca l ibra ted orif ices 
and U-tube inanometers was es t imated to be in e r r o r by ± 1% i^aximum. 

Tempera tu re 

All thermocouples were calibrated in place but not attached to the 
sur face . The accuracy of the m e a s u r e m e n t s was es t imated at + 1 F . The 
inlet and outlet thermocouples were ca l ibra ted in the i r final position; the 
accura::y was i 0 .5F. 

Power 

The electri '^al power m e a s u r e m e n t was subject to e r r o r in the wat t ­
me te r and in the instrum.ent t r a n s f o r m e r s . The wat tmeter was cal ibra ted 
before use and was found to have negligible e r r o r . With a pure r e s i s t ance 
load, the ins t rument t r a n s f o r m e r s had l e s s than i O.Z5% e r r o r each because 
of phase shift. Power m e a s u r e m e n t then was probably accura te to i 0.5% . 

P r e s s u r e Measurements 

The Bourdon-tube p r e s s u r e gages used for exper imenta l readings 
were prec is ion- type and were ca l ib i a t ed . It was es t imated that the p r e s s u r e 
readings were c o r r e c t t© t 1.0% . 

P r e s s u r e drop was read on 60-inch well-type manome te r s with 
co r r e l a t i on for the change of interface level in the wall . The max imum 
e r r o r in these readings was es t imated at + 1,0 in, of wate r . 
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