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ABSTRACT 

A bibliography of 156 references on heat t ransfer from solid 
surfaces to fluids and re la ted phenomena is presented . Heat 
t ransfer data obtained from exper imental work on cryogenic flu
ids a re presented in graphical form. The theoret ica l and 
empir ical formulations appearing in the references a re presented . 
In those cases where sufficient information is available to make 
numerical computations, the formulations a r e presented graphi
cally to permi t comparison with the resu l t s of the experimental 
work. 
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1. INTRODUCTION 

Heat t r ans fe r p roblems confront inves t iga tors in nearly every 
branch of engineering. For cryogenic applications, it is neces sa ry 
to have some knowledge of the whole field of heat t r ans fe r and spe
cifically those aspec ts that a r e obviously applicable to low 
t empera tu re s y s t e m s . 

The purpose of this note i s to: (1) p resen t a compilation of the 
recent (from 1940 to May I960) exper imenta l work dealing with 
heat t r ans fe r from solid surfaces to cryogenic fluids, (2) present 
a connpilation of theore t ica l and empi r i ca l formulations for heat 
t r ans fe r to fluids in genera l , (3) compare and d iscuss (1) and (2), 
and determine a r e a s which need further study. (Information on 
more recent work will appear in Advances in Cryogenic Engineer
ing, Volume 6*) 

Cryogenic heat t r ans fe r p rob lems involve conduction, radiation, 
and convection with and without phase change. A large par t of the 
available heat t r ans fe r l i t e r a tu re is not direct ly concerned with c r y 
ogenic fluids but may be used with cryogenic sys t ems . Therefore 
re ferences which do not deal with cryogenic fluids, but may be ap 
plicable, a r e included h e r e . 

A document which s u m m a r i z e s all of the heat t ransfe r informa
tion that may be of value to the solution of cryogenic problems would 
include most of the useful heat t r ans fe r l i t e r a tu re . In o rder to de 
fine a manageable task the p resen t survey is confined to information 
applicable to situations in which a cryogenic fluid is involved in the 
heat t r ans fe r mechan i sm. 

The exper imenta l data a re p resen ted in graphical form for liquid 
helium, liquid hydrogen, liquid oxygen and liquid nitrogen, the data 
for each liquid being plotted on one sheet . 

For those ca se s where meaningful computations and compar isons 
can be made the theore t ica l and empi r i ca l formulations a r e also p r e 
sented in the form of graphs which a r e readily comparable with the 
exper imenta l g raphs . Some discuss ion of these comparisons and 
some l imitat ions of the equations used a r e given in section 4. 

* "Recent Advances in Cryogenic Engineering", Vol, 6, Plenum 
P r e s s , I n c . , New York, N. Y . , 1961. 
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The references a r e l isted alphabetically by author in the Bibli

ography (section 7). In section 6, the re ferences a re grouped 
according to those topics which (in our judgement) classify the m a 
t e r i a l presented there in . 

It is emphasized that this survey does not present the details of 
the work contained in the re fe rences , and the reader who is in t e r 
ested in these details (e. g. , exper imental techniques and theore t ica l 
derivations) must go to the original publication. 

2. NOMENCLATURE 

A 

a 

c 

C 

d 

g 

G 

G r 

h 

J 

k 

L 

Nu 

P 

Pa 

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

2 
Area of heating surface, cm . 

Thermal diffusivity, cm . / s e c . 

Specific heat, j ou l e s /g r am °K, 

Constant. 

Tube diameter , cm. 

Accelerat ion due to gravity, cm./sec . 

Mass velocity, g r a m s / c m . sec . 

3 2 2 
Grashof number, Gr = L gp pAT/(j. . 

F i lm coefficient of heat t ransfer , wa t t s / cm. ' 

Mechanical equivalent of heat, e rgs / jou le . 

Thermal conductivity, wa t t s / cm. °K. 

Length of heating surface, cm. 

Nusselt number, Nu = h L / k or Nu = hd /k . 

P r e s s u r e , dynes /cm . 

Atmospheric p r e s s u r e , dynes /cm . 

'K . 
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P r e s s u r e difference corresponding to the t e m p e r 

ature difference AT, dynes /cm . 

Prandt l number, P r = c u/k . 
P 

Heat t r ans fe r ra te , wat ts . 

Radius, cm. 

Bubble velocity, cm./sec. 

Reynolds number. Re = pud/p, or Re = puL/fx. 

Tempera tu re , °K. 

Tempera ture difference, °KAT = T - T^^ for non-
w BL 

boiling liquid or surface boiling of subcooled liquids, 
AT = T - T for boiling saturated liquids, 

w s 

AT s T - T for heat t ransfer to vapor, 
w V 

Velocity, cm./sec. 

Mass fraction of vapor (quality). 

Coefficient of thermal expansion, (°K) 

Latent heat of vaporization, j o u l e s / g r a m . 

Absolute viscosity, poise . 

2 
Kinematic viscosity, c m . / s e c . 

3 
Density, g r a m s / c m . 

Surface tension, dynes/cnn. 
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S u b s c r i p t s 

av - a v e r a g e 

b - bubble 

BL - bulk l iquid 

g - gas 

i - i n s i d e 

L - l iquid 

m a x - maximunn. 

o - ou t s ide 

out - out le t of h e a t e r 

p - p r e s s u r e 

s - s a t u r a t i o n 

V - v a p o r 

w - wal l 

3. GRAPHICAL P R E S E N T A T I O N S 

The following g r a p h s p r e s e n t the e x p e r i m e n t a l da ta found in the 
l i t e r a t u r e and the c u r v e s c a l c u l a t e d by m e a n s of the t h e o r e t i c a l and 
e m p i r i c a l f o r m u l a t i o n s t a k e n f rom the l i t e r a t u r e . The c a l c u l a t e d 
g r a p h s a r e t r a n s p a r e n t o v e r l a y s so that they can be e a s i l y connpared 
with the e x p e r i m e n t a l d a t a . Due to l i m i t e d da ta on the p r o p e r t i e s of 
c r y o g e n i c fluids s o m e of the c a l c u l a t e d c u r v e s do not c o v e r the r a n g e 
of the e x p e r i m e n t a l d a t a . A l so s o m e of the f o r m u l a t i o n s neg lec t 
f a c t o r s such as d i a m e t e r and cond i t ions of the hea t ing su r f ace ; the 
e x p e r i m e n t a l da ta show tha t t h e s e f a c t o r s do affect the hea t t r a n s f e r . 
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3„ 1 Exper imental Data 

The exper imental data found during this survey and dealing with 
helium, hydrogen, oxygen, and nitrogen a r e plotted in figures 2, 
4, 6, and 8 respect ively; the coordinates a r e heat flux v e r s u s t e m 
pera tu re difference between the heating surface and the bulk of the 
fluid. The data, notations, e tc . a r e reproduced as found in the l i t 
e r a t u r e . For example, only those nucleate boiling heat fluxes 
which the original author indicated as maxima a re so identified on 
the graphs . Per t inent information such as sys tem p r e s s u r e , hea t 
er geometry and orientat ion, e tc . a re given on the f igures . Both 
forced and natural convection data a re included. 

3,2 Theoret ical and Empir ica l Formula t ions 

The resu l t s obtained by applying the var ious theore t ica l and e m 
pi r ica l formvilations to helium, hydrogen, oxygen, and nitrogen a r e 
shown in figures 1, 3, 5, and 7 respect ive ly . The formulations a r e 
discussed in section 4, Computations were performed for most of 
the formulation; however, for reasons given in section 4 it was e i 
ther not possible or not desi rable to per form computations with 
some of the formulat ions. 

3.3 Comparison of Data with Fornnulations 

Figures 1 through 8 a re plotted so that the var ious theore t ica l 
and empir ica l formulations can be easi ly compared with cor respond
ing exper imental cu rves . In cases where geometr ica l factors , 
p r e s s u r e , or other p a r a m e t e r s a re required in o rder to make a 
corViputation, the values chosen for these p a r a m e t e r s a re noted 
next to the computed cu rves . These curves should be coinpared 
only with the experimental curves having near ly the same values 
for these fac tors . The computed resu l t s a r e compared with the 
experimental data in section 4, 

4. SUMMARY OF AVAILABLE THEORETICAL 
AND EMPIRICAL FORMULATIONS 

This summary is not intended to replace original publicat ions. 
The r eade r who is in teres ted in detailed der ivat ions , assumpt ions , 
exper imental and analytical techniques, e t c . , must refer to the 
original p a p e r s . 
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EXPERIMENTAL HEAT TRANSFER RATE FOR LIQUID HYDROGEN 

@ WEIL Ver t i ca l w i r e , 0 4 m m d i a x 4 mm long p 760 mm Hg (date from paper by KARAGOUNIS) 

@ MULFORD Outside hor izontal copper tube , 12 mm dia x 50 mm long p = 590 mm Hg 

D HOGE a BRICKWEDDE Outside hor izontal tube , 0410 dia x 3 375 long p 1 o tm (Unpublished) 
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(S) CLASS, et al Average of 4 or ien ta t ions v e r t i c a l , hor izonta l , 45° up, 45" 'down, f la t plate (Pressure shown) 
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EXPERIMENTAL HEAT TRANSFER RATE FOR LIQUID NITROGEN 
_ (144) 
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• - M I K H A I L ^ - H o r i z o n t a l t i be ( s m o o t h , r o u g h ) 
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a - H A S E L D E N 8 P R O S A o ' ^ ' o u t s i d e v e r t i c a l t u b e , | 0 D x 15 l o n g 
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It i s beyond the scope of this survey to analyze in detail the for

mulations for co r r ec tnes s , connpleteness, or impor tance . Neither 
has there been any attempt to appraise the exper iments with which 
the formulations have been compared. 

Differences in heating surface shape, orientation, composition, 
roughness , c leanl iness , duration of tes t , liquid subcooling, qual
ity, agitation, e tc . may cause large differences in tes t r esu l t s 
which a re not taken into account by the formulat ions. Therefore 
the resu l t s of the various exper iments cannot, in general , be ex
pected to agree quantitatively with each other or with the 
formulat ions. 

The fornnulations a re numbered consecutively with Roman 
numera l s . 

4. 1 Natural Convection Non-Boiling Liquid 

The f irst two formulations {I and II) of this group were used for 
calculations on figures 1 and 3. Formulat ions III, IV, V, VI, and 
VII were not used because comparable exper imental data were not 
found. 

a. McAdams(89)''S for laminar flow past ver t ica l planes and 
cyl inders , (Pr • Gr) = lO"̂  to 10^. 

1/4 

Q/A= 0 . 5 9 0 - ^ ^ 

Resul ts calculated from this formulation are plotted on figure 1 
for helium at p r e s s u r e s of 45 and 390 m m . Hg and on figure 3 for 
hydrogen at 760 m m . Hg. These resu l t s may be compared with the 
non-boiling helium exper iments of Karagounis(75), figure 2; and 
with the hydrogen exper iments of Weil (143), figure 4. The helium 
calculations agree with the exper iments only at 45 m m . Hg p res su re . 
At 390 mm. Hg the calculated Q/A is approximately 1/16 of the ex
per imenta l . Values of (Pr • Gr) for the He exper iments were of 
the o rder of 10 . 

* Numbers in parentheses refer to the re fe rences in section 7. 
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The hydrogen calculations, figure 3, fall within the range of 

the non-boiling experiments of Weil and Lacaze^ ' , figure 4; how
ever , only the 760 mm. Hg p r e s s u r e was available for comparison. 
Due to the very small heater used the products (Pr • Gr) for these 
experiments were of the order of 10. 

b. Touloukian et a l . , for laminar flow past ver t ica l 
cylindrical surfaces , (Pr • Gr) = 2 x 10° to 4 x 10-^^. 

Q/A= 0.726 ^ ^ 
3 2 . " ' ' 

/ L P g P AT \ . cja\ II 

The r e m a r k s in section 4. 1. 1 also apply to this formulation. 
The Q/A calculated by II i s higher than that calculated by I by a 

factor of 1 . 2 3 ( ^ = ^ - 3 ^ 

c. Chang , for upward facing horizontal plane heating 
surfaces . Chang's simplified equation is 

1/3 
Nu = 0. 146 (Pr G r ) / . Ill 

This formulation, derived from considerat ions of wave motion, 
compares well with the empir ica l equation in McAdamis'°°) (IV) 
for the turbulent range. The coefficient 0. 146 is an average of 
a quantity which va r i e s slightly from one fluid to another . No 
natural convection experimental data for horizontal hea ters were 
found for cryogenic liquids; therefore , calculations were not 
performed with this formulation. 

d. McAdams , for upward facing horizontal plane heating 
surfaces , (Pr • Gr) 2 x 10^ to 3 x 10 , the turbulent range. 

1/3 Nu = 0. 14 (Pr • Gr) ' . IV 
J_i 

No natural convection experimental data for horizontal hea te rs were 
found for cryogenic liquids; therefore , no calculations were pe r 
formed with this formulation. 

e. McAdams , for upward facing horizontal plane heating 
surfaces , (Pr • Gr) 10 to 2 x 10 ' , the laminar range. 

1/4 
Nu = 0.54 (Pr • Gr) ' . V 
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No n a t u r a l convec t ion e x p e r i m e n t a l da ta for h o r i z o n t a l h e a t e r s 
w e r e found for c r y o g e n i c l iqu ids ; t h e r e f o r e , no c a l c u l a t i o n s w e r e 
p e r f o r m e d wi th t h i s f o r m u l a t i o n . 

f. M c A d a m s , for t u r b u l e n t flow p a s t vej- t ical p l a n e s 
and c y l i n d e r s ( P r • Gr) = 10 to 10 , 

Nu = 0. 13 ( P r • G r ) / ^. VI 

As e x p e r i m e n t a l n a t u r a l convec t ion da ta for c r y o g e n i c l iqu ids wi th 
t u r b u l e n t v a l u e s of ( P r • Gr) a r e not a v a i l a b l e , c a l c u l a t i o n s w e r e 
not p e r f o r m e d with t h i s f o r m u l a t i o n . 

g. Tou louk ian , for t u r b u l e n t flow RS-st v e r t i c a L 
c y l i n d r i c a l s u r f a c e s , ( P r • Gr) = 4 x 10 to 9 x 10 

1 29 1/3 
N u = 0 . 0 6 7 4 ( P r • ^ G r ) / . VII 

J—I 

As e x p e r i m e n t a l n a t u r a l convec t ion da ta for c r y o g e n i c l iqu ids wi th 
t u r b u l e n t v a l u e s of P r • Gr , a r e not a v a i l a b l e , c a l c u l a t i o n s w e r e 
not p e r f o r m e d with t h i s f o r m u l a t i o n . 

4. 2 N a t u r a l C o n v e c t i o n - N u c l e a t e Boi l ing 

The f i r s t t h r e e f o r m u l a t i o n s of t h i s g r o u p (VIII, IX, and X) w e r e 
used for the hea t t r a n s f e r c a l c u l a t i o n s p r e s e n t e d in f i g u r e s 1, 3, 5 , 
and 7. C a l c u l a t i o n s w e r e not p e r f o r m e d wi th f o r m u l a t i o n s XI, XII, 
XIII, and XIV for the r e a s o n s given in the following p a r a g r a p h s . 

a. F o r s t e r and Gr ie f , 

^ r 1/4 . 5 / 8 . 1 / 3 , 2 
, A c o T . c T \la, / \ / N Ap , ,„T 

A/A i o / i n \ - 3 / L L'^L, s \ / L s L \ p ) [JLC ^ VI I I 
Q / A = 1 . 2 10 ( -— T ) V - y l VT 

v 

The v a l u e s of Q /A for he l i um c a l c u l a t e d a c c o r d i n g to t h i s formu-; 
( I -3 ) 

l a t ion (f igure 1) a r e l a r g e r than the e x p e r i m e n t a l da ta of K a r a g o u n i s 
(f igure 2) by a fac to r of four to t e n . 

Hydrogen and n i t r o g e n p r o p e r t i e s da ta needed for t h i s f o r m u l a 
t ion a r e not a v a i l a b l e o v e r the full r a n g e of the e x p e r i m e n t a l 
p r e s s u r e s . B e c a u s e of t h i s l i m i t a t i o n and l a r g e d i f f e r e n c e s b e t w e e n 
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e x p e r i m e n t a l da ta only an a p p r o x i m a t e c o m p a r i s o n b e t w e e n the for
m u l a t i o n s and the e x p e r i m e n t a l r e s u l t s i s p o s s i b l e . 

The h y d r o g e n and n i t r o g e n c a l c u l a t i o n s ( f igu res 3 and 7) a r e 
b r a c k e t e d by the r o u g h l y - c o r r e s p o n d i n g e x p e r i m e n t a l da t a ( f igu res 
4 and 8) . The oxygen c a l c u l a t i o n s ( f igure 5) a g r e e wi th the e x p e r i 
m e n t a l a v e r a g e (f igure 6) a t AT = 1°K; howeve r a t 7°K the 
c a l c u l a t e d Q / A i s two to t e n t i m e s l a r g e r t h a n the e x p e r i m e n t a l 
v a l u e s . 

(47) 
b . F o r s t e r and Z u b e r 

^ (T - T ) k , \ p Ap°- "̂ ^ . p , r (T - T )c n ŷ-T̂ a . ^ 0. 62 0. 

CyA= 1.5(10)-^^ ^ , V : i - ^ r ° s L̂ L̂ -^ 
^•^^'—sJZ^^^i A T c ^ p ^ N/Tra^ P L P V 

/p .c^ 

w h e r e T i s the s u p e r h e a t t e m p e r a t u r e . In o r d e r to c o m p a r e t h i s 
f o r m u l a t i o n with a v a i l a b l e c r y o g e n i c da ta i t i s n e c e s s a r y to a s s u m e 
(T - T ) = AT = (T - T ). 

O S w BL 

The c a l c u l a t i o n s for h e l i u m p e r f o r m e d with t h i s f o r m u l a t i o n 
(f igure 1) a g r e e wi th the e x p e r i m e n t a l da ta of K a r a g o u n i s ( f igure 
2) at 384-390 nnm. Hg; h o w e v e r , at 40 -45 m m . Hg the c a l c u l a t e d 
Q /A i s a p p r o x i m a t e l y t e n t i m e s l a r g e r t h a n the e x p e r i m e n t a l . 

The s t a tenaen t s c o n c e r n i n g the h y d r o g e n and n i t r o g e n c a l c u l a 
t ions of the p r e c e d i n g s e c t i o n (4. 2. 1) a l s o apply h e r e . 

(94) 
c . McNelly^ ' . 

0. 33 
n ^oc T. 0 - 6 9 ^ 0. 6 9 / p d \ 0 . 3 1 / ^L - 1 \ * 

Nu = 0. 225 P r ^ R e , (•^—1 — ], Xa 

2 . 2 2 k p p 1^.1-06 3 .22 
o r Q / A = 0 .0082 ( | - j -J^ I — ' \ A T . Xb 

J-J 

The e x p e r i m e n t s i nd i ca t e tha t the i n c r e a s e in Q / A due to a g iven 
p r e s s u r e i n c r e a s e i s c o n s i d e r a b l y g r e a t e r than tha t wliich i s c a l c u 
l a t e d by th i s f o r m u l a t i o n . F o r e x a m p l e , t he c a l c u l a t e d h e l i u m Q / A 
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(figure 1) is roughly six t imes as great as the exper imental r esu l t s 
of Karagounis (figure 2) at 45 mm. Hg p r e s s u r e , and one sixth as 
great at 390 m m . Hg. 

The hydrogen Q/A calculations give resu l t s that a re signifi
cantly smal ler than the experimental r esu l t s (see figures 3 and 4), 
whereas the oxygen calculations were higher than the experiments 
by a factor of 15 to 100. 

d. Chang , for horizontal plane sur faces . 

. -,2/3 1/3 XI 
N u ^ = 0.146 j l + P r ^ ^ C ^ B r ^ - l ^ l ( P r ^ G r ^ ) , 

where 

^ L ' ^ L 1 
Br = Q/A —r ;—is the "boiling number": 6 is the contact angle 

a-Kp 4> 
V 2 

(in degrees) of liquid with solid surface; C and n a re exper imen
tally determined constants which depend upon the fluid. All the 
physical p roper t i es a r e to be evaluated at the a r i thmet ic mean 
film t empera tu re . 

The experimental constants have not been determined for c ryo
genic fluids, 

r^., (53) 
e, Gilmour 

, . 0 , 6 p o - g . 0,425 n r - ^ - 0 - 3 

V ^L -1 -2 
where G = — is the m a s s velocity (in gm, sec, cm, ) of l iq-

V 

uid which replaces the boil off vapor, V is the vaporization rate 
(gm. / s e c , ), The factor g in the third group of this formulation 
was not present in reference 53 but was needed with the units of 
the present survey. 

The formulation was not compared with exper imental cryogenic 
data because the vapor (boil off) rate in the exper iments i s not 
known. 
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f, Nishikawa 

/ _ L V ^ ' W __!_ ^ L P L ' ^ X ' ^ ' l}'^ Q '^'f XIII 
\S>-J PAM^TV ^ . ^^P .y A J 

^ and t, , "coefficients of foaming ability", a re given in Table II of 
reference 105 for severa l non-cryogenic l iquids. M is a constant 
which depends on the condition of the heating surface and is inde
pendent of the physical p roper t ies of the liquid. M has the 
dimension 1/length, N (reference 105 uses the symbol P) is a 
constant dependent upon p roper t i e s of dist i l led water and has d i 
mensions energy / t ime . The experimental constants have not been 
determined for cryogenic fluids, 

g, P i r e t and Isbin , for boiling inside ver t ica l tubes . 

h du p 
av = 0, 0086 I — ^ ^ ^ 1 ( - 4 ^ - ^ ' , i - ^ \ > XIV = U, UU«fa I 

0, 6 
cr 

w 
cr 

0 33 

» 

L 

where u is the mean liquid-vapor velocity, 
m 

The authors cor re la te the data for six non-cryogenic fluids 
with a mean deviation of only 4 percent . 

As the experimental investigations with cryogenic fluids do not 
give the velocity of circulation, it is not possible to compare this 
formulation with cryogenic exper iments . 

(123) 
h. Rohsenow 

L w s _ / Q IQ cr \ L'^L ^ ^ 
X = s F ^ A ^ ^ X JAg ( P ^ - P , ) ; \ ' 

where C is a coefficient which depends on the nature of both the 
fluid ancTfhe heating surface; it has not been determined for c ryo
genic fluids. 
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4 . 3 N a t u r a l C o n v e c t i o n - M a x i m u n n H e a t F l u x - N u c l e a t e B o i l i n g 

No c o m p u t a t i o n s w e r e m a d e w i t h t h e f i r s t f o r m u l a t i o n (XVI) 
b e c a u s e t h e r e q u i r e d e x p e r i m e n t a l d a t a f o r c r y o g e n i c f l u i d s a r e 
n o t a v a i l a b l e . T h e o t h e r f o r m u l a t i o n s (XVII a n d XVII I ) w e r e 
u s e d a n d a r e p l o t t e d o n f i g u r e s 1, 3 , 5 , a n d 7 . 

TTir (41) a . E l l i o n 

Q „ k - P ^ ^ V m a x i r c | a l ^ - V T - T , X V I 
A r I p 1 I k I I 

m a x b m a x *- J L j .. _• 

T h e v a l u e s f o r t h e e x p o n e n t s i n t h i s e q u a t i o n a r e t a k e n f r o m e x -
p e r i i n e n t a l d a t a o n w a t e r a n d c a r b o n t e t r a c h l o r i d e . N o c o m p u t a t i o n s 
w e r e m a d e w i t h t h i s e q u a t i o n b e c a u s e t h e r e a r e no e x p e r i m e n t a l 
d a t a o n b u b b l e r a d i u s a n d b u b b l e v e l o c i t y f o r c r y o g e n i c l i q u i d s , 

b . Z u b e r a n d T r i b u s 

P . . 1 / 4 p - 1 / 2 
1- + V ! . XVI I 

P L 

Q TT ^ j o-g. '^L - ^ v \ 
A = 2 4 ^ P v ( —J 

m a x L. \ p / . 
V 

Refe r to d i s c u s s i o n in sec t ion c, 

c, Rohsenow and Griff i th 

o Py P v ^ ° • ^ 

m a x ^ V •' 

w h e r e (fD ) i s the bubble ve loc i ty and i s a p p r o x i m a t e l y the s a m e 
for s e v e r a l f lu ids . The va lue u s e d h e r e for (fD ), t a k e n f r o m e x 
p e r i m e n t a l da ta on w a t e r , e thana l , b e n z e n e , e t c , was 7 . 8 c m . / s e c 

The r e s u l t s c a l c u l a t e d f rom t h e s e f o r m u l a t i o n s (XVII and XVIJ.'' 
a r e p lo t ted on f i gu re s 1, 3, 5, and 7, They c o m p a r e r e a s o n a b l y 
wel l wi th s o m e of the e x p e r i m e n t a l da ta which a r e ident i f ied (in thc 
o r i g i n a l pub l i ca t ions ) a s m a x i m u m n u c l e a t e boi l ing hea t f l uxes . The 
e x p e r i m e n t s with l iquid he l ium m a y have b e e n c a r r i e d to t h e s e 
ma,xima; howeve r , t h i s was not s t a t ed . The equa t ion of Rohsenow 
and Griff i th (XVIII) p r e d i c t s a m a x i m u m hea t flux c l o s e to the 
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exper imenta l helium cu rves . The equation of Zuber and Tr ibus 
(XVII) predic ts a maximum heat flux for helium which is about 2 
to 5 t imes higher than the exper imenta l cu rves . For liquid hydro
gen both equations predic t a maximum heat flux which is close to 
the exper imenta l data. 

Both equations predict l a rge r maximum heat fluxes with oxy
gen and ni trogen (2 to 3 t imes higher with oxygen and 2 to 4 tinnies 
higher with nitrogen) than have been observed. 

(139) 
d, Sydoriak and Rober ts 

6 ^channe l { 2gL . ^ _ in{\+^R\^'^ XIX 
A A ' ^ P L " [ 2 R + 1 V.̂  XR y'J 

where A is the a r ea of the heated wall of a ver t ica l cylindrical 
channel whose horizontal c r o s s section a rea is A , , and 

^ , , , channel 
where R = (p., - p )/p . 

L V v 

Computations were not made using equation XIX because values 
of quality were not given by other expe r imen te r s . However in ref
erence 139, the equation is compared with exper imental resul t s ; 
the agreement is good, 

4. 4 Natural Convection-Minimum Heat F lux-F i lm Boiling 

(153) 

U Q\ TT ^ 

24 V 
min. 

a. Zuber and Tr ibus 

erg p p -1/4 
L - V 

(p + P -
V V 

X X 

Resul ts calculated by this equation a re plotted on figures 1, 3, 5, 
and 7. None of the exper imenta l cryogenic papers state that min i 
mum film-boiling heat fluxes were measu red . The equation 
pred ic t s a heat flux which is smal le r (by a factor of I/IOOO) than 
the exper imenta l curves for hel ium. However, it p redic ts mininnum 
heat fluxes for film boiling which compare very closely with some 
of the exper imenta l data for liquid hydrogen and liquid nitrogen. No 
exper imenta l data in the film boiling range were found for liquid 
oxygen. 
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4. 5 Natura l Convect ion-Fi lm Boiling 

Computations were made with two of the following formulations 
{XXI and XXII) and the r e su l t s were plotted on figures 1, 3, and 7; 
formulation XXIII was not used because i t s use r equ i res exper imen
ta l constants which a r e not known for cryogenic fluids. 

(13) 
a. Bromley , for horizontal cylindrical 

3/4 
Q/A (neglecting radiation) = 0. 62k 

surfaces and viscous flow. 

v(^L - ^v)^ 
d u o 

A T ^ X X I 

The resu l t s of calculations with this equation a re plotted on figures 
1, 3, and 7. The values used for d in the computations were the 
same as those used in the exper imenta l invest igat ions. As there 
a r e no exper imenta l data with liquid oxygen, no calculations were 
made for figure 5. 

The calculat ions for helium predict a smal le r d iameter effect 
than the actual exper imenta l data show; the calculated curves a re 
higher than the exper imenta l by factors of about 1. 2 to 1.7 for the 
5.5(10) m m . d iameter wire and by factors of 3 to 5 for the 
51(10) m m . d iameter wire . The hydrogen calculations predict 
heat fluxes that a re sma l l e r than the exper imental r e su l t s by a 
factor of 2 /3 to 1/2, and the ni trogen calculations predic t heat 
fluxes that a r e smal le r than the exper imenta l r esu l t s by a factor 
of 3/4 to 1/4. 

b . Chang 

Q/A (neglecting radiation) = k | ^^^L - ^v^ ^^v j AT XXII 
" ^ 2 -I 

S-rr u k <^T 
V V 

V 

This formulation pred ic t s heat fluxes for helium that a re consid
erably smal le r than the exper imenta l r e s u l t s . For hydrogen the 
calculated resu l t s a r e approximately 100 t imes l a rge r than the 
exper imenta l values , while for ni t rogen the calculated resu l t s a r e 
about 10 t imes l a rge r than the corresponding experimental values . 



(13) " 
c . B r o m l e y , for v e r t i c a l c y l i n d r i c a l s u r f a c e s 

Q / A = Ck 

wi th v i s c o u s flow, n e g l e c t s r a d i a t i o n 

3 / 4 P v ( P L - P v ) g ^ - ' / ^ _ 3 / 4 
L|JL 

^T XXIII 

The c o n s t a n t , n e e d e d for e a c h f luid, i s not known for the c r y o 
gen ic f l u id s . 

4. 6 N a t u r a l C o n v e c t i o n to Single P h a s e G a s 

No e x p e r i n a e n t a l da ta for n a t u r a l c o n v e c t i o n to a s ing le p h a s e 
g a s at c r y o g e n i c t e m p e r a t u r e s w e r e found. V a r i o u s f o r m u l a t i o n s . 
a r e a v a i l a b l e for v a r i o u s h e a t e r g e o n a e t r i e s . R e f e r to M c A d a m s 
for e x a m p l e s . 

4 . 7 F o r c e d C o n v e c t i o n - N o n - B o i l i n g 

F o r c e d c o n v e c t i o n non -bo i l i ng expe r innen t a l da ta w e r e found for 
l iquid h y d r o g e n and l iqu id n i t r o g e n on ly . 

(25) 
a. C o l b u r n , for t u r b u l e n t flow in p i p e s . 

Q / A = c G A T ( - ^ ^ 
2 / 3 ^ ^^-0.32 

0 . 0 0 0 7 + 0 . 0 6 5 . — i I : XXIV 

\ ^ J J 
R e f e r to d i s c u s s i o n in s e c t i o n b . 

b . Di t tus and B o e l t e r , see M c A d a m s , 
for t u r b u l e n t flow in p i p e s . 

0 . 8 . 0 . 4 
XXV Q / A . 0 . 0 2 3 A T ^ , ^ ) ' , ^ ) 

In o r d e r to avo id p lo t t ing a c u r v e for e a c h of the m a n y flow r a t e s , 
p r e s s u r e s , e t c . , g i v e n in the e x p e r i m e n t a l r e f e r e n c e s , a v e r a g e 
v a l u e s of the p a r a m e t e r s ( b a s e d upon t h e i n f o r m a t i o n in r e f e r e n c e s ) 
w e r e u s e d in the c o m p u t a t i o n s wi th t h e s e f o r m u l a t i o n s . In s o m e 
c a s e s the p r o p e r t i e s of the l iqu ids a r e not a v a i l a b l e at the high p r e s 
s u r e s u s e d in the e x p e r i m e n t a l w o r k . The r e s u l t s c a l c u l a t e d for 
h y d r o g e n p r e d i c t hea t t r a n s f e r s a t l e a s t 10 t i m e s l a r g e r t h a n the 
e x p e r i m e n t a l d a t a . 
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The resu l t s calculated for nitrogen a r e smal le r (by a factor of 

2 /3 to 1/4) than the exper imental curve . 

4. 8 Forced Convection-Nucleate Boiling 

Only the first formulation (XXVI) of this group was used for the 
heat t ransfer calculations plotted on figure 7. Calculations were 
not performed with the other four formulations for the reasons 
given in the following pa ragraphs . 

a. Levy 

Q/A = ' ' L ' ' L ' ' L 

•''^s">L ^1 
I' T - T 

w s XXVI 

where b^ is obtained from a curve of 1/b^ ve r sus p X in reference 84. 
L L V 

None of the experimental papers gives the average quality which 
is needed in this formulation. In o rder to comparej this formulation 
with the experimental data of Dean and Thompson (figure 8) it 
was assumed that the quality was zero at the point where their data 
indicate that nucleate boiling begins. The resul t of this one calcu
lation plotted on figure 7 compares very closely with the 
experimental point. 

b. Dengler and Addoms 
(34) 

3 .5 

(X) 
0.5 
tt 

XXVII 

where F = 0. 67 (AT - AT i ' VAT 

d. 

sa t 

0. 1 

w 

(F is used only when it exceeds unity), -4H is the slope of the vapor-
0^ sat 

p r e s s u r e ve r sus t empera tu re curve, AT. is the tennperature difference 
(T 

w 
T ) for the initiation of nucleate boiling in tubes . 

1 x N *̂*̂  - P L \ ° " ^ ^ \ ° ' and 
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h is the heat t r ans fe r film coefficient for liquid alone as obtained 
from the Dittus and Boelter equation (XXV). This formulation is to 
be used only for a range of y—r— from 0. 25 to 70. 

^'^'tt 

As exper imenta l data for cryogenic fluids, in which the average 
quality of the boiling mix ture i s known, a r e not available, no com
putations were per formed with this information. 

c. Mumm , for boiling inside of horizontal tubes 
for values of quality from 0 to 0. 40. 

d p p N^-^^ i r n 0-464r-Gd .0.808 

d is the "equivalent inside d iamete r" of the heater tube. The 
numer ica l coefficients and exponents were determined by exper 
iments on water inside an e lec t r ica l ly heated horizontal tube. No 
computations for cryogenic fluids were made with this formulation 
because of the absence of the requi red exper imenta l data. 

d. Stroebe, Baker , Badger , for boiling 
inside long ver t i ca l tubes. 

7. 8(10) V - ^ 

l¥) °".W.,-3 
XXIX 

The coefficients and exponents were obtained by tes t s with water . 
The authors of reference 138 point out that the equation i s ent i rely 
empir ica l and the geonnetry of the tes t section (a 2 in. O, D. by 20 
ft. long tube) was constant during all the t e s t s . 

No factor was obtained which could account for the effects of 
geometr ica l changes and the equation should be used with d i s c r e 
tion for conditions appreciably divergent from those covered in 
the work. 

Since dimensionless groups a r e not used, the same units should 
be used as those in reference (138), namely: 
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<J = surface tension, dynes / cm. 

3 
V = specific volume, ft. / l b . 

AT = T - T^., film tempera tu re differehce, °F 
w BL 

2 
h = heat t ransfer coefficient, BTU/hr . ft. ° F 

(139) 
e. Sydoriak and Roberts 

1/2 
A , , rx g L i n f l + x R L ^ 

^ / ^ ^ channel f o u t _ , ^ _ _ ^ o u ^ ^ u t ^ N l ^ ^ ^ 

^ ^ ^ ^out V « X :R ^ J 

out 

where A is the a rea of the heated wall of a ver t i ca l cylindrical chan
nel whose horizontal c ross section a r ea is A where 
R = (p - p )/p and where Z = the hydrostat ic nead of liquid, 
equivalent to the p r e s s u r e drop ac ross the heater . The p and x 
a re taken at the exit end of the heater . The m a s s fraction of vapor 
(quality) and the p r e s s u r e drop a c r o s s the heater on the forced flow 
experiments of authors other than reference 139 were not given. 
Comparison of the predictions of this equation with the exper imental 
work done by Sydoriak and Roberts for nitrogen va r i e s with the qual 
ity at the exit of the heater; at low qualit ies the rat io of their 
experimental heat flux to their calculated heat flux is 0. 48 and at 
high qualit ies this rat io i s 0 .95 . 

With hydrogen the measured resu l t s average about 0. 7 of the 
calculated r e su l t s . No t rend of this figure with quality was appar 
ent; however,the quality was quite high in most of the runs . 

4. 9 Forced Convection-Maximum Heat Flux-Nucleate Boiling 

(52) 
a. Gambill and Greene , for maximum 

heat flux to fluids in vortex flow. 

Q/A = [359, 700 u + (7. 10)(10^)][1. 29 - 0. 049(L/d)], XXXI 

where u i s the "superf icial axial velocity", 
ax 

The corre la t ion was made from data taken on water . There 
were no data found for cryogenic fluids in vortex flow. 
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4. 10 Forced Convection-Film Boiling 

(98) 
a. Motte and Bromley derive corre la t ing equations for 

th ree assumed cases of convection film boiling in which the heat 
t r ans fe r red into the liquid by (1) the rmal conduction, (2) "eddy 
conduction", and (3) eddy conduction with the t ime of contact that 
is small compared to the rat io of the scale of turbulence to the 
intensity of turbulence. These equations a r e used as a bas is for 
corre la t ion only and a r e not to be considered as exact equations. 
The corre la t ions were not made with cryogenic fluids. The equa
tion in case 2 best fits the data taken with several fluids such as 
hexane, carbon te t rachlor ide , and alcohol. This equation i s : 

-0 .05 
XXXII 

VdAT -7.29 f % P v " ' ^^^ 1 u"L . u"L \ 
Nu 'k p X' h i dAT ^ s'^pPi ATk p Xi u y 

v V V V ^ L ' 

u' = incident velocity of liquid on tube 

u" = velocity of liquid in conduit where level of turbulence 
is determined. 

p l + 0.4(AT)c_ 2 
X' = X 

J 

CONCLUSIONS 

a. The existing experimental data on heat t ransfe r between 
solid surfaces and cryogenic liquids (helium, hydrogen, nitrogen, 
and oxygen) vary appreciably between exper imente r s , even when 
heater geometr ies and orientat ions, p r e s s u r e s , e tc . a re compa
rable . The variat ions a re both in the magnitude of the heat flux 
and in the shape of the hea t - f lux-versus- tempera ture-d i f fe rence 
curves , and are possibly due to uncontrolled p a r a m e t e r s such as 
surface roughness and contamination. 

b. Existing theoret ical and empir ica l formulations a re in qual
itative agreement with some of the exper imental data. More 
carefully controlled experiments a re needed, and formulations which 
account for p a r a m e t e r s such as surface condition should be developed. 
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c. No experimental data were found for: natural convection 

without boiling for oxygen and nitrogen; forced convection without 
boiling for helium, hydrogen, and oxygen; forced convection with 
nucleate boiling for helium; and forced convection with film boil
ing for helium. 

6. TOPICS OF STUDY FOUND IN THE 
HEAT TRANSFER LITERATURE 

Following is an alphabetical l is t of the topics covered in the 
papers of this survey. These topics deal with some phase of 
heat t ransfer ; although some of the papers a r e not concerned with 
cryogenics direct ly, they may be applicable to low tempera tu re 
sys tems . Reference numbers a re l is ted under each topic. 

Accelerat ion of the Heating Surface (effect of) 
52, 56, 77, 78, 79, 95, 153 

Binary (two component) Fluids 
11, 72, 74 

Bubble Dynamics 
6, 7, 22, 35, 38, 41, 43, 45, 47, 56, 57, 58, 68, 71, 87, 89, 
108, 110, 111, 152, 155 

Composition of Heating Surface (effect of) 
29, 44, 69, 70, 76, 87, 115 

Contamination of Heating Surface (effect of) 
3, 4, 20, 24, 63, 69, 90, 115 

Corre la t ions (theoretical and empirical) 
I I , 12, 13, 14, 15, 18, 19, 20, 25, 28, 31, 34, 37, 41, 42, 43, 
44, 46, 47, 48, 49, 52, 53, 54, 55, 60, 64, 66, 67, 69, 71, 72, 
73, 74, 81, 84, 86, 87, 90, 93, 94, 97, 98, 100, 105, 108, 109, 
I I I , 112, 119, 123, 124, 128, 133, 136, 138, 140, 151, 152, 153 

Cryogenic Fluids 
5, 13, 14, 24, 26, 49, 59, 61, 62, 63, 64, 66, 75, 94, 97, 99, 
112, 116, 130, 139, 142, 143 

Descriptive Mater ia l (Photographic Studies, E tc . ) 
2, 34, 41, 44, 57, 58, 72, 89, 97, 120, 145, 146, 147, 148 
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Fi lm Boiling Exper iments 

4, 13, 14, 15, 41, 49, 50, 57, 59, 66, 71, 89, 90, 97, 98, 99, 
108, 121 

Fi lm Boiling Theory 
3, 6, 13, 14, 15, 18, 19, 41, 66, 67, 71, 89, 97, 98, 121, 151 
152, 153 

Forced Convection Heat Transfe r to Single Phase Gas 
61 

Forced Convection Heat Transfe r to Single Phase Liquid 
32, 41, 42, 71, 72, 79, 89, 119, 126, 132, 133, 150 

Forced Convection Boiling Heat Transfe r 
3, 5, 16, 21, 25, 31, 34, 37, 41, 42, 46, 53, 57, 59, 70, 72, 
74, 81 , 89, 93, 97, 100, 112, 116, 123, 124, 126, 130, 137, 
139, 141 

Geometry of the Heating Surface (effect of) 
49, 58, 69, 70, 71 , 77, 78, 79, 90, 98, 124, 146, 147 

Maximum Nucleate Boiling Heat Flux (Burnout) 
3, 4, 12, 17, 20, 21, 38, 41, 42, 52, 57, 58, 70, 71, 72, 73, 
76, 82, 89, 108, 128, 131, 137, 153 

Natural Convection Heat Transfer to Single Phase Liquid 
10, 18, 40, 41, 75, 89, 136, 140, 142, 143, 144 

Natural Convection Heat Transfe r to Boiling Liquid (pool boiling) 
4, 12, 13, 14, 18, 19, 24, 28, 29, 41, 43, 44, 62, 63, 64, 69, 
75, 87, 89, 90, 99, 108, 109, 116, 123, 124, 151, 152 

Nucleate Boiling Exper iments 
4, 20, 24, 27, 29, 34, 41, 42, 43, 52, 59, 62, 63, 64, 69, 71, 
74, 75, 83, 89, 90, 97, 99, 100, 103, 104, 105, 108, 111, 116, 
119, 123, 124, 127, 137, 139, 151, 152 

Nucleate Boiling Theory 
6, 11, 12, 18, 22, 46, 51, 53, 63, 71, 74, 83, 89, 94, 97, 100, 
103, 104, 105, 111, 119, 123, 124, 126, 127, 128, 139, 151, 152 
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Orientation of Heating Surface 

24, 29, 40, 66, 70, 89, 102, 138 

P r e s s u r e Effects on Boiling Heat Transfer 
4, 20, 21, 24, 26, 31, 34, 37, 41, 42, 44, 55, 63, 64, 70, 71 , 
76, 87, 89, 90, 97, 100, 103, 112, 115, 124, 125, 126, 129, 
130, 146 

Quality (mass fraction of vapor) Effect on Boiling Heat Transfer 
16, 24, 34, 93, 100 

Roughness of the Heating Surface 
16, 27, 29, 52, 69, 70, 146, 147, 153 

Subcooling Effect on Boiling Heat Transfer 
3, 6, 18, 19, 21, 28, 29, 37, 41, 42, 46, 57, 58, 70, 75, 84, 
89, 98, 109, 124, 125, 138, 146, 147, 153 

Surveys of Previous Work 
6, 20, 23, 39, 52, 72, 89 

Transient Boiling (effects of rapid changes) 
6, 87 

Transi t ion Boiling Experiments (changing from nucleate to film) 
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