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A SURVEY OF THE LITERATURE ON
HEAT TRANSFER FROM SOLID SURFACES
TO CRYOGENIC FLUIDS

by

R. J. Richavrds, W, G. Steward, R. B. Jacobs
Cryogenic Engineering Laboratory
National Bureau of Standards
Boulder, Colorado

ABSTRACT

A bibliography of 156 references on heat transfer from solid
surfaces to fluids and related phenomena is presented. Heat
transfer data obtained from experimental work on cryogenic flu-
ids are presented in graphical form. The theoretical and
empirical formulations appearing in the references are presented.
In those cases where sufficient information is available to make
numerical computations, the formulations are presented graphi-
cally to permit comparison with the results of the experimental
work,
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I. INTRODUCTICN

Heat transfer problems confront investipolors nnpearlsy every
branch of engineering. For cryogenic applicati dns, it 1s n-¢usary
to have some knowledge of the whole field of heat tronsfer and spe-
cifically those aspects that are obviously applicabl« to low
temperature systems.

The purpose of this note is to: (1) present & cornp - lation of the
recent (from 1940 to May 1960) experimental work ce.asling with
heat transfer from solid surfaces to cryogenic iluidz, {2) present
a compilation of theoretical and empirical formulation- for heat
transfer to fluids in general, (3) compare and discuss (1) and (2),
and determine areas which need further study. (Information on
more recent work will appear in Advances in Cryogenic Engineer-
ing, Volume 6%)

Cryogenic heat transfer problems involve conduction, radiation,
and convection with and without phase change. A large part of the
available heat transfer literature is not directly concerned with cry-
ogenic fluids but may be used with cryogenic systems, Therefore
references which do not deal with cryogenic fluids, but may be ap-
plicable, are included here,.

A document which summarizes all of the heat transfer informa-
tion that may be of value to the solution of cryogenic problems would
include most of the useful heat transfer literature. In order to de-
fine a manageable task the present survey is confined to information
applicable to situations in which a cryogenic fluid is involved in the
heat transfer mechanism.

The experimental data are presented 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 cases where meaningful computations : 1d comp=risons
can be made the theoretical and empirical formulatic1s are also pre-
sented in the form of graphs which are readily comyi+rable witt the
experimental graphs. Some discussion of these comnarisons and
some limitations of the equations used are given in section 4.

* "Recent Advances in Cryogenic Engineering', Vcl. 6, Plerum
Press, Inc., New York, N. Y., 1961,
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The references are listed alphabetically by author in the Bibli-
ography (section 7)., In section 6, the references are grouped
according to those topics which (in our judgement) classify the ma-
terial presented therein.

It is emphasized that this survey does not present the details of
the work contained in the references, and the reader who is inter-
ested in these details (e. g., experimental techniques and theoretical
derivations) must go to the original publication.

2. NOMENCLATURE

A - Area of heating surface, cmz.

a -  Thermal diffusivity, cmz. / sec.

c -  Specific heat, joules/gram °K,

C - Constant.

d - Tube diameter, cm.

g - Acceleration due to gravity, cm,/secz.

G -  Mass velocity, grams/cmz. sec.

Gr - Grashof number, Gr = L3gp2[3AT/p2.

h - Film coefficient of heat transfer, watts/cm,z"K.
J - Mechanical equivalent of heat, ergs/joule.
k -  Thermal conductivity, watts/cm. °K,

L - Length of heating surface, cm,

Nu - Nusselt number, Nu = hL/k or Nu = hd/k.
P - DPressure, dynes/cmz.

P - Atmospheric pressure, dynes/cmz.




Ap

.

Re

AT

3
Pressure difference corresponding to the temper-

ature difference AT, dynes/cmz.

Prandtl number, Pr = Cp p/ k.

Heat transfer rate, watts.

Radius, cm.

Bubble velocity, cm,fkec.

Reynolds number, Re = pud/p or Re = puL/p.
Temperature, °K,

Temperature difference, °KAT = Tw- T for non-

BL

boiling liquid or surface boiling of subcooled liquids,

AT =T - TS for boiling saturated liquids,

w

AT TW - Tv for heat transfer to vapor,
Velocity, cm,/sec.
Mass fraction of vapor (quality).

. . -1
Coefficient of thermal expansion, (°K) .
Latent heat of vaporization, joules/gram.
Absolute viscosity, poise.

. . . . 2
Kinematic viscosity, cm ,/sec.

Density, grams/ cm3.

Surface tension, dynes/cm.




Subscripts !
av - average

b - bubble

BL - bulk liquid

g - gas

1 - inside

L - liquid

max - maximum

o - outside

out - outlet of heater
P - Ppressure

] - saturation

v - vapor

W - wall

3. GRAPHICAL PRESENTATIONS

The following graphs present the experimental data found in the
literature and the curves calculated by means of the theoretical and
empirical formulations taken from the literature. The calculated
graphs are transparent overlays so that they can be easily compared
with the experimental data. Due to limited data on the properties of
cryogenic fluids some of the calculated curves do not cover the range
of the experimental data. Also some of the formulations neglect
factors such as diameter and conditions of the heating surface; the
experimental data show that these factors do affect the heat transfer.
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3.1 Experimental Data

The experimental data found during this survey and dealing with
helium, hydrogen, oxygen, and nitrogen are plotted in figures 2,
4, 6, and 8 respectively; the coordinates are heat flux versus tem-
perature difference between the heating surface and the bulk of the
fluid, The data, notations, etc. are reproduced as found in the lit=
erature, For example, only those nucleate boiling heat fluxes
which the original author indicated as maxima are so identified on
the graphs, Pertinent information such as system pressure, heat-
er geometry and orientation, etc, are given on the figures, Both
forced and natural convection data are included,

3,2 Theoretical and Empirical Formulations

The results obtained by applying the various theoretical and em=
pirical formulations to helium, hydrogen, oxygen, and nitrogen are
shown in figures 1, 3, 5, and 7 respectively, The formulations are
discussed in section 4, Computations were performed for most of
the formulation; however, for reasons given in section 4 it was ei-
ther not possible or not desirable to perform computations with
some of the formulations,

3.3 Comparison of Data with Formulations

Figures ! through 8 are plotted so that the various theoretical
and empirical formulations can be easily compared with correspond~
ing experimental curves, In cases where geometrical factors,
pressure, or other parameters are required in order to make a
corhputation, the values chosen for these parameters are noted
next to the computed curves, These curves should be compared
only with the experimental curves having nearly the same values
for these factors. The computed results are compared with the
experimental data in section 4,

4, SUMMARY OF AVAILABLE THEORETICAL
AND EMPIRICAL FORMULATIONS

This summary is not intended to replace original publications,
The reader who is interested in detailed derivations, assumptions,
experimental and analytical techniques, etc., must refer to the
original papers,




| 34¥N914

%o '(IONIUIAANA JUNLVYI4NIL) LV

000! 001 o]
1 IR 7
! Vo ﬁ i ~
a3aivindiavd - WNIT3H - : frrpTe e
- el oo R N SR . B + —
. ; AR S SRS 55 4t A s iy -
' R . i .u,ll\\\ﬁrf-‘.w. ww 09, T . O e i Al
N S S [ oo \».WF = V%\M\L, LR (0 St (05 G athin St o
| Loy b i
Cpeded o [ * .
O O R
- - o4 b N b 4 S
: S ST SIS it el s
- it P

‘$4N020

i.

T

- r
Buspog wy Whwiviw 6 -—
WHWIXDW YIYM 0 |7 1219340 ouU Op Suolonbl)

o 1 ' ' |

L

100

— . wkw‘ PO _
T R R
. Lot i U S St O Y S W

P . . ,P C H PO . 4 .- 14 } MA WJ Lol —
DU : PUh s b ous D b L TUT LD e wiw gy aed

Pl : N S I S sy 3
ST SN S SN S W15 05 S S S s e Ot] O £ 2.0 L o

, ! , : T T 17

| : : s oo |
r‘h -t . P . ,- B L + w\f W\F xw JEN

bl i , b e S b o= -L

PP O . . . Ch e e v R b L L - S

S e e . . e e e . S S d.ﬁﬁp’»rl N
Diy oo : A S S S i it Shphorc.. 8 i S '

SR35 TR FUE N SR SR8 18 S S & = I S e 5 o
, i b : > W
I i : b A | ,_

.. . . . . . - .f - - [ +|ﬁ —

. P . R - w b .t f;‘zl%i.ff;bvﬁ R
Lo . . . N i . 4 ﬁ [ R S . m —+ B i TS DN——
L+ . .? -— — - pos e e ——— W}f S —“+ - v“\q‘ B s ST e S

- - + ¥ . - - - - h\ — - - -1 3 .H.li‘ S S —
voLor 8 ! ’ ! fl Sl olies SR g o] = R
N Y 1 N e | S ‘\:a.l‘w 1 1 :\m M.M\ hm‘ﬁ.ﬂii\t\ zoTmT 18_

" paioipasd xny} 409y buiiog 3,0919nu

WNWIXDW gz HLI4 414

9 8 MONISHOY 40 UOHONDT mamm e

Buri0q 9409j9NU WNWIXDW puo Buijioq Wiy WNWIUIN “esySNBIYL B ¥38NZ 40 UOHDNDT ce o nn

; , PR B . - . - by -
s ol , o] wio | =4 * Buijiog w4 (enINTHI 40 HOHONDT - @
PR b CooTio] (gnA3TWONHS jo uoyonby . o
SRR (6 ATTIN OW 0 uolONbY - O
e buitiog 94031onN H38NZ '8 ¥3LSHO4 jo uoondy - v
| S 33149 B ¥31SHO4 4o voljonby - ©
T BT A T . 7049 NVINNOTINOL Jo uorjonby
T O R L.I I buiyiog - uoN & -V
R r w e 1 N b e H b M . = ;em_zqo< OW jo uoyjonby - @
.ot ok e . - P e - =4 - —_
ke - - Y + 1 + . - - .
fop bt bo o FHED D L8 e ] WNIM3H OINOIT ¥Od 31vH HIASNVHL LV3H 031V INIIVO

Z WO/ sHDOMY(XNT1d LV3H) v/D




2 34¥Nn9i4

N o '(IONTYIIIIQ IUNLYHIIWIL) LY
000! 001 o] Ot 10 _ooooo
t

5
WANIWIHIJX 3 - WNIT3H R
Tlal.lil . ﬁ.\i. o , . T R R
R S S ; ;
ﬁ” Do : : : ; IR { 100
L . . PPN A
; o ! T e e - .
. I
. R ! b . )
re T : K . N N TV T S S A S
o R : ; P i R S o
, .
” 1 o
. . ' . ' . b o . ~
. . | R . »
. . . . B A ' f | O R ST . - x
. . ' . . B . A . . ) O P m
. . - . [ . . § b - R S D >
: : : Poron : SR B 5 IR e 2 =
e b : ; it : = ol o
: & ” W ; c
- ' 1 NS T e AL RS EEE - 1 =
: ! 5 , C :
| “+ i . . - - - + - - - -
. . . H% ; . Au.;» e e me
. . . . B e . . . - —d i . . . . —4 + - - ~|\-’
: S : RN SN L : [ S SR g ! : <
R : L 7~ . : R S : R N EENI : : o
e 3 5 T i o3
) ’ | , S
wo X Www . : i
e . 7 7weeoy x W 01xstie ) | i T S 8 SO .
.. Lo . N .o . R PR [ i Vo .- P . . . _
: . Do | I wddee e
Ll codbgoed : AR ‘ 1t Do o
v N L. . S S _ DU — . .- L L
- - : G : A ERaE! S 00!
SR S SR ; ! , -
| . !
. I . i ; L . .
L F . PR ' . [ .
[ . . Y : . FUR . N - } - P
f . Vo | . i e s ' PR T PR
; : R U S ; A S S ! 8 e o SR
: R St i IR G S SUC SR I 3 3 g S S U 000!
) ' wib | = d ' umoys syibua| puo sJa;awWoIP ‘aMm Jd _o.c.uNCoJm.soz_xmuommm o]
. o . (umous $3.nssa.d }0) Buo| Ww $9 x IPIM WwW g2 ‘diuys 43409y WnUIWN|D _oo_tw>ﬁ SINNCOYNYM ©
. L)
SRR : RS : WNIT3H INDIT HO4 3LVH HIASNVHL LVIH TVINIWINILX3
I : IS :




€ 3un9l4d
M o*(IONIYISIIQ 3YUNLYHIINDL) LV
000! ool o] 1o
. . 100
! “ w 4
4 I i P,
ouZ._:o.Zo = N390¥AAH “ B tr
T TTT T T T SN
SRR w P SRR N S LW r Mﬂlf&; RS
P . + $o- - - - -4 - R - - - NSRS S SO E SR
R S e ey S MTWH«ML. i spas + L D St en POt 15 e e o
, (A ‘ _ , !
| \ ! . i | !
. ‘ . . 44 1 bt Cod
Leroe 4 t ¢ ¢ - A“v - - R S I *xx
SR IR S T 1 £ R i et et S S B
SO : : ] W Lﬂr TS SO .,“Lfn.m
Rl I i b+ ]oH ww ogg = - Tht ol
T =TT T |
X ! I
T
, w1 | - BH Ww 062¢ = T
, S SO ¢ 1 S S S
—t- - ,,ﬁTlilIL,., S 1T ﬁnml
et ol
L]
e » :
“ T bl o —— _» . T VIM-HLM
- Y+ — |I|,IM| > — oo_
10 12 * 3400 {igg) “OPVIW 935)
40 DIDP \ 16 0q\uo1s99nu0s [ 4317308 9 SNLLIQ jo uoyonb3y &
B 130%9 W04 A,c.ocv “5as.0
ALIS0I3A MO pagioy NYNBI0D 40 uoyonby @
Wosano pos ¥ ONYHO 40 woronb3 - @
. {uotjoipo. Buyydaibau) buijroq wiig 4 (60 )
A3 TWOYE jo uolionby - o

(PRI1pad xn|4 108y BuIOg Wiy wnwiu)

TT,,; P . . (csnSNEL B YIBNZ 4O UOHONDT —m m e
vfw i H Coe H ] T T — (gs SNEIML B8 ¥IBNZ 30 L0ONDT gepese
AR S S 133169 8 MONISHOY 40 UOHDADT —mmm e
SRR SR R A (v ATIIN W Jo woujonty - v
e IR L Burjiog 8403jonN < (19 = 1L- ™1 0s pinby pajounios 8533., mem:N B H31SH0d jo uoyonty - @
; ' ! ! (1]
. L ; # (ov) 31349 8 HILSHO4 j0 uoionb3 - @
SIS : - ba
B ] {Bu1110g - uOU)- LOI}23AUOD (e9)SWYQY W jo uoronb3 -
SO S P — 10 18 NVYINNOINQL 40 uoyonbl - @
bbb >P»; N W o o)
SEERE T S T 90MAAH QINDIT ¥O3 3LVYH HIJSNVHL Lv3 N0
'
SR e N390 ¥04 3 34SNVHL LV3H 431VINITVI

22 /%410m *(XN714 LV3H) ¥/ O




000!t

[¢0]]

v 34N914

Mo (ION3YISJIC FUNLVHIAWNIL) 1V
o]}

1o

IVLIN3IWIY3dXT - NIOOYAAH

WIOH ———— e -

UoI§33AU00 |~
< 10N DN S~

| QWd 20 'X04ddo’
Y © opaso jouuoyy
-UCH{DBAUQD P3DJI0H -

R

IR

.

§'(Buiog aoajonu)

awwadxe  J0iN310d 10} y/E) WUNXOW $31031put ()

‘POIDDIPUI  ISIMIBYLO SSB|UN Wiy | = d

o0l= 1V D Aco:uwéoo |odnyou A ‘MO|3Q P3IOU DIJO0 (OUO1}D3S - S504D ﬁ 14 .u.u_”QOqtu_m
XNy} J03Y XOW pup paduo4 J2UUDY) S|3UUDYD |D31JIA MOJIDU APISYY Sm:m‘_.mumom 8 NVIEOQAS
(snduy) £4120(8n Moy} 285/ 14 GG 04 G2 ‘DUOl 62 X (01,2910 ‘8Qny {DD1}18A BPISU] - |D WN.UQOU

(UMOYS 8aNSSAU ) 24D1d |D]} ‘UMOP . GH ‘DN oGH ' |DIUOZIIOY *|DD14JBA SUOIIDJUBIIO & 40 3bDJudAy - o .%N.,.mmd.G
‘wio j=d DBuo] Ww b x DIPp WW » O ‘aam So.tw?..:MN«oj L UIM

(pausijandun) wio | =d bug Gie¢ x DIP, 0I0 ‘8QNi |DJUOZIIOY 3PISINO - 3IAQIMMIINE B FOOH

BH ww 06s =d BuOj Ww 0§ X OIp Ww 2 ‘aqny 4addod (pjuozii0y wn.ﬂ:@m.m,omOmJDE

(SINNOOVYYH AQ 18dod wo.y Djop) BH ww 092 = d Buol W & X 'DIP WW &0 ‘8J1M [DIILIBA - 1AM

i52)

NIS0HAAH AINDIT Y04 31vH HIASNVHL LV3H TVLNININIAX3

"3adoyuns pasaybnos o musu_vc_l|..nl

©QueE’®

[e]

=t

00!

100

2 W2/sH0omM (XN LV3H) v/ D




100

0

(=]
2W9/8140m (XN LV3H) v/0

8

000!

S 3YN9I4
e '(3ON3YISIIC IYNLVYIIWIL) LV
000!t oot 0! 1o
T d _ “
! , !
d31viINdIvI -N39AX0 . (A R
R f . R i ] 4 WA M |
: } ST S 1&«?. N
: Lo : R s
* , T -
, , L
: . -+ » . + -4 -4 PR 7,.«4‘
o . R W . T . _*\F_r
.o . e b E i BRI
m : IR R E0E
: : R S SO S SRt St 3T 0
' ' v | 4BGNZ e et |
Co P T R
. . S " ol
S X PR, «H B bt
NI 3 : T i v EEE
' , —+
I
SRR R 8!
e R . §
N .. . . . ” 4
AR S o
SRR ESS
1
R
e P, 4L
ey
S 1 (PRI31pa.d Xn1j 409y BuIIOg Wi WNWIUIN) o SNBINL 8 YIANZ JO UOHDNDY — -
SRR S R . i 601108 o100rony wnwnond (EnSNEIEL 8 ¥38NZ Jo vouonb3 cese
S SRS . (PoI21PBIG XMI3 4034 Buliioq 2402 PPN u1143140 8 MON3ISHOY Jo wouonb3 ———
' . we V13N 9W jo uoyonby - v
SR ,, W, Buiiioq 2joaNN < HIBNZ @ HILSHO4 Jo vononby - o
[ | 41349 8 ¥31SHO4 jo uonbnbl - g
et G S S S o
e ! N39AXO QINDIT ¥O4 31VY ¥IJSNVHL LV3IH GILVINDTVO




9 34NOI4
M o'(IONIYISHI0 IUNLIVYIIWIL) LY
000! e ] ol ol _o_oo
AVINIWIEIAXI - NIOAXO
A S RN SRS S S S e ad 10
buisuspuo)
4
SRS NS S : : 1o,
| Bisd . L
uiw /g |  bis 0001 - N ) . . .
I S S \)»ﬂ@\lm_lmym.‘mlnob@m, & 0 bl : o1
. ]
. . m IR o
“. : : biro R
e o : 3 00!
m . ) L : : E ; .
S : R YBuioq 31081900y *yuawiiadxa oNoLIOd 0} WO WRWXDW sajoa1put O o001

UQ1}33AUOD PIJI04

— @1,0.90 pup ‘2040 ' 0520 ‘' (buo| 26 ‘ainssaid ybiy)'sagny |Djuoziioy Bpisu) ‘ (3uNsSaAd MO() S3QNY |DII}IBA IPISU| - |D 4D

Pa4DIIPUI BSIMIBYI0 SSBUN Wy | = d

t&uomzos_

uot}isuDd) g 384031onN — buol 2 x Q0 m.wn:- 1994S SSBIUIDIS 3PISIND - 1TvE ‘HINYVE ‘OHIHONVIE

Buiioq ajoadnN

(981
{Buisuapuod) ‘buol, i % .oom ‘8qny (0214 48A BPISING -GVYSOMd 8 NIQT3ISVH

(v9)
(YbnoJ~———" yjoows ) '8N} |DIUOZIIOH L JIVHMIN
Buol, g1 x Q1 § *aqni 014usA BpISUL- QUSONd B8 N3IQT3SVH

(96)
199)

(paystigndun) Buol gi€ '€ x G0, 01% 0 9qn} |DJUOZIIOY BPISIND - 30ATMRDINE 8 IO0H

‘Buo| ¢ x ‘00,5290 ‘aqn} |D4uOZII0Y wu_m.:onwvmmuhun_ 8 NIOQI3SYH

(SINNOOYHYM AQ J2dod wo.j pjop) BH ww 092 = d Buo) WW & X DIP WW 50 *3J4tM |DIIJIBA - TIIM

($L)

]
@©@<aoo e emo

N3DAX0 QiNOIT YOS 3LvYH HIASNVYL LVv3IH TVLNIWINILX3

ZWI/ $440mM “xN14 LV3H) v/ 0




4 3¥N914

%o (3ON3YIJI0 FUNLVYIANIL) LV

ol [e]] _.O.O.o
A T ‘\. “
- N __ 4 - I L . A R
Q3LVINIIVD ~N3OOYLIN | | 59757 S -
— S0 10 0 0 s o A HRA 7 A e e
T TN T i B ]
B e e A = s
, r T T B W HoE -0 1o
Pl — S | —_—t
b I N NN /27 974 L —
s 777 R
T V144 ] ]
4+ 11 A A — e e e &
w - ot
, + \ —_t Wlll e
+ T_4oym 4o 1V 121p9ad Jou op a:o:uzuup., - L IHIM
" === —o
1. A . — o]
- 4 S N (0 Y N BN ]
1= D ]
RS e e — e
%‘O = >:_030|, Somibuls st S —1 ~ S Ediie S —— 001

1

29S/44 0% = K{130[3A MO{ 4
1) Wiy »02-0d ]

f

|
T
S

"

|88

. w.fﬂ.ww ‘Arl [

— LT\ -

!
+

b

-

[ SN S S
4+ At

.

‘PAIDIIPUT ASIMAIYO SSAUN Wiy | = d

{(eaSWOPV O 338)
317308 8 SN1lIQ JO uononby - w
1g7yNYN8I0D 40 uoyondby - @

(Kluo jutod auo) “Buijlog d4o31anu UOLIDAAUOD nou‘_om‘mo.>>m._ J0 uononby - @

buiniog wy 44 (enNVHO #0 uoijpnb3 - @
o ' Fwous 4o uoyjonby - o

(PR1o1pa.d xnj} Joay buiNog wily wwiuN) o SNEINL B HIBNZ 4O UOIONDT  —-—
(e SNBIYL B HIANZ 40 UCHDND]  -sese
HLI44149 8 MONISHOY 40 uoyoNby e
weAT1IN oW jo uoyonb - ¢

Butjiog 840819NN < ¥3ENZ B ¥ILSHOS 40 uoyonb3 - 0

{L¥)
s.w__umo 8 H31SHO4 Jo uoyonbz - O

'NISOYLIN OINDIT ¥04 3LVY ¥34SNVYHL LV3IH G31vINOIVO

‘Buliiog - uou ‘uoi}28AL02 vou‘_ou.AHw

‘paidipasd Bbul|loq 240919nu E:E_xozﬁ

2WO/ HOM 1(XNT1d LV3H) v/D




000!

8 3HN9Id

Mo {3ONIYIAI0 IUNLVYILWIL) LV

001 o

(s}

TVIN3INIY3IIXT - NIOOYLIN |

4 “

e . S

t

¢
wuol
: o]

R AR I

.Bur{10q 3}091INN

¥ Moy wii/ 1 960

. Cee e B UO1}29AU0D -
q 104NION-
T . . . ... ... wdel0d

wo2°Q x0.ddo pss0 |duupy) { sas/ wbg

U01}39AU0D PIDIOY

——

gQ_

ol
. . Lo . . uo.oo__u:_. c_w_z..o_.:o wmw_:z Wiy | = a‘
: C (buipoq  apajonu)
| : Do (udwadxd Jomoyaed JOy Y/ WOWIXDW S340d1pul O _,oo_

MO}3Q PajOu DIJD |DUOIIIS-$S0JD |dUUDY)
1043 ‘SOHVHIN - ©

1=4T 40 xnpy {03y

i

~ |3UUDYD MOMIDBU 3PISU| -
81

MO[3G PRJOU DAJD |DUOI|DAS - SSOID |3ULDYD)

- S[UUoYD MoLiou BpIsul - SIMIBOY '8 HVINOOAS - ®

x'0'0,881'0 '9Ani 1031413 PISINO NOSAWOHL B NV3Q - @

£1120)3A Moy} 295 /14 O
wib 402 = d
. |
UO1}33AU0T PO
. ) MOl} Wi/ 9960

XD\ "UNI}IDAUOD
}D4NIDU PUD P3II04

‘Buor 2

we

B i .

buijiog a4oajonN

. L '6uo| 26 X DIP 290 O}, $2'0 WOJ4 SJ243WDIP SNOIIDA 'SBGN IPISU| - [O Ee.o..momzos_ -P
"buoy 90'¢ X' 0,1 ‘aany (pjuDZIIOY mv*m.:ﬁuwmcquo_m B8 NOSNVH - ¥

buijioq wiiy Buo) & x Q0,088 0 ‘aqn} |D4u0z1I0Y wu_ﬂaﬁwn.crmn_zomm -B

buol, v’ puo, 92 x @0 % puo § “agny |oanyuen 9pISING - HILYMLSIM B NSH - @

19)
‘(Bu1110q 840319NU WNWIXDIW ) BUO| WW 0§ X Q0 WW 2| ‘agn} |pjuozII0Yy mu_ﬁzoﬂmmﬂmou_.das_ -®

Buoj .61 x'0 0 § 2N 101313 3piSinG - AVSONd B NIQTISYH - ©
(Buisuapuod ) buoi g1 x Q1 § '3qn [00142A pisu| - GVSON 8 N3IQTISVH - ©
(YbNoU ===*yjo0ows ) '9GA} |DIUOZIIOH - TIYHIIW - @

(96)
aqny 4addod apisyno * |DJUOZILOY € X m )OO IBA € X m *|D{u0Z)1J0Y mx w_ 10 woo‘.wﬁnwmzm_._.ua 8 N3Q13SSVH - ¥

)
agny 4addod BuO Ww 9 x ww g puo ‘Hud| WW Z X Ww 90 04 10 WOoJ4 SI3{3WDIP SNOIIOA ‘Saim saddo) - IZyovT 8 TIM .@

(wo1)

N390YLIN QINDIT HO4 ILvH YIJISNVHL LV3IH TVLN3IWIHNILX3

100

Wd/siiom (XNT4 LV3H) v/0

2




14
It is beyond the scope of this survey to analyze in detail the for-
mulations for correctness, completeness, or importance. Neither
has there been any attempt to appraise the experiments with which
the formulations have been compared.

Differences in heating surface shape, orientation, composition,
roughness, cleanliness, duration of test, liquid subcooling, qual-
ity, agitation, etc. may cause large differences in test results
which are not taken into account by the formulations. Therefore
the results of the various experiments cannot, in general, be ex-
pected to agree quantitatively with each other or with the
formulations,

The formulations are numbered consecutively with Roman
numerals.

4.1 Natural Convection Non-Boiling Liquid

The first two formulations (I and II) of this group were used for
calculations on figures 1 and 3. Formulations III, IV, V, VI, and
VII were not used because comparable experimental data were not
found.

a. McAdams(89)%, for laminar flow past vertical planes and
cylinders, (Pr - Gr) = 104 to 107,

1/4
3 /

2 B
> kAT{ L p gpAT\ . cp
Q/A = 0,590 [ > ———> . I
L ( K L\ K L_l

Results calculated from this formulation are plotted on figure 1
for helium at pressures of 45 and 390 mm. Hg and on figure 3 for
hydrogen at 760 mm, Hg. These results may be compared with the
non-boiling helium experiments of Karagounis(75), figure 2; and
with the hydrogen experiments of Weil (143), figure 4. The helium
calculations agree with the experiments only at 45 mm. Hg pressure.
At 390 mm, Hg the calculated Q/A is approximately 1/16 of the ex-
perimental. Values of (Pr * Gr) for the He experiments were of
the order of 10",

* Numbers in parentheses refer to the references in section 7,
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The hydrogen calculations, figure 3, fall within the rang.: ot
the non-boiling experiments of Weil and Lacaze l44 , figure 4; how-
ever, only the 760 mm. Hg pressurc was available for comparison.
Due to the very small heater used the products (Pr - Gr) for thes.
experiments were of the order of 10.

b. Touloukian et al.(l40), for laminar flow past vertical
cylindrical surfaces, (Pr - Gr) = 2 x 108 to 4 x 1010,
. kAT | L2 p%e p AT S l/-4
Q/A=0.726 T | (F pebal o SIN 11
s /L . L-

. The remarks in section 4. 1.1 also apply to this formulation.
The Q/A calculated by II is higher than that calculated by I by a
0. 726\

factor of 1.23( = 6-.?9—6/‘

1
c. Chang( 8), for upward facing horizontal plane heating
surfaces, Chang's simplified equation is

Nu = 0. 146 (Pr Gr)i/:; . IiI

This formulation, derived from considerations of wave motion,
compares well with the empirical equation in McAdams(89) (1v)
for the turbulent range. The coefficient 0,146 is an average of
a quantity which varies slightly from one fluid to another, No
natural convection experimental data for horizontal heaters were
found for cryogenic liquids; therefore, calculations were not
performed with this formulation,

d. McAdams(Sg), for upward facing horizontal plane heating
surfaces, (Pr - Gr) 2 x 107 to 3 x 1010, the turbulent range.

Nu = 0,14 (Pr - Gr)llf3 . v

No natural convection experimental data for horizontal heaters were
found for cryogenic liquids; therefore, no calculations were per-
formed with this formulation.

e. McAdams(89), for upward facing horizontal plane heating
surfaces, (Pr « Gr) 102 to 2 x 107, the laminar range.

Nu = 0. 54 (Pr - Gr) ]1_‘,4 . \'%
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No natural convection experimental data for horizontal heaters
were found for cryogenic liquids; therefore, no calculations were
performed with this formulation.

MCAdams(Bg), for turbulent flow past vi,z'tlcal planes
and cylinders (Pr « Gr) = 9 to 10
1
20,13 (Pr - Gn) Vi

As experimental natural convection data for cryogenic liquids with
turbulent values of (Pr + Gr) are not available, calculations were
not performed with this formulation,

g. Touloukian(l40), for turbulent flow P&St vertlcall]
cylindrical surfaces, (Pr« Gr)=4x 10 " to 9 x

Nu = 0.0674 (Pr - 2? Gr)L”.

VII
As experimental natural convection data for cryogenic liquids with
turbulent values of Pr « Gr, are not available, calculations were
not performed with this formulation.

4.2 Natural Convection-Nucleate Boiling

The first three formulations of this group (VIII, IX, and X) were
used for the heat transfer calculations presented in figures 1, 3, 5,
and 7. Calculations were not performed with formulations XI, XII,
XIiI, and XIV for the reasons given in the following paragraphs.
(46)

2

a, Forster and Grief

1/ /3 2
-3, ALCLPL N e, T '\/—a (_) AI:: VIII
\ Txp Vo )\n

é/A: 1.2 (10)

The values of Q/A for helium calculated according to this formu-hs)
lation (figure 1) are larger than the experimental data of Karagounis
(figure 2) by a factor of four to ten,

Hydrogen and nitrogen properties data needed for this formula-
tion are not available over the full range of the experimental
pressures, Because of this limitation and large differences between
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experimental data only an approximate comparison between the for-
mulations and the experimental results is possible,

The hydrogen and nitrogen calculations (figures 3 and 7) are
bracketed by the roughly-corresponding experimental data (figures
4 and 8). The oxygen calculations (figure 5) agree with the experi-
mental average (figure 6) at AT = 1°K; however at 7°K the
calculated Q/A is two to ten times larger than the experimental
values,

b, Forster and Zuber(47).
0.75 - 2 0,62 0. 35
. -3 (To- T)kgrr, 4P YL [ (To- Ts)CLpI_.WmL | RTT
YA =1,5(10) T35 | ! (%) IX
ATchL : \/naL\IZG Pt FLPv - /L

where T 1is the superheat temperature. In order to compare this
formulation with available cryogenic data it is necessary to assume
(TO - TS) = AT = (TW - TBL),

The calculations for helium performed with this formﬁgsion
(figure 1) agree with the experimental data of Karagounis (figure
2) at 384-390 mm. Hg; however, at 40-45 mm. Hg the calculated
Q/A is approximately ten times larger than the experimental.

The statements concerning the hydrogen and nitrogen calcula-
tions of the preceding section (4. 2. 1) also apply here.

c. McNelly(94).

. p. _ .. 0.33
Nu = 0.225 Pr°'69Re°'69(B§\°'31 LN, Xa
L L o'/ p
N v
2,22k, p o _l.o6 3.22
or Q/A = 0.0082 ( < Ly & AT. Xb
A e \'p,

L

The experiments indicate that the increase in Q/A due to a given
pressure increase is considerably greater than that which is calcu-
lated by this formulation. For example, the calculated helium Q/A
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(figure 1) is roughly six times as great as the experimental results
of Karagounis (figure 2) at 45 mm. Hg pressure, and one sixth as
great at 390 mm. Hg.

The hydrogen Q/ A calculations give results that are signifi-
cantly smaller than the experimental results (see figures 3 and 4),
whereas the oxygen calculations were higher than the experiments
by a factor of 15 to 100.

(18)

d. Chang , for horizontal plane surfaces.
- n 2/3 \1/3 X1
_ : - i
NuL =0.146 |1 + PrLKClBr l>~l \PrLGrL/ ,
where
s CLPL
Br = Q/A —< — — is the "boiling number": ¢ is the contact angle
oA Py ¢2

(in degrees) of liquid with solid surface; C  and n are experimen-
tally determined constants which depend upon the fluid. All the
physical properties are to be evaluated at the arithmetic mean
film temperature.

The experimental constants have not been determined for cryo-
genic fluids.

e. Gilmour(53).
0.6 . -0.

h o cu  Pro8 0. 425 DG - 0.3
_— = 0.001( — , XII
Gk ) \ 7z "

p

v P -1 -2

where G = X};— is the mass velocity (in gm. sec. cm, ) of lig-

v

uid which replaces the boil off vapor. V is the vaporization rate
(gm./sec.). 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 experimental cryogenic
data because the vapor (boil off) rate in the experiments is not
known.
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f. Nishikawa(105).
1/2
1 3/2 -
L N\ &s / pa \‘~M2N KLcr)\pv> A |

¢{ and ¢ , "coefficients of foaming ability", are given in Table 1 of
reference 105 for several non-cryogenic liquids, M is a constant
which depends on the condition of the heating surface and is inde-
pcndent of the physical properties of the liguid., M has the
dimension 1/length. N (reference 105 uses the symbol P) is a
constant dependent upon propertics of distilled water and has di-
mensions energy/time. The experimental constants have not been
determined for cryogenic fiuids.

(109)

g. Piret and Isbin , for boiling inside vertical tubes.

. da o 08 0.6 0.33
av  “mfL : 'LHL\ / T w

T 0.0086 | ——— & k) \ ’ XIv
L 0 L T/

where u is the mean liquid-vapor velocity.

1
The authors( 09)
with a mean deviation of only 4 percent.

correlate the data for six non-cryogenic 1luids

As the experimental investigations with cryogenic fluids do not
give the velocity of circulation, it is not possible to coinpare this
formulation with cryogenic experiments,

(123)

h. Rohsenow .
. 0.33 1.7
clTeTg) c (9 'Q T ‘L XV
A sF KAHL)\ Ag (pL- pv) kL

where C is a coefficient which depends on the nature of both the
fluid andsgxe heating surface; it has not becn determined for cryo-
genic fluids,
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4.3 Natural Convection-Maximum Heat Flux-Nucleate Boiling

No computations were made with the first formulation (XVI)
because the required experimental data for cryogenic fluids are
not available, The other formulations (XVII and XVIII) were
used and are plotted on figures 1, 3, 5, and 7.

a, Ellion(41).
: CpE(r.) 1.0
Q | ok S —pmaxop (T =T XV1
Amax (rb)max L a sL kg - 4

The values for the exponents in this equation are taken from ex-
perimental data on watoer and carbon tetrachloride. No computations
were made with this equation because there are no experimental
data on bubble radius and bubble velocity for cryogenic liquids.

15
b, Zuber and Tribus( 53).
y 1/4 . _1/2
Q m 08 pL-pv\:ﬁl 'pL+thl/ XVl
A TmM LT, T *

Refor to discussion in section ¢,

12
¢. Rohsenow and Grifﬁth( LS).

. p, _p_ 0.6

% = 0.155(fD, )p )\ L - ¥, av

" max v Py /

where (fD ) is the bubble velocity and is approximately the samc
for several fluids. The value used here for (f{D ), taken from ex-
perimental data on water, ethanal, benzene, etc,, was 7.8 cm. /s -

The results calculated from these formulations (XVII and ¥V '~
are plotted on figures 1, 3, 5, and 7. They compare reasonahly
v-211 with some of the experimental data which are identified (in ¢
original publications) as maximum nucleate boiling heat fluxes. Th.:
¢xperiments with liquid helium may have been carried to these
maxima; however, this was not stated, The equation of Rohscnow
and Griffith (XVIII) predicts a maximum heat flux close to the
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experimental helium curves, The equation of Zuber and Tribus
(XVII) predicts a maximum heat flux for helium which is about 2
to 5 times higher than the experimental curves, For liguid hrdre-
gen both equations predict a maximum heat flux which is ciose to
the experimental data.

Both equations predict larger maximum heat fluxes with oxy-
gen and nitrogen (2 to 3 times higher with oxygen and 2 to 4 times
higher with nitrogen) than have been observed.

d. Sydoriak and Roberts(l39).
C.) Achannel 2gL, In(l +xR" \ i 1 1/2 Crse
—_— T er——— A P —————— l - ———————— P 4\[.{\
A A L 12R +1 xR/,

where A is the area of the heated wall of a vertical cylindrical
channel whose horizontal cross section area is A and

chann 1
where R = (pL - pv)/pv.

Computations were not made using equation XIX because va.uies
of quality were not given by other experimenters. How:verin ref-
erence 139, the equation is compared with experimental results;
the agreement is good.

4,4 Natural Convection-Minimum Heat Flux-Film Boiling

a., Zuber and Tribus(153).
9\ LW e T XX
\A / 24 ' \ Z-i
min, ’ (pv + pv)

Results calculated by this equation are plotted on figures 1, 3, 5,
and 7. None of the experimental cryogenic papers state that mini-
mum film-boiling heat fluxes were measured. The equation
predicts a heat flux which is smaller (by a factor of 1/1000) than

the experimental curves for helium. However, it predicts minimum
heat fluxes for film boiling which compare very closely with some
of the experimental data for liquid hydrogen and liquid nitrogen, No
experimental data in the film boiling range were found for liquid
oxygen.
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4,5 Natural Convection-Film Boiling

Computati. ns were made with two of the following formulaticns
(XXI and XXII) and the results were plotted on figures 1, 3, and 7;
formulation XXIII was not used because its usc requires experimen-
tal constants which are not known for cryogenic fluids,

1
a, Bromley( 3)
surfaces and viscous flow.

, for horizontal cylindrical

3/4

p gh-1/4
v) AT XXI

/40 Pv(PL -
! 7 |
L ot J

(.)/A (neglecting radiation) = 0, 62k3

The results of calculations with this equation are plotted on figures
1, 3, and 7. The values used for d_in the computations were the
same as those used in the experime%tal investigations., As there
are no experimental data with liquid oxygen, no calculations were
made for figure 5.

The calculations for helium predict a smaller diameter effect
than the actual experimental data show; the calculated curves are
higher_t}xan the experimental by factors of about 1,2 to 1.7 for the
5.5(10)_.3 mm, diameter wire and by factors of 3 to 5 for the
51(10) ~ mm. diameter wire. The hydrogen calculations predict
heat fluxes that are smaller than the experimental results by a
factor of 2/3 to 1/2, and the nitrogen calculations predict heat
fluxes that are smaller than the experimental results by a factor

of 3/4 to 1/4.

b. Chang(lg).
: e )2xe_ /3
Q/A (neglecting radiation) = k_ . BIPL L PYICMP, AT XXII
L
8w pvkvAT

This formulation predicts heat fluxes for helium that are consid-
erably smaller than the experimental results. For hydrogen the
calculated results are approximately 100 times larger than the
experimental values, while for nitrogen the calculated results are
about 10 times larger than the corresponding experimental values.
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c. Bromley , for vertical cylindrical surfaces
with viscous flow, neglects radiation.

\ 1/4
; AT3/4 XXI111
J

3/4 [ Py(PL - Py)®

Q/A = Ck T

The constant, needed for each fluid, is not known for the cryo-
genic fluids,

4,6 Natural Convection to Single Phase Gas

No experimental data for natural convection to a single phase
gas at cryogenic temperatures were found. Various formulation
are available for various heater geometries. Refer to McAdams
for examples,

189)

4.7 Forced Convection-Non-Boiling

Forced convection non-boiling experimental data were found for
liquid hydrogen and liquid nitrogen only.

a. Colburn(25), for turbulent flow in pipes.
2/3 . _-0,32
L] A : \
O/A = cGAT[—= ) 10.0007 + 0,065, 39 . XXIV
\Ck , L NI J

Refer to discussion in section b.

b. Dittus and Boelter, see McAdams(Bg),

for turbulent flow in pipes.

0.8 0.4
. N\
A/A = 0.023aT X, &€ - XXV
di{ m \ k

In order to avoid plotting a curve for each of the many flow rates,
pressures, etc,,given in the experimental references, average
values of the parameters (based upon the information in references)
were used in the computations with these formulations., In some
cases the properties of the liquids are not available at the high pres-
sures used in the experimental work, The results calculated for
hydrogen predict heat transfers at least 10 times larger than the
experimental data,.
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The results calculated for nitrogen are smaller (by a factor of
2/3 to 1/4) than the experimental curve,

4,8 Forced Convection-Nucleate Boiling

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

a. Levy(84).
. k 2 3
Q/A = “L°LPL 1-x \T -T>, XXVI
w S

cTs(pL - pv) bL

where bL is obtained from a curve of l/bL versus pv)\ in reference 84.

None of the experimental papers gives the average quality which
is needed in this formulation. In order to compaxi 2t)hls 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 result of this one calcu-
lation plotted on figure 7 compares very closely with the
experimental point.

b, Dengler and Addoms(34).

b _p33 XXVII
h (X)o. 5
tt
d. 0.1
where F = O.67[(AT - AT)) G% -—1> s
1 \8 sato- TW-i

(F is used only when it exceeds unity), -2%’. is the slope of the vapor-

pressure versus temperature curve, AT is the temperature difference
(Tw - T ) for the initiation of nucleate’ boiling in tubes,

@

05p

1 ' .0.9'p
0, kl)ix> Kp
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h_is the heat transfer 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 0 from 0.25 to 70,

tt

As experimental data for cryogenic fluids, in which the average
quality of the boiling mixture is known, are not available, no com-
putations were performed with this information.

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

: a - 0 1.64.. - 0.464.Gd 0,808

Q e _ | -4 "L \ FQ e
— 82 . lasz+sqot o >E]z——-i | —< XX VIII
AT_-T) & | &pv ) | AGX Uy

de is the "equivalent inside diameter" of the heater tube. The
numerical coefficients and exponents were determined by exper-
iments on water inside an electrically heated horizontal tube. No
computations for cryogenic fluids were made with this formulation
because of the absence of the required experimental data.

d. Stroebe, Baker, Badger(l38), for boiling
inside long vertical tubes.
1

- 7.8(10)6v0'

XXIX
C W 0.3 2 0.13
. o (aT))

k

h

The coefficients and exponents were obtained by tests with water,
The authors of reference 138 point out that the equation is entirely
empirical and the geometry of the test section (a 2 in. O.D. by 20
ft. long tube) was constant during all the tests,

Nc factor was obtained which could account for the effects of
geometrical changes and the equation should be used with discre-
tion for conditions appreciably divergent from those covered in
the work.

Since dimensionless groups are not used, the same units should
be used as those in reference (138), namely:
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§ = surface tension, dynes/cm.
2
v = specific volume, ft. ~/lb.
AT = T\V - TBL film temperature difference, °F
2
h = heat transfer coefficient, BTU/hr, ft. °F
e. Syd.riak and Roberts(l39).
1/2
. A X g Lin[l +x R ],
O/A - cha[r\mel)\pLJ Tc{\ut Kze ) out out ;} XXX
L out x R /
out

where A is the area of the heated wall of a vertical cylindrical chan-
nel whose horizontal cross section area is A bannel where

R = (p, - pv)/pV and where Ze = the hydrosta‘.:tlcnﬁlead of liquid,
equivalent to the pressure drop across the heater, The p and x
are taken at the exit end of the heater., The mass fraction of vapor
(quality) and the pressure drop across 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 experimental
work done by Sydoriak and Roberts for nitrogen varies with the qual-
ity at the exit of the heater; at low qualities the ratio of their
experimental heat flux to their calculated heat flux is 0. 48 and at
high qualities this ratio is 0,95,

With hydrogen the measured results average about 0.7 of the
calculated results. No trend 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.

(.J/A = [359, 700 u + (7. 10)(106)][1. 29 - 0,049(L/d)), XXXI
where u is the "superficial axial velocity".

The correlation 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 correlating equations for

three assumed cases of convection film boiling in which the heat
transferred intc the liquid by (1) thermal conduction, (2) "eddy
conduction', and (3) eddy conduction with the time of contact that
is small compared to the ratio of the scale of turbulence to the
intensity of turbulence. These equations are used as a basis for
correlation only and are not to be considered as exact equations.
The correlations were not made with cryogenic fluids., The equa-
tion in case 2 best fits the data taken with several fluids such as
hexane, carbon tetrachloride, and alcohol. This equation is:

ulk p \? .05
'dAT -7. 29 I v v r u''L u"L
h’u'k . " CAT c p ATK o x ) XXXII

u! = incident velocity of liquid on tube

u' = velocity of liquid in conduit where level of turbulence
is determined,

1 +0.4(aT)e 2
\Y = x[ ;
A J

5. CONCLUSIONS

a. The existing experimental data on heat transfer between
solid surfaces and cryogenic liquids (helium, hydrogen, nitrogen,
and oxygen) vary appreciably between experimenters, even when
heater geometries and orientations, pressures, etc. are compa-
rable. The variations are both in the magnitude of the heat flux
and in the shape of the heat-flux-versus-temperature-difference
curves, and are possibly due to uncontrolled parameters such as
surface roughness and contamination,

b. Existing theoretical and empirical formulations are in qual-
itative agreement with some of the experimental data, More
carefully controlled experiments are needed, and formulations which
account for parameters 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 list of the topics covered in the
papers of this survey, These topics deal with some phase of
heat transfer; although some of the papers are not concerned with
cryogenics directly, they may be applicable to low temperature
systems. Reference numbers are listed under each topic.

Acceleration 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

Correlations (theoretical and empirical)
11, 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,
111, 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 Material (Photographic Studies, Etc.)
2, 34, 41, 44, 57, 58, 72, 89, 97, 120, 145, 146, 147, 148
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Film Boiling Experiments
4, 13, 14, 15, 41, 49, 50, 57, 59, 66, 71, 89, 90, 97, 98, 99,
108, 121

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

Forced Convection Heat Transfer to Single Phase Gas
6l

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

Forced Convection Boiling Heat Transfer
3, 5, l6, 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 Transfer 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 Experiments
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

Pressure 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

Transition Boiling Experiments {(changing from nucleate to film)
40, 108, 146, 153

Transition Boiling Theory
153

Turbulence or Agitation Effects on Boiling
16, 113, 122, 146

Vibration Effect on Boiling
10

Vortex Flow with Boiling
51, 63, 81, 133

Wetting Agent Effect
4, 40, 115, 146




10.

11,

31
7. BIBLIOGRAPHY

Abramowitz, M., unpublished (1954).

Addoins, J. N., Visual studies in boiling, 16 mm. movic
film available for loan from the Chem. Eng. Dept, M.I. T,
(1948).

Addoms, J.N., Heat transfer at high rates to water boiling
outside cylinders, Ph.,D. Thesis, M,I.T. (1948).

Akin, G. A., and McAdams, W. H., Boiling: heat transfer
in natural convection evaporator, Trans., Am. Inst. Chem,
Eng. [137] 35, 646 (1939),

Arnett, R, W,., unpublished (1956).

Bankoff, S. G., Golahan, W, J., and Bartz, D, R., Sum-
mary of conference on bubbl: dynamics and boiling heat
transfer held at the JPL, ASTIA A/D 118586 (1956).

Birkhoff, G,, Margulies, R. S., and Horning, W. A,,
Spherical bubble growth, Phys, Fluids _l_, 201-204 (1958)
No. 3.

Blackman, M., Egerton, A., and Truter, E, V., Heat
transfer by radiation to surfaces at low temperatures,
Proc. Roy. Soc. (London) A194 (1948),

Boarts, R. M., Badger, W, L., and Meisenburg, S, V.,
Temperature drops and film heat transfer coefficients in
vertical tubes, Trans. Am. Inst. Chem. Eng. 33, 363-
391 (1937). "

Boelter, L. M. K., and Martinelli, R. C., The effect of
vibration on heat transfer by free convection from a hori-
zontal cylinder, Proc. 5th Int. Cong. Appl. Mech. John
Wiley & Sons, Inc., N. Y., N. Y. 578 (1939).

Bonilla, C. F., and Perry, C. W,, Heat transmission to
boiling binary liquid mixture, Trans. Am. Inst, Chem,
Eng. 37, 685-705 (1941).




12,

13,

14.

15,

16.

17.

18,

19.

20,

21,

22,

32
Borishanskii, V. M., An equation generalizing experimen-
tal data on the cessation of bubble boiling in a large volume
of liquid (in Russian), Trans. in Sov. Phys, -Techn., Phys,

_l_, 438 No, 2, publ. by Am. Inst. Phys, N, Y.

Bromley, L. A., Heat transfer in stable film boiling,
Chem, Eng. Prop., ﬁ, 221-7 (1950).

Bromley, L. A., Effect of heat capacity of condensate,
Ind. Eng. Chem. 44, 2966 (1952).

Bromley, L. A,, Leroy, N, R., and Robbers, V. A,,
Heat transfer in forced convection film boiling, Ind. Eng.
Chem, 45, 2639 (1953).

Bryan, W, L., and Quaint, G, W,, Heat transfer coeffi-
cients in horizontal-tube evaporators with freon 11, Refrig,
Eng. 59, 67 (1951) No. 1.

Buchberg, H., et. al., Final report on studies in boiling
heat transfer, U, of Calif., Dept. Eng., Rep. C00-24 (1951).

Chang, Y. P., A theoretical analysis of heat transfer in nat-
ural convection and in boiling, Am, Soc. Mech, Eng. Paper
No. 56-A42, Am, Soc. Mech., Eng., Trans. 79, 1501-1513
(1957) No. 7.

Chang, Y. P., Wave theory of heat transfer in film boiling,
Paper N, 58-Sa-19 for meeting June 15-19, 1958, Trans.
Am. Soc. Mech. Eng. J. Heat Trans. (1959).

Cichelli, M, T., Bontlla, C, F., Heat transfer to liquids
boiling under pressure, Am. Inst, Chem. Eng. 41, 755-787
(1945).

Clark, J. A., and Rohsenow, W, M,, Local boiling heat
transfer to water at low Reynolds number, Trans, Am. Soc.
Mech, Eng. 76, 553-562 (1954).

Clark, H., B., Strenge, P. H., and Westwater, J. W.,
Active sites for nucleate boiling, 2nd Nat, Heat Trans.
Conf,, Am,. Inst, Chem, Eng. Am. Soc. Mech, Eng.,
PP13, Chicago, Ill. (1958).




23.

24,

25,

26,

21,

28.

29,

30.

31.

32.

33.

33
Clark, J. A., and Rohsenow, W, M,, Heat transfer and
pressure drop data for high heat flux densities to water at
high subcritical pressures, Tech., Rep. 3, D. [, C., Proj.
No, 6627, M, I. T.

Class, C., R., DeHaan, J. R., Piccone, M,, and Cost, R,
B., Pool boiling heat transfer to a cryogenic liquid, WADC
Tech. Rep. 58-528 (1958),

Colburn, A, P., A method of correlating forced convection
heat transfer data and a comparison with fluid friction, Ind,
Eng. Chem. Efl, 432 (1934),

Core, T. C,, Harkee, J, F,, Misra, B,, and Sato, K.,
Heat transfer studies, Aerojet Gen, Corp., Acrojet No.
1671 (1959).

Corty, C., and Foust, A, S., Surface variables in nucleate
boiling, Chem. Eng. Prog. Sym. [51] (1955),

Cryder, D, S., and Finalborgo, A, C., Heat transmission
from metal surfaces to boiling liquids: effect of temperature
of the liquid on the liquid film coefficient, Trans, Am. Inst,
Chem. Eng. 33, 346-362 (1937).

Cryder, D, S., and Gilliland, E, R,, Heat transmission
from metal surfaces to boiling liquids, Ind, Eng, Chem,
24, 1382-7 (1932).

Daunt, I, G., and Mendelssohn, K., Transfer effect in lig-
uid helium II, Nature No, 3593, 475 (1938).

Davidson, W, F., Hardie, P, H., Humphreys, C. G. R.,
Markson, A, A,, Mumford, A. R,, and Ravese, T.,

Studies in heat transfer, Trans, Am. Soc. Mech., Eng. 65,
553-591 (1943), o

Dean, L. E., and Thompson, L. M,, Heat transfer charac-
teristics of liquid nitrogen, Bell Aircraft Corp. Rep. No.
56-982-035 (1955),

Deissler, R. G., Heat transfer and fluid friction for fully de-
veloped turbulent flow of air and supercritical water with
variable fluid properties, Trans. ASME 76, 73.85 (1954),




34,

35.

38.

39.

40.

41,

42,

43,

44,

45,

34
Dengler, C, E., and Addoms, J., M., Heat transfer mecha-
nism for vaporization of water in a4 vertical tube, Chem,
Eng. Prog. Sym, Am. Inst, Chem. Eng, [18] 52, Hcat Trans-
fer Louisville (1956).

Dergarabedian, P,, Observations on bubble growth in various
superheated liquids, U, S. N. Ord, Test Sta, NOTS 1345,
Naval Rep. 5009,

Dergarabedian, P., The rate of growth of vapor bubbles in
superheated water, J. Appl. Mech, 20, 537-545(1953) No. 1.

Dickenson, M, L., and Welch, C. P., Heat transfer to
supercritical water, Trans. Am. Soc. Mech., Eng. 80,
746-752 (1358),

Dutkiewicz, R, K., Preliminary studies into boiling heat
transfer, 5. Afric. Mech. Eng. _7_, 231-248 (1948) No. 8.

Eckert, E, R, G., Hartnett, J, P., and Irvine, T, F.,
A review of heat transfer literature 1958, Ind. Eng. Chem.
publ, Am, Chem. Soc. (1959).

Elenbaas, W., The dissipation of heat by free convection
from vertical and horizontal cylinders, J. Appl. Phys, 19,
1148-1154 (1948).

Ellion, M, E., A study of the mechanism of boiling heat
transfer, Memo. 20-88, C, 1. T., JPL (1954).

Epstein, H. M., Chastain, J. W., and Faucett, S. L.,
Heat transfer and burnout to water at high subcritical
pressures, ASTIA-ADI104543.

Faneuff, E, E,, McLean, %, A,, and Scherrer, V, E,,
Some aspects of surface boiling, J, Appl. Phys. 29,
80-4 (1958) No. 1.

Farber, E. A,, and Scorah, R. L,, Heat transfer to water
boiling under pressure, Trans. Am. Soc. Mech. Eng. 369-
384 (1948).

Forster, H, K., On the conduction of heat into a growing
vapor bubble, J. Appl. Phys. 25, 1067-8 (1954),




46,

47,

48.

49.

50.

51,

52,

53,

54,

55.

56.

57.

35
Forster, K. E., and Greif, R., Heat transfer to boiling
liquid: mechanism and correlations, ASME AICHFE, Heat
Trans, Conf., Paper No. 58-HT-11 (1958).

Forster, H. K., and Zuber, N., Growth of a vapor bunble
in a superheated liquid, J. Appl. Phys. 25, 474-8 (1954)
No, 4.

Forster, H. K., and Zuber, N,, Dynamics of vapor bubblcs
and boiling heat transfer, AICHE J. 1, 531-5 (1955).
Frederking, T. H. K., Film boiling of helium I and other
liquefied gases on single wires, AICHE J, 5, 403 {1959)

No. 3.

Frederking, T., and Grassmann, P., Film boiling of lique-
fied gases especially of liquid helium I, commission 1,

Defft 1958, Annexe 1958-1, Supplement au Bulletin de
1*Institute International du Froid - Extrait (in Frenchj.

Gaertner, R. F., and Westwater, J. W,, Population cf
active sites in nucleate boiling heat transfer, 3rd Nat,

Heat Trans. Conf., Am, Inst. Chem. Eng., Am. Soc.

Mech, Eng., Storrs, Conn. (1959).

Gambill, W, R., and Greene, N, D., Boiling burnout with
water in vortex flow, Chem, Eng. Prog. 54, 68 (1958) No. 10.

Gilmour, C. H., Nucleate boiling - a correlation, Chem,
Eng. Prog. 54, 77 (1958),

Goldman, K., Heat transfer to supercritical water and other
fluids with temperature dependent properties, Chem. Eng.
Prog. Sym. [50] 105-113 (1954) No. 11.

Goldman, K., Heat transfer to water at 5000 PSIA flowing
turbulently in round tubes, N.D. A, 10-8, White Plains, N.Y.

Griffith, P., Bubble growth rates in boiling, ASME AICHE,
Heat Trans, Conf, 1957, Trans, ASME §_9, 721 {1958).
Gunther, F, C,, Photographic studies of surface<boilin: ' .1
transfer to water with forced convection, ASME 73, 11612

(1951).




59,

60.

61,

62.

63,

64.

65.

66,

67.

68.

€9,

30
Gunther, F. C., and Krcith, F,, Photographic study of bub-
ble formation in heat transfer to subcooled water, Heat
Trans. Fluid Mech, Inst., Berkeley, Calif., Am. Soc,
Mech, Eng., N, Y., N, Y., 113-126 (1949); 73, 115 {1951},

Guter, M,, Heat transfer in condenser-evaporator units used
in air separation, Trans. Inst, Chem. Eng, 29 {1949},

Hall, W, B., Heat transfer in channels composed of rough
and smooth surfaces, IGR - TN/W-832 (1958).

Hall, T. A., and Tsao, P. H., Heat transfer at low tempor-
atures between tube walls and gases in turbulent flow, Proo,
Roy. Soc. {London) 191, 6-21 (1947).

Hanson, W, B.;, and Richards, R. J., unpublished (1955).

Haselden, G, G., and Peters, J. I., Heat transfer to boiling
liquid oxygen and liquid nitrogen, Trans. Am. Inst, Chem,
Eng. 27, 201-208 (1949).

Haselden, G, G., and Prosad, S., Heat transfer from con-
densing oxygen and nitrogen vapours, Trans. Inst, Chem.
Eng. (London) 27, 195-200 (1949).

Hirano, F., and Nishikawa, K., Theoretical investigation
on heat transfer by nucleate boiling, Trans. Soc. Mech,
Eng. (in Japanese) [72] 18, 23-26 (1952),

Hsu, Y. Y., and Westwater, J. W,, Approximate theory ior

film boiling on vertical surfaces, 3rd Nat. Heat Trans. Conf,
Am, Inst, Chem. Eng., Am. Soc., Mech, Eng., Storrs, Conn.
(1959).

Hsuy, Y. Y., and Westwater, J. W., Film boiling from ver-
tical tubes, Am. Inst, Chem. Eng. Paper 57-HT-24 (1957).

Inque, T., Heat transfer in liquid helium II through an ex-
tremely fine slit, J. Phys. Soc. of Jap. (in Japanese) 8,
(1953).

Insinger, T. H., and Bliss, H,, Transmission ot heat to bo:i-
ing liquids, Trans, Am. Inst, Chem. Eng. 36, i 5iH (1940:




70,

71,

72,

73.

74,

75.

76.

77.

78.

79.

80.

37
Jacket, H. S., Roarty, J, D., and Zerbe, J, E., Investi~-
gation of burnout heat flux in rectangular channels at 2000
psi, Trans, Am. Soc. Mech. Eng. g(l, 391 (1958),.

Jakobh, M,, Heat transferi (Textbook), John Wilecy & Sons,
Inc., N. Y.

Jens, W, H., Boiling heat transfer, what is known about
it, Am. Soc. Mech. Eng., N, Y., N. Y. (1954).

Jens, W, H., and Lottes, Two-phasc pressure drop and
burnout using water flowing in round and rectangular
channels, ANL-4915 (1952).

Johnson, H. A,.,, and Abousabe, A, H., Heat transfer and
pressure drop for turbulent flow of air-water mixture in a
horizontal pipe, Am, Soc. Mech. Eng. Paper 51-A-11]
(1951).

Karagounis, A., Heat transfer coefficient for liquid heli-
um, (in French) Bull, Inst. Intern. Froid., Annexe 2,
195-9 (1956),

Kazakova, E, A., Maximum heat transfer to boiling water
at high pressure, Eng., Digest (1951) IGRL-T/R5, (1956).

Kreith, F., Heat transfer in curved flow channels, Heat
Trans., Fluid Mech, Inst., U, of Calif,, Berkeley, Calif,
111-122 (1953).

Kreith, F., Preliminary investigation of influence of heat-
ing surface curvature on heat transfer coefficient, Prog.
Rep. No. 4-115, JPL, C. I. T., Pasadena, Calif, (1945).

Kreith, F,, The influence of curvature on heat transfer to
incompressible fluids, Trans. Am., Soc, Mech. Eng. 77,
1247-1256 (1955),

Kreith, F., and Summerfield, M., Heat transfer to water
at high flux density, Am, Soc. Mech. Eng. 71, 805-815
(1949).




81.

82.

83.

84,

85.

86.

87.

88.

89.

90.

91.

38
Kreith, F., and Margolis, D., Heat transfer and friction in
swirling turbulent flow, Proc. Heat Trans. Fluid Mech,
Inst., Stanford U. Press 126 (1958).

Kutateladze, S. S., A hydrodynamic theory of changes in the
boiling process under free convection conditions (in Russian),
Izv. Akad. Nauk, USSR, Otd. Tekh., Nank 529 (1951) No, 4.

Larson, R. F., Factors affecting boiling in a liquid, Ind.
Eng. Chem. 37, 1004-1009 (1951).

Levy, S., Generalized correlation of boiling heat transfer,
Am. Soc. Mech, Eng. Paper 58-HT-8 for meeting (1958), 6 p.

Liebmann, G., A new electrical analog method for the solu-
tion of transient heat-conduction problems, Am, Soc. Mech.
Eng. 78, 655-665 (1956).

Linden, C. M., and Montillon, G, H., Heat transmission in
an experimental inclined-tube evaporator, Ind. Eng. Chem.
[708] 22, 646 (1930).

Lipkis, R. P,, Lin, C., and Zuber, N., Measurement and
prediction of density transients in a volume-heated boiling
system, Am. Soc. Mech, Eng.-Am, Inst, Chem. Eng. Heat
Trans. Sym., Louisville, Ky. (1955) PP 7.

Lype, E. T., The rate of growth of vapor bubbles in super-
heated water, J. Appl. Mech, (1954).

McAdams, W, H., Heat transmission (textbook), McGraw-
Hill Book Co, Inc., N. Y. (1954).

McAdams, W, H., Addoms, J. N., Rinaldo, P, M,, and
Day, P. S., Heat transfer from single horizontal wires to
boiling water, Chem, Eng. Prog. 44 (1958) No. 8.

McAdams, W. H., Kennel, W, E., and Addoms, J. N,,
Heat transfer to superheated steam at high pressures,
Trans. Am. Soc. Mech. Eng, _7_2_, 421-428 (1950).




92.

93.

94.

95.

96.

917.

98.

99.

100.

101.

102.

'

39
McAdams, W. H.,, Kennel, W. E., Minden, C. S., Core,
R., Picornell, P. M., and Dew, J. E., Heat transfer
rates to water with surface boiling, Ind. Eng. Chem. 4l,
1945 3 (1949). _

McAaums, W, H., Woods, W, K., Heroman, L. C., Va-
porization inside horizontal tubes-11 benzene oil mixture,
Am. Soc. Mech, Eng. Semi-Ann. Mtg., Kansas City, Mo.,
63, 545 (1941).

McNelly, M, J., A correlation of rates of heat transfer to
nucleate boiling liquids, J. Imp. Coll. Chem. Eng. Soc.
i, 18 (1953),

Merte, H., and Clark, J. A., A study of pool boiling in an
accelerating system, U. of Mich., Mech, Eng. Lab. Tech,
Rep. No. 3 (1959).

Mikhail, Ph.D. Thesis Imp. Coll. Chem. Eng., Prince Con-
sort Rd, S. Kensington, S. W. 7th Roy. Coll, Sci. (1952).

Monroe, A, G., Bristow, A. S., and Newell, J. E., Heat
transfer to boiling liquids at low temperatures and elevated
pressures, J. Appl. Chem. 2, 613-624 (1952).

Motte, E. I., and Bromley, L. A., Film boiling of flow-
ing subcooled liquids, Ind. Eng. Chem. 49, 1921 (1957).

Mulford, R. N., Nigon, J. P., Dash, J. G., and Keller,
W. E., Heat exchange between a copper surface and liquid
hydrogen and nitrogen, Ext. from Secret Doc. LAMS-1443,

Mumm, J. F., Heat transfer to boiling water forced through
a uniformly heated tube, Argonne Nat. Lab., Lemont, Ill.
5276.

Myers, J. E., and Katz, D. L., (2 papers) Boiling coeffi-
cients outside horizontal tubes, Refrig. Eng. 60, 56-59
(1952) or Chem. Eng. Prop. Sym. [5] 107-114 (1953).

Nelson, C. D., Boiling from a vertical tube, M. S. Thesis,
U. of I11. (1955).




103,

104,

105.

106.

107.

108.

109.

110.

111,

112,

113,

114.

40
Nishikawa, K., and Urakawa, K., Experiment of nucleate
boiling under reduced pressure (in Japanese), Jap. Soc.
Mech. Eng. Trans., [36] 23, 935-9 (1957) No. 1.

Nishikawa, K., Effect of surface roughness on boiling heat
transfer (in Japanese), Jap. Soc. Mech. Eng., Trans, [20]
100, 800-815 (1954).

Nishikawa, K,, Studies on heat transfer in nucleate boiling
(in Japanese), Mem, of Faculty of Eng., Kyushu U,,
Fukuoha, Jap. (1956).

Nukiyama, S. J., Of the Soc. of Mech, Eng. (in Japanese),
Trans. Addoms Ph,D. Thesis, App. M, 37 367 (1934).

Osborne, D. V., Heat propagation in liquid helium below
0.6°K (in French), Conf, De Phys., des Basses Temp.,
Paris 2-8 (1955).

Perkins, A. S., and Westwater, J. W., Measurements of
bubbles formed in boiling methanol, Am. Inst. Chem, Eng.
J. 2, 471 (1956).

Piret, E, L., and Isbin, H. S., Natural circulation evapora-
tion (two-phase heat transfer), Chem. Eng. Prog. [50] é,
305-311 (1954).

Plesset, M, S., The dynamics of cavitation bubbles, J.
Appl. Mech. 16 (1949).

Plesset, M. S., and Zwick, S. A., The growth of vapor bub-
bles in superheated liquids, J. Appl. Phys. 25, 493-500 (1954).

Powell, W, B.,, Heat transfer to fluids in the region of the
critical temperature, JPL, C.I,T., Pasadena, Calif.

Pramuk, F. S., and Westwater, J. W,, Effect of agitation
on the critical temperature difference for a boiling liquid,
Am,. Inst, Chem. Eng. Heat Trans. Sym., Louisville, Ky.
(1955) PP or Chem. Eng. Prog. Sym. [18] 52 (1956).

Raber, B. F., and Hutchinson, F, W., Graphical determina-
tion of heat transfer coefficients, heating and ventilation, 88
(1945) No. 12, 94-6 (1945) No. 6.




41
115, Rhodes, F, H., and Bridges, C. H., Heat transfer to boiling
liquids, Trans. Am. Inst, Chem. Eng. 35, 73 (1939).

116. Richards, R. J., Robbins, R. F., Jacobs, R, B., and
Holten, D. C., Heat transfer to boiling liquid nitrogen and
hydrogen flowing axially through narrow annular passages,
Adv. in Cryogenic Eng., K. D. Timmerhaus, Ed., Plenum
Press, Inc, N, Y. 3, 375 (1960).

117, Rickard, C. L., Boiling burnout newsletter no. 2, Nuclear
Eng. Dept., Brookhaven Nat. Lab, (1955).

118. Rickard, C., L., (Ed.), Boiling burnout newsletter no. 1,
Brookhaven Nat. Lab. (1954).

119, Roberts, H. A., and Bowring, R. W., Boiling effects in
liquid-cooled recactors (1 of 2 parts), Nuclear Power (1959).

120, Roberts, H. A., A review of net boiling heat transfer and
pressure drop from the literature, ASTIA 126702, Doc.
Service Cen. Knott Bldg., Dayton, O,

121, Roberts, H., A., and Bowring, R. W., Boiling nomenclature -
a plea for consistency, Nuclear Power 4, 122 No. 33.

122, Robinson, D. B., and Katz, D. L., Effect of vapor agitation
on boiling coefficients, Chem. Eng. Prog. 47, 317-324 (1951).

123, Rohsenow, W. M., Heat transfer with evaporation, given at
Heat Trans., Sym., Ch, IV, U. of Mich. Press, Ann Arbor,
Mich. Fluid Mech, Heat Trans., Inst., Los Angeles, Calif.
(1953).

124, Rohsenhow, W. M., A method of correlating heat transfer
data for surface boiling of liquids, Trans. Am. Soc. Mech.
Eng. 969-996 (1952).

125. Rohsenow, W, M., and Clark, V. A., Boiling burnout news-
letter no, 2, Brookhaven Nat, Lab. BNL 214 (1955).

126. Rohsenow, W, M., and Clark, J. A., Heat transfer and
pressure drop data for high heat flux densities to water at
high subcritical pressures, MIT DIC Proj. 6627 (1951).




127,

128.

129,

130,

131.

132.

133.

134,

135,

136.

42
Rohsenow, W. M., and Clark, J. A., A study of the mech-
anism of boiling heat transfer, J, Chem. Soc. 1950, 3597-
3606 (1935) or Am. Soc. Mech. Eng. Trans, 13, 609 (1951).

Rohsenow, W., and Griffith, P., Correlation of max heat
flux data for boiling of saturated liquids, Am. Soc. Mech.
Eng., Am, Inst. Chem. Eng. Heat Trans. Sym.,
Louisville, Paper 9 (1955).

Ross, R. C., Comparison of heat transfer for coefficients
and wall shears stresses computed by the methods of K,
Goldman and H. Elrod, Nuclear Development Assoc. Memo
(1952).

Sato, K., Heat transter studies, Aerojet Gen, Corp. Prog.
Rep., AF 33(616)-5289, Task No. 30193, Proj. 3048,

Sauer, E. T., Cooper, B. H., McAdams, W. H., and
Akin, G. A., Heat transfer to boiling liquids, Mech, Eng.
_é&, 669 (1938).

Schweppe, J. L., and Foust, A. S., Effect of forced circu-
lation rate on boiling heat transfer and pressure drop in
short vertical tubes, Heat Trans. Atlantic City, Chem,
Eng. Proj. Sym. [5] 49, 77-89 (1953).

Siegel, R., and Perlmutter, M., Heat transfer in swirling
laminar pipe flow, J. Appl. Mech. _2_5_, 295-297 (1958) No. 2.

Siegel, R., Sparrow, E. M., and Hallman, T. M., Steady
laminar heat transfer in a circular tube with a prescribed
wall heat flux, Appl. Sci. Res. 7, 386 (1958).

Siegel, R., and Usiskin, C., A photographic study of boil-
ing in the absence of gravity, Trans. Am. Soc. Mech. Eng.
[C] 81, 230 (1959) No. 3. '

Sparrow, E. M., and Gregg, J. L., Laminar-free convec-
tion heat transfer from the outer surface of a vertical
circular cylinder, Am. Soc. Mech, Eng. Chicago (1955).




137,

138.

139,

140,

141,

142'

143,

144,

145,

146,

147,

43
Sterman, L. S., and Styushin, N. G., An investigation into
the influence of speed of circulation on the values of critical
heat flows for liquid boiling in tubes, U. K. A, E, A, I. G, -
IGRL - T/W-40 (1957).

Stroebe, G, W., and Baker, E, M,, Badger, W, L., Boiling-
film heat transfer coefficients in a long tube vertical evapo-
rator, Ind. Eng. Chem. 31 (1939).

Sydoriak, S. G., and Roberts, T. R., A study of boiling in
short narrow channels and its application to design of mag-
nets cooled by liquid H2 and NZ’ J. Appl. Phys. 28, 143-8
(1957) No. 2.

Touloukian, Y. S., Hawkins, G. A., and Jakob, M., Heat
transfer by free convection from heated vertical surfaces to
liquids, Trans. Am. Soc. Mech., Eng. 13-18 (1948).

Verschoor, H., and Stermerding, S., Proceedings of the
general discussion on heat transfer (heat transfer in two-
phase flow) S, Inst. Mech. Eng., Am. Soc. Mech, Eng.
Conf. (London) 201-204 (1951).

Weil, L., and Lacaze, A., Echanges de chaleur dans
I'hydrogene bouillant sans pression atmospherique (in
French), J. De Phys, 89 (1951) No. 9.

Weil, L., Mesure rapide des coefficients d'echange dans
les liquides bouillants (in French), J. Phys. Rad. LZ_, 824-
5 (1950).

Weil, L., and Lacaze, A,, Coefficients d'echange thermique
dans l'azote bouillant (in French), Acad. Des Sci. Tome 250,
(1950) No. 2.

Westwater, J. W., and Santangelo, J. G., Photographic
study of boiling, Ind. Eng. Chem. 47, 1605 (1955).

Westwater, J. W., Boiling of liquids, Adv. in Chem. Eng.,
Acad. Press Inc. 1, 2-73 (1956).

Westwater, J, W., Boiling heat transfer, Am. Sci, :}l, 427-
446 (1959) No. 3.




44
148. Westwater, J. W., and Strenge, P, H., Active sites and
bubble growth during nucleate boiling, Motion Picture, U,
of I11., Urbana (1958).

149, Yamagata, K., and Hirano, F., Effect of air injected
into water on the heat transfer (in Japanese}), Trans.
Soc. Mech, Eng. _1_2, 4-9 (1953) No, 84.

150, Yoder, R. J., and Dodge, B. F., Heat transfer coeffi-
cients of boiling freon 12, Proc. of Gen. Discussion on
Heat Trans. Inst. Mech. Eng., Am. Soc. Mech. Eng.
15-19 (1951).

151. Zuber, N., On the correlation of data in nucleate pool boil-
ing from a horizontal surface, Am. Inst. Chem. Eng. (in
print).

152. Zuber, N., A note on the correlation of data in nucleate

and pool boiling from a horizontal surface, Dept. of Eng.,
U. of Calif., Los Angeles, Calif.

153, Zuber, N., and Tribus, M., Further remarks on the sta-
bility of boiling heat transfer, Rep. 58-5, Dept. of Eng.,
U. of Calif., Los Angeles, Calif. (1958).

154, Zwick, S. A., The growth and collapse of vapor bubbles,
Hydrodynamics Lab., Pasadena, Rep. 21-19 (1954),

155, Zwick, S. A., and Plesset, M, S., On the dynamics of
small vapor bubbles in liquids, J, Math. Phys. RP
XXXIII, (1955) No. 4.

156. Blanchero, Barker, Ball, Heat transfer characteristics
of boiling oxygen, fluorine, and hydrazine, Eng. Res.
Inst., U, of Mich. (1951).




