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Heat transfer coefficients have been obtained for natural-convection film boiling of

siizm I oa single wires with a diameter ranging from 3 to 50 p. The medsurements
SOTE

ered temperaturs diferences of 207 to 1,000 °K. between the heating surface end the

Jwaturated liquid under atrospheric pressure, The results ere correlated in dimensionless

form (Nusselt aumber vs. the product of ths Grashof and Praadtl avmbers; and compar ed
with deta for mitrogen and raeasurements of other investigators on 8lm boiling of liqguefed
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. ¥here Iarge quantmes of heai are trans-
freod

across comparafively small arcas
‘o inereased the 'nt#re% inal typas of
trapsfer at high du % densities and
g focused attention on bollj:fg.
‘n continuation of previous studies in
{I% measure-
Tents were made on stable Hlm boiling
of melizm I under atmospheric pressure.
advantagss in the use
tesy uquld its low
batling point permiis & wide range of
mperapure differences withous appreci-
radistion, infuence and it hzs a
l-%rnown simple structure and does
0t sftack the heating surfzee, although
ioe low heat of Vap porization necessiiales
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" 4 small heating device in order to keep

the azmount of wveporized gaa within

tolerable limits.

APPARATUE SMPLOYED

Blectrically heatad pletinum wires were
soft-soldersd to copper current and poten-
tial leads. For the smaller units Wollaston
wires were used. To reduce the chance of
breakage the silver laver was etched off
siter soldering. The diameters were de-
‘ermined by  microscope, measurements
selng mede with both herizontslly and
vertically mounted wirss. All sxperiments
were carried out in a Dewar vassel of 6
sm, I. D. The tests were conducted by
grecduslly increasing the eurrent uatil
sinbie Alm boiling was reached. By varving
the power input and measuring the current
and potentiat drop, one obtained the stable
fim-balilng curve. The average temper-
sture of the test section wos defermined
by resistance thermometry, The resistance-
‘emperature characteristic was obtained
fram resiztance measurements at the ice
moint and at liquid helium temperature,
with the walidity of ~Matihiessen's rule
wsumed and the data for pure platinum
in the standard reference works {2} used.
[7 most enses the power was ingreased until
the wire burned out,

cl. 5, Mo 3.

RESULTS OBTAINED
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reach viiues of

of magnitude of i "K./ecm. The mesn
iree path of the £as molecules changes
sonsiderably across the Alm [irom about
{20 to 6,000) 107 cm.), causing chanpes
in. the t-ransport- properties for momentum
and heat. At the burnout point current
densities up to 5 X 10° A/sq. em. were
reached.

The heat transfer coeilicients for some
vertically mounted wires shew no great
differences  compared with those for
horizontal ones, the maximum observed
difference belng about 15%; less for the
vertical wires. (The lengths used were
3.60 cm. for 30-u nominal diameter,
207 em. for 10-p wire, and 0.625 cm.
for 5-u wire.) The eflect of wire length
on k iz very weak, as was observed in
additional measurements with wires of
15-u4 nominal diameter. Within the range
of lengths from 3 to 10 cm. only a slight,
ingrease of A with increasing length was
found; however it iz dificuit to give an
exact quantitative relationshis because

*Tabular motesial has heen deposited as docu-
ment Mo, 3072 wich the American Docuwmezntation
Institute, Photoduplication Servieo, Library of Cone
.‘,res* Waskington 25, T C., and may b abtaiged
for $1.23 for photoprints of 33-ram, microflm,
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seatiering of data in these measurements
is inevitable. A vertical evlinder is defined
by two linear dh“e.‘_LoL.L,, the diameser
end length. (Only for very short hor-
zontal cylinders are end effecis notise-
able.} Generuhv it is to be expected that
the infuence of the ratip of leagth io
diameter will not be the same ai wvery
emell angd very largs dlameters. A furiher
complication comes from the existence of
a laminar- and rurbulent-flow region. {Tor
long vertical ecyiinders the mean heat

transfer coefficient is neatly urailected by
the mean A value of the relaiively short
viscous-flow peth.) Thus for all diameters
the » velues on vertical eyiizders wili

nob bz superior o those on horlzentzl
s was found by Hsu and Westwater

m boiling on vertical tubes with
i, O D095 to 19 mm.). A betder
ledge of the critical Reynolds num-

the fiim and the turbulent heat
give & beiter explznston
~-~II".-b0|_.”‘1°' 1*.,..u remo*fa'.!.

LOTIE TORE eXDEeliNens Wers Fonructﬁc

with nitregen. In *"Eure 2 the
coeficients for $hin herizontal
measured by the author znd by
suthors (3, {) are presentad. The
shape of the nitrogen curve iz similar fo
that obtained for oxvgen (§). Beyord
the :'J.F',au-'ilu:\ minimem ’(' e‘L.E_._u oat
point) &k graduslly dec-reuses with in-
creasing temperature difference toward
a flat minimum. At higher teraperaturss
of the heating surizce the shape of the
curve becomes steeper and steeper with
incressing radiasion. Compared with {he
heliurm  data, the temperature racge
Letween the minimum of h and the
beginning of radiation Is considerably
smaller.

"qu

t?"‘ ™aT a]_

ooiraag

LTS
chher

. THEORETICAL ANALYSIS

A theoreticel solution of fim-bolling
heat transfer was glven by Bromley (3),
who treated the problem in agalogy to
the film-condensation theory of Nusselt.
He has shown that the mean coeffeient
of heat tr&nsfer without radiation ine
fluence for the flm boiling on horizontal

evlinders is given by
Eolp, — pigh |
= 3, APy P
h = 0.62 [ Du AT J {1}
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TABLE 1. 8aMPLE OF MEASURE

DDAt A AND CALCULATION OF

THE HEAT TRANSPER CORFFICENT

Wire, F 52
Diamezer, D=55u
Lungth, L =0.537 com.
Swisce area, A= %.25. 107 % sq. cm.
les-point resistance, Raqg % ohms
Resistance at liguid helium temperature, R, 5 3.61 oim
Heat
Heat Wire transier
f‘lux Desisiance (empar- Temper- coe;‘f{-
1o ste,. WiI@ function  atuze™  sature clent A,
density N ; i
Veasured dats powar _Tesist- B _R, . {abso- differ- watts/
s welts, aace, < lutel,  epse, {sg.om.)
Amperes Velts Waits sq.cm. ohms Ry, - R, “H. K. (UKD
0.00068 C.6580 G.06168  66.4 7.50 0,274 aT.4 23.2 0.711
G.088%  0.300 0.0803  36.4 101 0.378 121 117 0.735
0,0808 1,08 00379 10585 12.1 0.458 140 126 0,778
0.0818% .23 C.117 108 14.3 0.531 158 184 0.5818
06,0011 1,48 0,183 143 16.0 0.611 176 172 0.531
0.0817  Le3  0.151 183 18.0 0.850 198 194 0,540
0.0923  1.85 0.151 194 21,1 0.515 227 223 G.369
0,0841 2,20 0.207 222 23.4 0.505 250 246 0.508
0.0365  9.37 0.'255 273 27.6 1.07 291 25T .569
00884 3.02  0.291 313 31.3 1,22 320 326 0,9E8
0,087 3.34 O.u-xé 371 38.4 1.42 380 376 3.956
0.0580 4,05 0,400 431 213 1.80 4533 424 1,02
s Taken from standard tebles (23
The ohysieal properties of the vapor are  eler used (0.023 in, or 0.06353 mm.).
taken ab the average temperature of The data ‘ot the ._JI'P:.EI’_‘[LJ tests on hellum

&
the £lm. The efective latent heai of
vaporization was nahen in first apnroﬁ-
mation a3 A = A +— 0.5 & .\T. A later
(&) derived =factive enmﬂlp\ difference
= o AT gives a
batier A% with obeen ﬁd data. Apart
from the effect of diameter ths boling
heat trapsfer can be deseribed fairly
well by Eguetion {1}, whish has besn
derived under thes assumptien of negii-
gible Alm: thickress in comparison with
the diameter. Bromley's sxperimenta
results on cylinders Q.19 $0 047 in, (4.8
to 12 mm) 0D, 2 En gﬁcd agreenent
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a however, the a:su:n;-t-ion of
egligitle dlm  thickress -is nod valid,
{easurerments on bolling oxyvgen or
Banchero, Barker, and Beol (5} gave

weah cransier cosfelants which were somea

0¢% higher thaz those calcu_ated bv ine
Bromlev agusztion for the smallest dinm-
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are up to 3.5 times larger for the thinnest
wire than the thecrsiical values ob-
tained by the ingertics of Ay In Equation
{1). In the diametar range usad here [{5 o
5300 % 10-* mm.] & i= proportions] Do,

Yapor-layer Formaiion

Io nsiarelconveciion fim bolling ai
21 inclined hecting surface a continuous
veper film is fowing from the lower edge
apward elong ths surizes undar the
setion i the gravity fleld, in contrass
to the nueleste Loiling mechanism. The
érivicg temperature difference hedwsen
the heating surizce snd ithe satursted
liguid must exesed = t‘“t’t;.:l. valte n
order to estabilsh a stable flow patiern.
For the derivation of ‘:'qw.mon. 1) it
is eszentiai that the vapor film be sud-

iently thin, Under this assumption the
incregse in thickness due {o evaporeiion
at the phase boundary conevponda
immediately to t-he heat supply from the

“heve Deen uzed to correizie the :
boiling data in dimensiorless fomm. AL

heating surface. In drst approximation
the temperature prodle ol the laminar
flowing vapor i3 linear; the superheat
and the heat capacity of the vapor are
taken into account by the insertion of
X: imstead of A into Equation {1). In
accordance with the equation the in-
crease in Glm thickness for a given heat
input, other variables being unchanged,
is higher the lower the heat of vaporiza-
tion., Oiher factors whick are imzortant
for nieleation, such as curface rouUznness,
do not enter the theory, lis importﬂrt
variablez are the phiysi ""1 properties of
the vepor within the flm. Considering
the good agreement with the experi-
ments in the range of moderate dizmeters
one may conclade that the rate-controb-
ling mechsnism must be the transfer of
heat ecress the vapor fkm.

NaturakConvection Mechanism

Since #he vapor resistance is coatrch
ling, there iz some gozlegy to natural
convection of a harizontal cylinder by o
gas withoud boiling ¥ other nhenomerna
caused by the prme:lce of the deuaer
phase are neglectad, This becomes evident
for the limiting case of & Dould beiling
under a pressure approaching the critieal
{(venishing latent heat of vaporizztion,
venizshing phase bouncary). i
film the vaper is rising i ncer
of bueyani
moiion of th
tation in ass
variations wi

ich : 1“
T temperature ¢dference prod r:ed b}.- the

heat-diesipating ovlinder. Conseqguenily
the di i Al
and the
&LLO ]
convection heas transier i

al properties are *“'“e*l at ithe
arithmeilc mesn temperafure; in fl

The rtenge of apoleablity of thbs
eorrelation mayv-be seen when one rewrites
Equatien (1) i dimensionless form for
g liguid with negligibly low lztent heat

4 He ' i i of vaporization (A <C 0.5 ¢, AT) and
h dx 10 avms L mm ; t _ _
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Fig. 1. Heat transfer coefficient for film boiling of helium on hori--
zontal thin wires under aunospheric pressure.
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Fig. 2. Heat transfer coefficient for flm boiling of nitrogen
o horizontal wires and tubes under atmospheric pressure,

Sepfem ber, 1959

uses

Broz

o
wha
of |

corT

£5 in
) |

€ e
]

s

g
1
a
T
o5

FAY




Sarowr g U7 Fe oo s

-~
-

o

[t S |

| B 4 - I

T

EoC T 8 U 1 .

Lk

ke

L

a1

-

-

azes the approximate expression Ay, The
Bromley equation can be writtan

- 0.50] Dol = DeN 2l N‘ (2)
_

L ko o7
and approximaiely with M &2 0.3 ¢, AT
— . H
Do = Dase [P
i = i3
L I ko

By definition tha cosfficient of thermal
expansion is 8 = —{1/p){35/8T. For
purposes of corc:arism one takes a
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aporov"l e
ol Ior negli-
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The inst fzctor on the right s i

proaches nnify near the eritical pressire,

pr. Bquation (3a) in termns

srgumen NgNa tszed in 4

correlabion hecomes

uili3

H =
- p—‘ (35
- o
with
F oo = o — s 1,
Foa g al

with
'. under
ntly high

2 and

1&:5.'\,':},'__ oin pressiursl
lfamperaiures with

Q<‘\/ ou

Cae Y3, .{"'nf'j\"n—
lium an d nitrogen data
ata on other th.e—
uncer aimospheric
yar Lrlental resuits for
helium ¢sn be

‘:\;Nu = CEE*?\TGF*;\;P:-)M {4‘]
witai (' = 2.5 and m = Q.11 for the
range of variables 107 <€ N, Noo <0 107,
The cain- -wire nitrogen data can bs
3p3rJ\1:r\.a.t-ed by a similar relation with

o somewhat gresler constant. XKnown
fiim-boiliag results for oxygen {3}, nitro-

gen (3, 43, end hydrogen (4) with larger
dismeters are added covering &g, Np.
values larger than unity. (The plotted
nitrogen data of Bromley are the cor-
rectec: values excluding the (nfluence of
radistion.,}

Efeet of Diameter

A general trend of the data 1s observ-
able slimuar o the weil-known curve for
sitral-convection cool ing on horizontal
r.‘.}-hnuers without boiling (7). At low
valuse of Ng,Ns, the Nu wvaluea in-
orease with an increase of Ng.¥p. at a

very slow rate. For values of
ment greater than unity this rate in-
creazes until Ve, becomes propo*tional
to ’TL.,.\ po)V% In this recion b is pro-
portional to D-141, as pred;,- d by
E mley’s ‘,quar.on. If the heat transfer
p.oh,-o-t‘lona; to D™, then

fr oL Equ fon {4} thiz exponent becomes
n = (I — 3m.). In thiz way the dimen-

slonlzss correintion permits an estimate
of the influcnce of dizmeter on the heat
transfer coeficient without radiatinn,
For the greatest dismeter used by
Banchere (0.750 in. or 19.03 mm.) devia-
tions of the A values caleulated by the
Gromiey equation were also observed. [n

the dimersion'ess correlation of these
deta m approaches §, and A i3 nearly
indepe dent of the diameter. In natural
sonvection without boiling this meens
turbutend flew, As for this diameter, no

1]

tatied observations tizrbo-
were made, and the exac* valua of
m cannot be taken from this single run;:
cone 1 usions con the traunsitien laminar-
tursulent are not posmb le, -C-.Iid the data
were omitied i Tigure 2.

One may note that in general for any
siven Sisrneter of the eviinder an exten-
gion of the bolling curve to sither lower
or higher AT, corresponding to ki
lgwer vaiunes of ;’\-‘G,;\_:’p_. would 1
f ¥ue i¥ing above the genem!

rer-arﬂ:ﬂg

Y

It
=3
)
T

vziuss of

tr.-e

gurve shown, Ab higher
this oeeours heczuse the curve i
tinued into the transiiicn regl

‘“e lower vai_eq o- the same dimension

of heat transiesr by con-

the argu-

veckion without phase change the Nusseld
numsets are known to be entirely inds-
vendent of the nature of the gas. It iz
not surprising, however, that in the case
here ti“-.:l’ Poua bﬂ fhfl

p\-::cn\-ed

because the heat tramsisr process in Blo
boiling is mueh mors complicated thar

t}\lu W [t}“O
ar

5 phase change. Of all gases

shows the greatest

u&,el‘- nuamhbers lor film

bcumf: and I’l‘l“.;ril onvection cooling.

Thiz becomss understandable from its
very low heed of vagerization [under ate
maospherl pressure 3.1?-0'1"5 r)O joulea/s.
and L;about 3 ]ouleb (g iouias
g = (431 B.ta/lb) gnd

pressure o critical pressure of

shoat
41 'z.tm For nitrogen and oxygen

Cratio s aons sideradly smaller fabout
g 207 renectlve‘y, and the laient
eat of orizaticn iz about ten fimes

Ll i —mm L

fgr helium, The curves for
oxygen and nitrogen in Figure 3 21 low
wemperature dlﬁcrcnce: slready  snow
small r:‘;e‘-‘iaticns due to the i:qucr.ce Gi
the lztent neﬂ‘

tinn. [For the
rabige of higher _\G,AP,

{ vaporizatio
smootn curve
far ouygsn is r:bmm_ed \me'l Gne muldl-

i
d
L

haviar of these
evnolds number.
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Fig. 3. The Nusselt number as a function of the product of the Grashof and
Prandtl numbers for film boiling oa horizontal cylinders under atmospheric
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NOTATION

D
Il

area of heating surface
flm thickness
rumeriaal constant

numerical constant

3 O3ty
i

I

¢, = epecific neat at constant pressure
o = dameter {d = D in figures;
g = scceleration uue io gravity
heat transfer coefficlent,
"k VQO. c'n.‘. = 1,761
L53. 4 itk F) '
onduetivity of vaper
of test section 4 == L in

cal correlation

Pmmn ANA

[)"%"':]

AT

Il

ILI'.
maodified Grashof number
wD/k
upﬁ,’"

rate of heat flow
e;ectncal restytance
electrical resistance at ice polnt
electrical resistance at liguid-
helium temperature
absolute temperature
mean temperature of vapor
temperature difference

Greek lLefters

8

o
L

=

1

I

1

1

il

Crnefclent of thermal expansion
Modified coefficlent of thermai
axpansion

denstty of vapor

density of saturated liguid
densify of saturated vapor
viscoslby of vapor

latent heat of veporization
effective heat of vaperization
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