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omm cryogenic appu:«,non meta.'ilu.:gist; have *ﬂsted
ing a hoL sphere or cther bodies into 2 liguid
ing san D‘“ easily unaivz‘_ i {or steady stais

thmox thesoild, as11i5 15 the

iac-= vrlth respect to the vapor

We consicer & sphere in an infinite medivm of pure saturated liquid, The surface
excess ternperature of the aphhre 15 zssumead tc be sufficiently large to create z vaper
ﬁlm which nroves upward., We further assume constant physical propemes. negligible

issipation, incormpressible fuid, smooth interface, isothermal wall, and we neglact
radiation. Provided the film thickness (s small compared to the radius of the sphere, the
boundary layer type of analysis may be applied to our simplified model {coordinate
system of Fig. 1}, writing the basic equations for the vapor as
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Fig. 1. Geomerrical configuration and coordinates.

To complete the descripdon of the total boundary layer, 2 further equation of motion
has to be written for the liquid adjacent to the film replecing the vapor properties by
liquid properties (subscript §, 2.z, p = o1}

Boundery Comditions:

at y =10 g=g=4
as y = £ u -0 (4
At the vapor-lignid interface the following conditions have to be fulilled:
(1) Interfacial Velocity:
o= gl (5}
(2) Interjacial Shear Strese
(Guitys )
T =Tl whers T = e )
2
=3
(3} Interfacial Mass Flow
g w A y
A - i N - -
deoy = deny where duy = p—| ! udd, jdx (7)
L3 ".VI
{4} Interfacial Heat Flew Rare
REAl—(8Tiovy) = Ay des: 13}

sz

The znalvsis is greatly simplified if inertia and ensrgy convection ars negligible 2nd
their effects dropped from the equations, thus linezrizing thermn. These effects are 2ccoun-
ted for reasonabh well if the lztwh heat of vaporization in the final result s repleced by
an “effective” heat &'yp = Ay = LIcpAT. If the systerm pressure is sufclently far below
the eritical point we have ,upj,u:pz & I. This ratio characrerizing the hydrodvnamical
conditions at the interface has a secondary influence on the heat transfer. Therefore it is
convenient to make use of the simple limiting selution for pp/pipr = 0, noting that correc-
tions accounting for finite values of the ratic mey be teken from results valid for the flat
plate. Inserting pp/pipr = 0, we obtain a parabolic velocity profile from (2), as
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Equation {3} yields a linear temperature profle
[CI P I
T .
4 oA J! s
=1-= {1
Te—T, 8
In our special case the aydrody '1.::1“1 1 nterface conditions have become simp Ee boanc’.arv
conditions. Equation (8§} for the interfac’sl heat current zllows evaluation of the Aim
thickness rva_n"_g use of {7} (9‘1 and (10), and noting that 44 = sin {x{ R}

dx'= 20 R%sin 9 48, 2nd duy = p(didx)[282nR sin(x{R)] dx.
Then (8) may be rewritten as
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he zonstant ( vanishes because & has to be finlte at & = 3, Thus
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and if we define the function go{¢) 2s

2g . FET . 'i:xa.r;?){g 1% \
go(d) = — = — g(_A_ 2xRsing = kATm— ) Fel)
a¢ L &y g 2 \BepAT
where
g 5 =174

Fld) = sm°’3q6(J sm-"*’-’&pdg{;)

then the heatl removed from the entire sphere is found by integration as

oo [

In dimensionless notation, the Nusselt number may be written as

. _ e D w'* £ pa )m
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RESULTS

In Fig. 2 the function f; has been plotted 5. & and, for purposes of comp risor, a';-o
the function f; determining the N“‘-’*‘tao;‘- g case of 2 horizonial cylinger, {
that the funciion f, given by Nussel n very close agresment with i:he funetion
{33 g} calcvlated by H __ermann.r"? or free convection without phase changze.) Qur
solution has 1o be corrected to account for a finite value of the ratio wgipipr; however,

essure, up; r..;pr = 2167} Acwally the vapor-liguid interface is not

resuite obtained

con
t'";is COITECTion 2mounts to only & few percent in most cases. (For nitregen at mTos—\henc
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Fig. 3. Heat flow rates in film boiling of nitrogen
gt I atmoand 1 g.
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109 occurs. Experiments reported using liquid nitrogen ] permit the evaluation of this
influence for the sphere as well, Fi gure 3 shows these data (under 1 atm), and the
theoretical solution, using {17b) with Ay, repiaced by A'r;. The deviation in actual heat
transfer from theoretical prediction is lﬂ-wﬂr thiark 1n the cylinder experiments, since ths
geometry of the upper half of the sphere favers separation more than that of the eylinder,
We note that film boiling heat rransfer coefiicients are not v ry different over a
vide rarge of geometry. Cooling tests reported by Ruzicka[s] with vertical tubes (lencu
about 5.7 in) vielded neariy the same hear flux values as in the studies of Merte of al[#]
Hsu end Westwater[8] found that the film on vertical tubes starts 1o become turbulent
2 height of 2.5 in, Since tha heat ':sar;aa,_, st least in these experiment 15, was f found to be
ndependent of geometry it seems to be adeauate to correlats these resuits by an equation
of the form Nu = C - Re¥3f(hrgle AT ) of more generally,
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NOTATION
A = suriace 2rz2
A: = cross-sectional ares of vapor alm
£ = censzant
fp = sDECINC Deat ar
D= rener of spher
fr = dimensionless & =)
fo = dirnensivniess funcrisn of &
£n = convession factor
£ == acseisration dus 1 z“awn
Fi4) = dimensic Ies= funetion of 8
Gr = Grashoaf number
k t heat of v =oorz:t.0n

S
o 5
14
put |

Feerive” Rear of vapcorization
thermal conductivity
Nu = Nusselt number
Pr = Prandt} number
heat flow rate
see {13b)
gr = total hear removed from sphere

= radius
racdius of sphere
Rayleigh number, 209 a1 —a)v & »
tempsrature; T, saturation tempersture; T wall temperature
Tw— Ty
velocity component in = direction
velocity component in v direction
wt = interfacial mass dow
coordinate along surface
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coordinate normal to surface
dimersionless function of ¢
thermmal diffusivity

thickness of vapor film
dynamic viscosity

inematic viscos!
vapor density

p1 = satarated liguid density
T = shear stress

sngular cogrdinate

1

I

R oor it WO
I1

v

]
I

&
I

1

Subscripts

{ = Hquid

{=1 f
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