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Abstract-An ex~rimeutal study of film boiling from a partly submerge sphere is carried out. The 
experimen~Ily obtained results are compared with theoretically predicted data. At high temperature 

differences, the experimental Nusselt numbers are larger than the predicted Nusselt numbers. 

NOMENCLATURE 

specific heat of vapor; 
specific heat of liquid; 
gravitational acceleration; 
heat-transfer coefIicient ; 
latent heat of va~ri~tion; 
thermal ~nduetivity ; 
Nusselt number; 
total pressure; 
atmospheric pressure; 
radiant heat transfer; 
radial coordinate; 
radius of sphere; 
temperature; 
saturation temperatnre~ 
temperature of liquid; 
sphere tem~rature; 
radial velocity component; 
theta velocity component. 

possible heater configuration for this process, partly 
submerged spheres have been investigated. In the 
following, heat-transfer experiments are described, and 
experimental results are compared with a simplified 
theory on film evaporation. These ~x~riments have 
been carried out with distilled water as fluid. 

EXPERIMENTAL APPARATUS 

A schematic of the film boiling app~atus is presented 
in Fig. 1. Distilled water at a constant flowrate leaves 
the constant head tank (l), passes through a metering 
valve (2) and a calibrated tlowmeter (3), and enters a 
glass pipe (4). At the top of the glass pipe, an inconel 
sphere (5) is located which is supported by a ceramic 
tube (6). The inconel sphere is heated by a 2.5 kW 
induction heater operating at about 400 KHz. Inconei 
400 has been chosen because of its good corrosion 
resistance at high temperatures. The temperature of 
the sphere is measured with a shielded thermocouple 

Greek symbols 

6, gap thickness; 

sI 3 emissivity of liquid; 
E WI emissivity of sphere; 
1 
& modified latent heat; 

0, kinematic viscosity of vapor; 

VII kinematic viscosity of liquid; 

PI vapor density; 

PI? liquid density; 

which is inserted through the ceramic pipe, so that 
the the~ocouple junction is placed in the center of 
the sphere. Since the surface of the sphere is heated 
by induction, the thermocouple measures the average 
surface temperature. The water level relative to the 
sphere is controlled by flowrate, sphere diameter, and 
sphere temperature. However, water flowrates are 
adjusted to values small enough to ensure complete 
evaporation of the liquid at steady-state operation. 
The water level can be read from a graduated glass 

@r3 Stefan-~olt~~n ~nst~t. 
pipe (7). 

INTRODUCTION 

A MAJOR problem in the evaporation of salt solutions 
is the formation of scale on heating surfaces. This 
problem is especially severe when it is required to 
completely evaporate the solution, since, in this case, 
the usually employed methods for scale prevention fail. 
Therefore, a new technique for a complete, scale-free 
evaporation of aqueous salt solutions is under study. 
The basic idea of this technique is to use film boiling 
in the evaporating process. Heating surfaces are main- 
tained at tem~ratures high enough to ensure a stable 
vapor film between the heating surface and the solution. 
If the vapor-liquid interface remains undisturbed or 
is only slightly disturbed, evaporating liquid and heat- 
ing suffaces are e~e~ively separated and scale for- I- 

mation on the heating surface is prevented. As a Frc. 1. ~xp$rimentai app~atus. 
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HEAT-TRANSFER ANALYSIS 

Film boiling from fully submerge spheres has fre- 
quently been studied [l-4]. A quite successful analysis 
of this physical situation has been carried out by 
Hendricks and Baumeister [2]. After some modifi- 
cations, their approach has been adopted to analyze 
film boiling heat transfer from partially submerge 
spheres. The analytical model and some nomenclature 
is shown in Fig. 2. If the vapor flow in the gap between 

or(b) slip conditions 

at r=R,+6: 0, = v,(R* + S) 

80, o __- =: 
?r 

T= T,. 

Two additions conditions are: 

--Liquid---- 

FIG. 2. Film boiling model. 

liquid and sphere is assumed to be laminar and at a 
steady state, and if it is further assumed that inertia 
and body force terms can be neglected, the governing 
equations for ~onse~ation ofmass and moments are: 

continuity: 

momentum : 

and 

o= _E+v I 2 du, Iv@ 
v2v,+------ 

r2 ae r2sin28 1 . (3) 

The vapor participation in radiant energy exchange is 
assumed to be small. Thus, the convective terms in 
the energy equation can be neglected if the latent heat 
of vaporization is replaced by an enthalpy difference, 
which contains the latent heat. With this the energy 
equation may be reduced to 

To solve equations (l)-(4), appropriate boundary 
conditions have to be specified. For an angle 0 -=z @*, 
these conditions are: 

at r=Ro: u,=O 

og = 0 

T= T,. 
(5) 

At the liquid-vapor interface, the following conditions 
are considered : 

(a) non-slip conditions 

at r=R,+6: v, = v,(Ro + 6) 

tlg = l+ x 0 

T=T, 

(6) 

at r=R,+5 

8 = @* 
P = PO 

and 

at RoGrGRRo+6 

l?=o 
v. = 0. 

(7) 

Furthe~ore, it is assumed that 6 is constant for 
0 d 0 < @*. As pointed out in [5], this simplification 
has little effect on the values of the average heat transfer 
coefficients. Since 6 and v, are ~known at this point, 
two additional mathematics constraints have to be 
specified. These constraints can be derived from an 
energy and a pressure balance. 

The energy conducted and radiated to the liquid- 
vapor interface is equal to the energy conducted from 
the interface into the liquid and the energy used to 
evaporate the liquid. Thus, for r = R. + 6 and 0 < B G 8* 

Introducing a modified latent heat, 

to account for superheat and vapor inertia forces and 
assuming the emissivity sr of the liquid to be essentially 
unity, equation (9) yields 

-pv,(h,,+c,,(IT,-?;tac,(T,-T,)l),=,,+, 
R: =-- +%A.y(T,-73 (10) 

(&+-8 

where 6 is a number of the order 05. 
As pointed out in [Z), a static ~uilibri~ requires 

that the average pressure P in the vapor at the liquid 
interface resulting from the weight of the supported 
liquid, surface tension, and atmospheric pressure 
balance the average pressure due to flow. This con- 
dition written as a force balance over the entire area 
from 0 = 0 to 0 = Q* gives 

2n a* 

s3 
P cR,+a,(R,fS)2sin8dedtf, 

0 0 
2n N’ 

= 

is 
P(Ro+6)‘sin6dBd@. (11) 

0 0 

The total pressure P in the vapor gap is found from 
the solution of the momentum equation; P is calculated 
from 

(12) 

where 

P= P,+(Rl)+6)(p,-p)(cos9-cos6*)g. (13) 

In equation (13), PO is the atmosphe~c pressure, 
(R. t 6)(pl -p) + (cos - cos 8*)g represents the liquid 
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head, the influence of the surface tension has been 
neglected, since it is small compared with the liquid 
head. At 0 = 0*, equations (13) reduces to P = P,,. 

A lengthy solution of equations (l)-(4) with botmd- 
ary conditions (5)-(7), and (8), (lo), and (ll), which 
follows essentially the approach used by Hendricks 
and Baumeister, leads to 

The gap thickness 6 is found for non-slip conditions 
from 

- 2;‘r;,;) (15) 
0 

and for slip conditions from 

2k(T,-T,) 1 - 1 R,puk (1+34) (16) 

where 

l-case* 

c= 
I--CrRod@~-p)s(l-cose*)l 

(17) 
12 In cos’ f + sin2 f 1 

and 

J. = [h,,+c,,(T,-7;)+ac,(T,-T,)l (18) 

u=v 
Ro 
R,+6 

$I=,. 
0 

It should be noted that the heat-transfer coefficients 
defined by equation (14) represent heat transfer by 
conduction, convection, and radiation. The vapor 
flowrate is determined from 

F = 2n(l -cosO*)R2h(Tw- T,)/l. (19) 

RESULTS AND CONCLUSIONS 

Experiments were carried out with an 18.75mm 
(3/4 in) dia. incone sphere. Flowrates were always 
adjusted so that the sphere was half submerged 
(0* = n/2). The difference between sphere temperature 
and saturation temperature (T,-T,) was varied be- 
tween 300 and 900°C. A comparison between predicted 
and experimentally obtained Nusselt numbers is shown 
in Fig. 3. The solid lines represent the Nusselt numbers 
as they are calculated with equation (14) for non-slip 
and slip conditions. Data points for the experimental 
values of the Nusselt number were obtained from the 
measured flowrates and temperature differences with 
help of equation (19). Errors due to heat losses to 
ambient conditions and due to radiation heat transfer 
from the upper part of the sphere to the water level 
were estimated to be in the order of 2 per cent. 
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FIG. 3. Nusselt numbers vs temperature difference 
(T, - T,). 

At small temperature differences in the order of 
300-4OO”C, the experimental Nusselt numbers are 
between those predicted for slip and non-slip conditions 
as one might expect. At higher temperature differences, 
the experimental Nusselt numbers are larger than the 
predicted Nusselt numbers. From visual observations 
it appears that with increasing temperature differences 
the vapor-liquid interface is more and more disturbed. 
Consequently, the assumption of laminar vapor flow 
is increasingly violated. At temperature differences 
above 6OO”C, large, almost spherical vapor cavities 
are formed at the vapor-liquid interface. These cavities 
move constantly. In addition, bubbles are formed 
within the liquid near the liquid-vapor interface. Al- 
though these phenomena violate the basic assumptions 
of the analytical model, equation (14), along with 
equations (15) and (16), allows a conservative prediction 
of film boiling heat transfer from a half submerged 
sphere. 
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EBULLi~IO~ EN FILM SUR UNE SPHERE PA~T~ELLEMENT SUBMER~EE 

R&urn&Une etude experimentale de I’%bulIition en film sur une sphere partiellement submergk est 
etTectuke. Les rbultats abtenus experimentalement sent compares aux previsions theoriques. Pour des 
differences de temperature Be&es, les nombres de Nussdt exp~imentaux sont plus grands que les 

nombres de Nusselt caiculb. 

FILMSIED~N AN EINER TEILWEISE EINGETAUCHTEN KUGEL 
Z~amrn~f~~g-Die bei einer ex~rimentellen Untersuchu~ des Filmsiedens an einer teilweise 
eingetauchten Kugel gewonnenen Ergebnisse werden mit den theoretisch vorausgesagten Werten ver- 
ghchen. Bei hohen Temperaturdifferenzen sind die experimentell ermittelten Nusselt-Zahlen gr6!3er als 

die vorausgesagten. 

IUIEHOYHOE KMi-IEHME HA YAClXYHO JXOI?PYXEHHOti C@EPE 

~0Ta~ -IIpoeenetro 3Kcnep~~e~Ta~bHoe ucc~e~o~HHe rurenoTHof0 rcHneHw Ha HacTwiHo 
nOrpy~eHH0~ C@pe. 3K~nepUMeffT~bHbIe pe3yJIbTaTbi ~pa~H~~nCb C TeO~TH=BXH paCC%iTaH- 
HbI.Mli ~aHWbIMH. HaH.ueHo, ST0 nplcl: 6orrbmHx TeMriepaTypHbiX lli?perfamX 3Kcne&%fMc%rTanbHbIe 

WiCJIa ki)W2JYIbTa 6OJIbIUiZ ~C~tSHbIX. 


