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Abstract—The finite-difference form of the basic conservation equations in laminar film boiling have been
solved by the false-transient method. By a judicious choice of the coordinate system the vapour-liguid
interface is fitted to the grid system, Central differencing is used for diffusion terms, upwind differencing for
convection terms, and explicit differencing for transient terms. Since an explicit method is used the time step
used in the false-transient method is constrained by numerical instability, In the present problem the limits on
the time step are imposed by conditions in the vapour region. On the other hand the rate of convergence of
finite-difference equations is dependent on the conditions in the liquid region. The rate of convergence was
accelerated by using the over-relaxation technique in the liquid region. The results obtained compare well with
previous work and experimental data available in the literature.

NOMENCLATURE
C, specific heat [Jkg™ ' K™']
g  acceleration due to gravity [m s 2]
he, latent heat of vaporization [J kg™ ']
K thermal conductivity [Wm™* K™']
t time [s]
T  temperature [K]
T, saturation temperature [K]
AT, T, —T,[K]
AT\: Tw - T;at [K]
U  velocity in the x-direction [m s~ 1]
V  velocity in the y-direction [m s~ 1]
x  coordinate (along the plate)
y  coordinate (perpendicular to the plate).
Greek symbols
&  vapour layer thickness [m]
&, emissivity of the plate
n dimensionless variable, y/é
p  viscosity [kgm™!s™ 1]
p  density [kg m~3].
Subscripts
f liquid
g vapour
i streamwise grid location
j cross-streamwise grid location
w  wall
oo infinity.

INTRODUCTION

LAMINAR film boiling from a vertical plate was first
studied by Bromely [1]. He used the integral method
and also discussed the effect of radiation from the
surface. Since then a large number of investigators have
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analysed this problem {e.g. the review by Kalinin ez al.
[2]}. A recent comprehensive study was given by
Nishikawa et al. [3]. In laminar film boiling the
temperature difference between the wall and the
vapour-liquid interface can be quite large and hence
the variation of properties in the vapour region cannot
be ignored. Nishikawa et al. [3] considered the
variation in properties and after using the similarity
transformation solved a set of ordinary differential
equations by the Runge-Kutta method. They were able
to use similarity transformation because they neglected
the role of surface radiation. Bromley [1] has shown,
however, that surface radiation makes a substantial
contribution to heat transfer from the plate. Hence the
effect of property variation and surface radiation must
be considered together. If these two effects are
considered together then a similarity transformation is
not possible. We must, therefore, solve the basic partial
differential equations (embodying the conservation
laws) by a finite-difference method.

BASIC EQUATIONS

The mass, momentum, and energy conservation
equations in the vapour and liquid regions along with
interface and boundary conditions are given below.
The boundary-layer approximations have been
incorporated in these equations.

Conservation equations
(Coordinate systems are shown in Fig. 1.)
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F1G. 1. Laminar model.
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Interface conditions
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Boundary conditions
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U—~0 as y- oo, (14)
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We have assumed that the liquid surface acts like a
blackbody and that the vapour layer does not
participate in radiative transfer. Although fluids like
water vapour are strong absorbers in the infrared, the
thickness of the vapour layer is usually small and hence
the attenuation of radiation from the surface is very
small.

X
(a) M (b)
3 Interface ~ Interface
|ee-
H HHHHHH
EEY RuaEl| OTtT man |
B NN E O
!
1 : NN
y 1.O n

F1G. 2. Grid system.

NUMERICAL METHOD

The governing equations are parabolic in the x-
direction and hence a marching technique would have
been the most efficient method to solve the equations.
An attempt by Sabhapathy [4] to solve these equations
by the marching technique was unsuccessful on
account of numerical instabilities. We have solved the
finite-difference form of the above equations by the
false-transient method.* This approach gives a better
physical insight into the nature of the interaction
between the two phases.

The presence of a curved liquid—vapour interface
suggests the modification of x—y coordinate system to
one in which the interface is a part of the grid system.
This can be achieved if we use n = y/8 (where § is the
thickness of the vapour layer) as a cross-stream
coordinate then n =1 always corresponds to the
liquid—vapour interface (see Fig. 2). The basic
conservation equations are transformed from the x—y
to the x—n system and are given below. The unsteady
terms have been introduced in momentum, energy and
interface energy balance equations to facilitate the use
of the false-transient method.

Conservation equations (x—n systen)

0 il ndéd 1 ¢
. U)— — Z
7 (P 0n(pg “)5dx+5a (pg¥e) =0, (16)
W,y Wy Wy de K,
ot Eox  fonp ddx 6 on
10 [fu, 04,
= - 17
9P — P+ 3 an <5 07/) (17
c 6Tg+U8T 07;nd5 V, oT,
PeCosl 3 T TG 5dx T an
K, 0T,
5611(5 011)’ (18)
0 ndé 10
— =~ oV =0
ax (psUp— (Pf f)éd 5 on (oe VD) 19

* By ‘false-transient method’ we mean that transient terms
are introduced only in some equations and hence the new
equations do not represent the true unsteady conservation
equations.
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Interface conditions
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dé dé
pg<%—Uga;)=pf[%—Ufa;} at n=1 (25)
K, (0T
5 (B )+aotri-te,
K, 3T; dé dé
= _3——5;——9“(%“”U‘a+a heg
at =1 (26)
Boundary conditions
U,=0 at =0, 27
L=T, at n=¢0 (28)
Us—0 as 7 - o0, 29)
Tt—-T, as n— oo (30)

FINITE-DIFFERENCE PROCEDURE

The central-difference scheme is used for all space
derivatives except the convection terms in momentum
and energy equations. For the latter the upwind-
difference scheme is used. For time derivatives the
explicit scheme is used. There are six variables (U, V,,
U, Vi, T, and T;) in the vapour and liquid regions and
three interface parameters (U, ¥, and §) which need to
be determined at each new time level. The sequence of
advancement from the old time level to the new time
level is as follows :

(1) The velocity of the vapour/liquid in the x-direc-
tion (U,/Uy) is evaluated from the finite-difference form
of the vapour/liquid momentum equation [equation
(17)/20)].

(2) The velocity of the vapour/liquid in the y-direc-
tion (¥,/V;) is evaluated from the finite-difference form
of the vapour/liquid mass conservation equation
[equation (16)/(19Y].

(3) The temperature of the vapour/liquid is evalu-
ated from the finite-difference form of vapour/
liquid energy equation [equation (18)/(21)].

(4) The thickness of the vapour layer was evaluated
from the finite-difference form of the interface energy
balance [equation (26)].

(5) The velocity of the liquid or vapour at the inter-
face in the x-direction was evaluated from the finite-
difference form of the interface shear stress balance
[equation (23)].

(6) The velocity of the liquid at the interface in the
y-direction was evaluated from the finite-difference
form of the interface mass balance [equation (25)].

The number of grid points in the x- and #-direction
were K and M, respectively. The choice of M depends
upon the thickness of the liquid boundary layer. We
found that a choice of M = 40 was adequate on the
basis of the analytical work of Frederking and
Hopenfeld [5]. The number of grid points within the
vapour region was chosen to be 10. The number of grid
points needed in the x-direction depends upon the grid
size and also how far from the leading edge numerical
results are required. We chose the grid size in the
x-direction to be 1 mm and the number of grid points to
be 15.

This meant that results were obtained only up to 1.5
cm from the leading edge. It is not useful to go beyond
this height because the flow generally becomes
turbulent. Although 1.5 cm may be seen to be an
unrealistically small height the results obtained here
can be compared with experimental data on film
boiling from wires. If the wire diameter is greater than
10 mm curvature effects can be neglected.

With 15 grid pointsin the x-direction and 40 in the #-
direction we have a total of 600 grid points. It is not
necessary to iterate the equations at all the 600 grid
points simultaneously. We can exploit the fact that the
equations are parabolic in the x-direction by first
iterating the variables at grid points close to the leading
edge to steady state and then using these values for
iteration of variables at grid points away from the
leadingedge. Hence the variables at 40 grid pointsat the
first x location (I = 1) were iterated till steady state was
reached. The variables at the next x location {( = 2)
wereiterated next using the steady-state valuesatI = 1.
The above method ensures a faster convergence than
would be achieved by iterating the variables at all grid
points simultaneously.

The finite-difference equations converge rapidly to
the steady-state value if a judicious choice of initial
profile of velocity and temperature are made. The initial
velocity of the vapour in the x-direction and the vapour
layer thickness was chosen to be that given by Bromiley
[1]. The initial velocity profile had a zero interfacial
velocity. This was preferred to the profile with zero
interfacial stress because in the latter case there is no
sure way of ensuring that momentum is transferred to
the liquid layer as the equations are iterated (for details
see Rao [7]).

The initial temperature profile in the vapour region
was chosen to be linear. The initial velocity in the
x-direction and the initial temperature in the liquid
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were chosen to have parabolic profiles. The velocity in
the y-direction in the vapour and liquid were derived
from the continuity equations.

The most commonly used criterion for ascertaining
when an iteration can be terminated is the relative error
criterion. The relative criterion can be stated as

w1 "
Wi - W

max
wr,

ij

< &} W?J?EO

Here W;;is any variable like velocity or temperature at
the grid point i, j, at time n. This criterion is not suitable
for the present problem for the following reason. The
explicit false-transient method used here restricts the
time step to very small values to avoid numerical
instability. For such small time steps there is very little
change in variable from one time step to the next and
hence the above criterion can be satisfied easily well
before actual steady state is reached.

A better method is to compare the transient terms
introduced in the conservation equations with other
terms in those equations. When the transient termis less
than 19 of the most significant term in the equation
then one can assume that steady state has been reached.
It is important to compare the transient term with the
most significant term in the equation because the other
termsin the equation may beinsignificantunder certain
conditions. The new criterion can be stated as

Wi Wy
At

< Most significant term
100 ’

max
ij

As already mentioned, the explicit false-transient
method used here restricts the time step to very small
values, on account of numerical instability. The time
step that can be chosen without encountering
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instability can be determined by trial and error.
Typically the time step had to be kept below 20 us to
ensure freedom from numerical instabilities. This
limitation on the time step is imposed by conditions in
the vapour region. This can be conjectured by applying
the criterion for stability in a single phase flow to the
vapour region [6]. With a time step of 20 s, the finite-
difference equations required around 20 000 iterations
to reach the steady state. Such a large number of
iterations are required because the liquid, which has a
large inertia, responds very slowly. The convergence in
the liquid region can be accelerated by the use of the
technique of over-relaxation. The over-relaxation
technique can be stated as

Uyt = U+ ¢Ar  [contribution due to
convection, diffusion and

buoyancy terms],

where U is the x-direction velocity or temperature in
the liquid region and ¢ is the relaxation parameter.
When ¢ values were chosen in the range 100-400
(depending upon the degree of superheating and
subcooling) it was found that the finite-difference
equations converged to the steady state in about 2000
iterations. The technique of over-relaxation can be
thought of as an artificial reduction of the inertia of the
liquid. Such an artificial reduction is possible in the
false-transient method because we are interested only
in the steady-state solution. With a total of 600 grid
pointsthe present numerical scheme took 4minof CPU
time for saturated film boiling and about § min for
subcooled film boiling. Of the total time taken around 3
min were consumed in the calculation of physical
properties as a function of temperature.
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F1G. 3. Comparison of heat transfer coefficient with the values given by Nishikawa et al. [3].
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F1G. 4. Comparison of velocity and temperature profile in vapour region.

RESULTS

The numerical method developed in this paper was
used to study laminar film boiling from a vertical plate
for water at atmospheric pressure and with various
degrees of superheating and subcooling. We will first
compare our results with those obtained by Nishikawa
et al. [3]. To do so, we must first ignore the role of
radiation. With the emissivity of the plate assumed to be

zero, the results obtained with the present numerical
scheme should agree with those of Nishikawa et al. [3],
who used the Runge-Kutta method. Figure 3 shows the
variation of hx'/# (which is constant in this case) as a
function of the degree of superheating and subcooling.
We find that the results obtained by the present
numerical scheme agree very well with those obtained
by Nishikawa et al. [3]. Figures 4(a) and (b) compare
the velocity in the x-direction and temperature in the
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F1G. 6. Effect of radiation on average Nusselt number.

vapour region as obtained by the two methods. Once
again the agreement is very good. We can now say that
the choice of grid and the number of grid points in the
present numerical scheme were adequate to give
accurate results.

The presence of surface radiation influences the heat

transfer in laminar film boiling in two different ways : (1)
itprovides an alternative path for heat transfer from the
surface to the interface; (2) it reduces the convective
heat transfer by increasing the thickness of the vapour
layer. Figures 5(a) and (b) show the effect of radiation on
the thickness of the vapour layer. The effect of radiation
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F1G. 7. Comparison of present results with experimental data.
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on vapour layer thickness is more in saturated film
boiling than in subcooled film boiling because, in the
latter, most of the energy is used to heat up the
subcooled liquid. The effect of radiation on the mean
Nusselt number is shown in Fig. 6. We see that
radiation plays an important role when the degree of
superheating of the surface is high and the degree of
subcooling of the ambient liquid is low.

Finally we compare results of the present numerical
computations with experimental data. Experimental
data onlaminar film boilingis available for thin wires in
water. We can apply the results obtained here (for a
semi-infinite plate) to a cylindrical geometry provided
the vapour layer thickness is small compared to the
radius of the cylinder. Hence we can use the results
obtained for a semi-infinite plate (after accounting for
variation in the acceleration due to gravity, in the
cylindrical geometry) if the cylinder diameter is greater
than 10 mm. In Fig. 7, the results of the present
computations and those of Nishikawa et al. [3] are
compared with experimental data of Nishikawa et al.
[3]. Since the emissivity of the wire used in the
experiment was not known results are shown for a
range of emissivities between 0.6 and 1. We see that the
inclusion of radiation in the present computations has
resulted in a better agreement with experimental data.
Theexperimental data show anincrease in heat transfer
coefficient when the cylinder temperature is less than
300 K above the saturation temperature. This may be
on account of unstable film boiling which can occur
when the cylinder temperature is not very high.

CONCLUSION

The basic conservation equations in laminar film
boiling can be solved numerically by the false-transient
method. The convergence of the finite-difference
equations on the liquid side can be accelerated by the
use of the technique of over-relaxation. The effect of
radiation cannot be neglected in the evaluation of heat
transfer from the plate. The criterion for determining
whether steady state has been reached must be chosen
carefully. It should be based on the contribution of
unsteady terms in the basic conservation equations.
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ETUDE NUMERIQUE PAR LA METHODE AUX DIFFERENCES FINIES DU TRANSFERT
THERMIQUE DANS L’EBULLITION EN FILM LAMINAIRE

Résumé—La forme aux différences finies des équations fondamentales de conservation pour I’ébullition en
film laminaire a été traitée par la méthode de fausse transition. Par un choix judicieux du systéme de
coordonnées, I'interface vapeur—liquide se préte au systéme de grille. Une différenciation centrée est utilisée
pour les termes de diffusion, une différenciation courante pour les termes de convection, et une différenciation
explicite pour les termes transitoires. Puisque une méthode explicite est utilisée, le pas de temps dans la
méthode de fausse transition est limité par Uinstabilité numérique. Dans le probléme étudié, les limites du pas
de temps sont imposées par des conditions dans la région de vapeur. D’autre part la vitesse de convergence
dépend des conditions dans la région liquide. La vitesse de convergence est accélérée par I'utilisation de la
technique de sur-relaxation dans la région liquide. Les résultats obtenus se comparent bien avec un travail
antérieur et des données expérimentales disponibles dans des publications.

NUMERISCHE UNTERSUCHUNG DER WARMEUBERTRAGUNG BEIM LAMINAREN
FILMSIEDEN MIT DER FINITEN-DIFFERENZEN-METHODE

Zusammenfassung— Die

Erhaltungsgleichungen beim

laminaren Filmsieden wurden in finiter

Differenzenform quasistationir gelost. Durch eine geeignete Wahl des Koordinatensystems wurde die
Dampf/Flissigkeitsgrenzfliche in das Gitternetz eingepaBt. Fiir die Diffusionsglieder wurden zentrale
Differenzen, fiir die Konvektionsglieder Vorwirtsdifferenzen und fiir die instationiren Glieder explizite
Differenzen verwendet. Da eine explizite Methode verwendet wird, wird die GroBe des Zeitschritts in dem
quasistationiren Verfahren durch numerische Instabilitit begrenzt. In dem hier vorliegenden Problem sind
die Grenzen des Zeitschritts durch Bedingungen im Dampfgebiet gegeben. Andererseits ist die
Konvergenzgeschwindigkeit der finiten Differenzengleichungen von den Bedingungen im Fliissigkeitsgebiet
abhingig. Die Konvergenzgeschwindigkeit wurde durch die Anwendung der Uberrelaxationsmethode im
Fliissigkeitsgebiet beschleunigt. Die erhaltenen Ergebnisse stimmen gut mit vorherigen Arbeiten und
experimentellen Daten aus der Literatur {iberein.
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YUCJIEHHOE UCCJIEJOBAHME TEIUIOIIEPEHOCA ITPH
JAMUHAPHOM IUJIEHOYHOM KMITEHUW METOJOM KOHEUHBIX PA3ZHOCTEN

AnnoTaums—C NOMOLIbIO METOAA YCTAHOBJICHUS I10JIy4€HO PELlIeHUE OCHOBHbBIX YPaBHEHHIA COXpaHEHHS
B KOHEYHO-PA3HOCTHOM BHJE, OMUCHIBAIOLIMX JIAMHHAPHOE IJIEHOYHOE TeueHHe. COOTBETCTBYIOLUHMM
BHIGOPOM CHCTEMBI KOOPAMHAT I'PaHHUA pa3jelia Nap-)XHUIKOCTh (UKCHpOBaJiach HA PACYETHOM CETKe.
Jns augdy3HOHHBIX YJIEHOB MCNOJb30BATNCh LEHTPATbHBIE Pa3HOCTHBIE NPOMU3BO/HBIE, I KOHBEK-
THBHBIX — TIpaBblé Pa3HOCTHbIE NMPOU3BOAHbIE, a AH(PEepEeHIHPOBAHHEM B SBHOM BH[E ONpPEee/sIUCh
4JIeHBl, YYHTBHIBAIOUIHE HECTALMOHAPHOCTL mpouecca. B CBA3M ¢ MCOO/b30BaHMEM SBHOTO MeTOJAA
BPEMEHHOM IIAr METOJa YCTAHOBJEHHS OrPaHHYEH YUCIIEHHON HeycToiuuBocTbIO. B paccMaTpuBaeMoii
3a[aye OrpaHHYEHHS Ha BPEMEHHOM AT HAJAraloTCa yCIOBHAMH B obnacTi napa. C Apyroi CTOPOHSI,
CKOPOCTb CXOJMMOCTH KOHEYHO-DA3HOCTHBIX YPaBHEHHH 3aBHCHT OT YCJIOBMi B 0OGNAcTH KHAKOCTH.
CXOIMMOCTb YCKOPSAETCA 3a CYET HCHOJIb30BAHMS METONA BEpXHeH peslakcallMu B OkHAKOH ¢aze.
TMoayyeHHbIE PE3YJIbTATHI XOPOLLIO COISIACYIOTCA ¢ Pe3y/bTaTaMH NpeAblayLueil paboTsl U ¢ HMEIOWIU-
MHUCS B JIMTEPATYPE HKCIEPHMEHTATbHBIMHU JaHHBIMH.



