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Abstract

A transient, two-dimensional heat c¢onduction mode | for
rewetting a hot plate surface by a falling Iliquld flim is
develaoped. It |s assumed that the plate thermal properties are
Independent on temperature, and the heat transfer coefflclent 1s =2
constant value in the wet region and zera in the dry regilon. The
mathematical model equations are transformed to a dlmensionless
form solved numerically .The resuits indlcate that the heat
conduction problem in the rewetting process s substantlally
two-dimensional cne, not only for thieck plates, f.e., a large Bolt
number, but also for a low initial wall temperature. An  explliclt
simple formula for predicting the rewetting veloclty {3 abtalned
by correlating the numerical results., Comparlsons wlth other
studies are made.

1. Introduction

The rewekttlng of a vertical surface by a falllng liquld fllm 1s
a heat transfer process of fundamegtal importance In many
engineering appllcations such as refrligeration and distl{ilatlon,
In recent years, this process has had a great interest due toc its
{mportance to lhe emergency core coollng of nuclear water reactors
In the event gof postulated loss-of-coolant accldents (LOFCAsY [11].

The rewetting phenomenon refers to the establishing of a |igquld
contact with a hot solid surface at an inltial temperature above
the so called rewetting or sputiering temperature, whlch s
defined as the temperature up lo which the lliquid may wet the solld
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surface {2].SIimple schematic [1lustration for the rewetting of a
hot surface Is shown in FiIg. 1. In this scheme, a hot wvertical
plate at an Inftial temperature T\u' above the rewetting

temperature T ol is cooled by a falling liquid film at saturation
W
temperature Tl . The !ilm front. which is accompanied by violen

boiling and sputtering, moves along the surface at approximately
caonstant velocity. The plate surface temperature at the fraont

point ls equal to the rewetting temperature T a Behind tha
e

front, in the wet reglon, the surface temperature drops rapidly to
the film saturation temperature due to the hlgh heat transfer rate
in this region. In turn, ahead of the wet front, In the dry
reglon, the solid surface experiences very poor heat transfer
oy wvapour or vapour-mist flow. Therefare, the awlal heat
conduction in the wall from the hot dry to the cooled wet portion,
at the fitlm front, 15 very effective and plays an important rols
in the rewetting process [3]. This explanatlon s based on results
of several previous experiential studlies {1-4}.

A large numter of numerfcal and analytical models for
predicting the rewetting veloclity have been reported 1In the
I1terature. The most common concept adopted to analyze the heat
conduction problem in rewetting a hot surface is the dividing of
the surface Into two regions : the wet and the dry regions,
separated by the maving flim front.

Thoempson [5]1 proposed two-dimensional-heat-conduction numerical
modei for the rewetting of the outer surface of a wvertical hot
tube, He assumed that the heat transfer coefficlent in the wet
region is proportional to the cube of wall superheat, and zero in

the dry vregion. Dua and Tien [&1 developed two-dimenslonal
numerical model considerlng the poor heat transfer in the drvy-
region., Thelr results showed a negligible effect af thie
consideration. Assuming that the heat transfer coefficient s a
constanl value in the wet region and =zero in the dry region,
Duffey and Porthouse [8]1 derived an analytical two~dimensional

solution (briefly descrlbed in ref. {111) for @predlcting the
rewettlng velocity. However, the complexity 1In calculating this
Implicit solution makes {t Impracticable.

VYarious one~dimensional models for predlcting the rewetting
velocity have been proposed in the Illterature. Elias and
Yadlgaroglu [31, and, recently, Frik [2) have developed
one-dimensicnal numerical model. In such a model, the wet and
dry regions are dlvlded I[nte several parts of constant heat
transfer coefficlents, Yamanouchl (10) derlved an enplicit
analytical salution for the rewetting veloclty assuming that the
hezt conduction in the wall is one-dimensional. Recentiy,
Castigliia et. al. [11) have modified Yamanouchi’s solution by
introducing empirical formulas for calculating the rewetting
temperature and wet-raglon heat transfer coefflclent. The constant
coeffleients of those empirical relatlons were determined and
adjusted so that the predictlons coincide with experimental data.
Four datz sets from four different saurces vare used.
Unfortunately, no general correlation for predicting all those
data with acceptable acouracy c¢ould be recommended, however, four
corretations; one for each data set, were propoced.
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In this paper, two-dlmenslonal heat conductlon mode ] for the
rewetting of a hot vertical plate surface by a failing saturated
Tiquid fiIlm Is developed. !t !s assumed that the heat transfer
coefflcient i1s constant In the wet region and zero in the dry
reglon. Thls madel 1|3 sdlved numerically. The obtained resul ks

are correlated by a simple formula for calculating the rewetting
veloelty. The solutlon s compared with other studles results.

2, Phyglcal Mode]
Consider an infinite-long hot plate of thlckness A and at an
{nltial temperature T,U. This plate is ccaoled from one face by a
1Y

falling saturated-l{quid fi{lm. The back face Is assumed
insulated. The physical model is schematically described in Fig.l.

The mechanisms controlllng Lthe rate of rewatting the hot plate
surface are the rate of heat conduction 1in the x-dlirectlion of the

walli; from the dry to Lhe wel portlon, and the removel of Lthis

heat by the vlolent boillng in the narrow wet-front zane. Assuming .

constant thermal propertiasg, the transient two-dimensional

heat-conduction equatlon In the plate wall ls

't 8'T _ 1 a1 (1)
a

axz ayz T

where % and y are the cartesian coordinates referred to an origin
at the left corner of the upper plate end, T lz the tlme
coordlnate, and « Ils the thermal diffusjvity of the plate material.
Equation (1) ls assumed fo be subjlecl to the tollowing boundary
conditions

bIm T, yd = T 02y < A (27
X —3- -
Hm Tlx,y) = T 0=y 5 A (3
A—-* @ t

= 1)
T(xr,O) =T, .,
5T |: he T(x,0)~ '|'n 14k xS, (53
ay ) ¥
gz o x ooy
o7 = 0 -m 4 X £ w (8}
a|
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Flg. !. Schematic fllustratlon of revetting & hot aurface

{(g) Temperature profile {(b) wet~-front moving

where Tu § 1z the revetting temperature, k Iis the plate thermal
&

conductivity and h is the wet~-region heat transfer coefficlient,
which !5 consldered to have a constant value,. X la the wet [Iront

positlon related to Lhe fisxed coordinates x & ' The heat
transfer copfficlent In the dry region is neglected and assumed of
rera valus=,

In several previcus experimental studles [1-4], {t hag been
cbhserved that the wet front velocity, V¥, moves at approximately
censtant wveloclty. Utllizing thls experimental reault, the
problem ls simplified by relatlng the » &nd T wvarlables by =
variable z so that a set of coordinates : y and z, move wlth the

film front. The relation between x mnd z {8 detflned by :
z = x - ¥t [

Uslng the akove velatlion, the space and time gradlents are relatar

aT _ &7 . T _ aT
T .z t8r; _— = - V= (8

ax az aT 9z

Substituting relatlons (8) and (9} Intoe aguatlons (1Y~4{61, an
gets :



H .
ansoura Englneering Journal (MEJ), ¥ol. 21, Ne.2, June 1996
2
a'T R a‘T __ v er
3z" ay? R P
Hm T¢ =
z,¥) T, Q= y = A
Z—=-~-m
11 =
im T(z,vy) Tiv O =X yv 2 A
Z——-+ m
Tid,0) = T
vet
ar [j h(T(z,0- T /K z 26
a
Y y=o 0 z > O
aT
3; = 0 -m < oz < om
y=h

Consider the following dlmensionliess parameters :

M.18

(109

{129

(13

(14)

(15}

(1652

T -7 T,
+_ z + _ ¥ . _ha v _ A r a + kW .
4 -T, ¥ -—5, Bi —-g. Y -_-Et._v' T = -7 and Ti,u_ —
vel ] wal 2
- (17}
where Bl 1s the Biot number. Using these dimensicnless parameters,
equations (10) to (16) are respectively transformed to the
following dimensionless forms
T+ z_+ +
° Iz o2 o= vt X (18)
2z oy 2z"
1im T 2%, yv" 1= 0 0% y's 1 (18)
P
lim THez", vy o= 177 0 y'=1 (20)
L
2 -
+*
T ¢&,0 = 1 . (212
. * * .
GT* BI T (2 , D3 z X 0
o - (22}
A4 IVRO 0 2zt >0
'
9T o} ~w ¢ 2V¢ w (23)
ayf +
y =4
Equatlens (183-(23) are the mathematical formulatlon of the

problem whlch has to be sclved next.
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3. Numerica) Results and Dlgcusslon

For sojlving the above probiem by the numerical finlte
dlfference methad, It is imposasibie to use an inflnlte-long
plate, and s fintte length of 2L must be defined. This length
nas to be selected suflficlently Iong such that the ax(a] heat
conduction In the plate wall near lts ends lg negilgible compared

to that in the wet front region.

Dividing the plate wall along 2 - and y ~dlrections, as it 1g
ghown schematlecaliy In Flg. 2, equation (18) in finfte~difference

form 1s written as

i - T TGS LA
i Led, v, i, v-b, ]
az' Az” az”
* _ - + ¥
. A v, L. i, L, j-4
+
ay " Ay by
" +
T - T
= -yt Arted Lo d <24)
Az !

3 =1 2 3 "

1= 1
ped
3
4

ntl N +
] Y
-
Az‘*
Ar

R PR A S
l afay’ e

Flg. 2. Noda! net for 2~D. sclution.

the Indices of the gr!d nodes In the $ - an

where {,) are
{241 can be rearranged as

y+-d1rections, respectlvely. Equation
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T o= AT + BT * ¥
- 1. cer., *C (Tl.j’i ST (25)
where the constant coefficients A, B and C are defined by
Asi/C2+2(a2 " 7ay 1%yt ac” = iviaz® Tray”
y Az ), B=A(1iV Az") and C=Ataz’ /ay™)? (26)

Equatlon (25) applles for the Lnner nodes (4
) of = . -
and 1 = 2,3,...,n-1. + ! 23 i

. The boundary counditions (19)-(21) are redpectively wrltten in the
faollowing finite difference forms

+

Ti,j = Oi for 4= 1,2,.... m (27
. N ] (28)
T = T = -
n. (v fer M 1,2,. s m
. .
T e T, (29)
-1
F4

Calculating the heat balance for a boundary node 1,m at the
Ilnsulated surface of y =1, this yields

A 1 L + -
) o ] A T
HY L.m-a [N} < L-1 . @ L, m

(303
"
1 + + AZ + + +
* 2‘ t+e,.m L, m ] eV [Tm+i,m i, m ];
The above resauit can be formulated as
F = att + BT « 20T s for 1 = 2,3,...,n-1 (313
. M L-1,0 Led, m 1, M- a4

where the coefficlients A, B and C are the same ones deflned in
equatlon {(26). Slmllarly, caloculating the haat balence for a
wet-boundary node (1,1 glves

T = & T + B TF vz Tt { = 2,3,..,(n-1)/2 (32}
vl 4 oL-i,1 4 L+5, 1 L v, 2

"

where the conefflclents Az’ Bi, and C1 aETE deflned by

A= 1/C 2+ 2¢8z 78y )%+ viaz -zaz ) ¥rayt BL )Y,

B o= A L+ Vaz") and c, = A taz'/ay")? (33]

Setting Bl = O In equation (32) ylelds the relationship for the
dry—poundary nodes {(1,1) of 1 = (pt3)/2,(n+5)/2,....,0n-17, .-



M. 2! M. Hosaad

So far, a system of linear al i
: gebraic sequations has b
?btalned, which couid be solved far glven initlial H:T?
temperature, TLv' and Biot number, Bl, to compute the rewebtting

+
velocity V . Alternatively, equation (29} 1s omitted and a guass

>
on V i= made. If the resullant value of *

: =] '1'”_]““”/2‘1 deviates fraom
1, a ne? guess on YV (s made, and tha procedure is rapeated, unti|
a sufficlent accuracy s achleved. This approach haeg bgen

followed in this paper. A camputer progrem hes been constructed, in
whlch a subroutine called LEQT2F from the IMSL HATH/PC-LIBHARY for
solving the linear system of equatlaone was introducsd.
Prelimlnary tests were performed to evaluate the effect of the
grid dimengsions an the accuracy and stablillity of salution.
Finally, a square grid with az" = Ay’ = 0.1 has been chasen. The
number of nodes was 10 and 499 in the y+- and z*—dirsctlons,
respectively. .Numerical resuits for Bolt number ranging from 0.1

-
to 200 and dimensloniess inltial wall temperature rangs from 1.03
to 5 have been obtained. These parameters ranges mra relevant to
the rewetting ovondltions of a nuclear reactor core during

postulated LOFCAs [21. ' . -

Examples of these numerical results are illustrated in graphs
{3) to (4), in which the results are represented by flt or smooth
curves. Figure (3) displays the behavior of Ehe rewetting
veloclty, ¥ , versus the inltial wall tempsrature, TLu; far flve

different values of Blot number, Bi. It 1s& found that for a
certain Biot number, the rewetting velocity decermases with the
increase in the initial wall temperature and vice wversa. In turn,
the results aof Fig. (4) indicate that the rewetting veloclty is
higher for larger Blot number. As a concvluslon, the rtewetting
velocity is proportional to Biot number and inversely propertional
to the initial wall temperature. These resuvits are conslstent wlih
the findings of previgcus experimental. studies [1-4].

Yamanouchi [Ll01 derlved an analytleal, ane~dimansional
cealution for a thin pilate. This solutlon, In the form of the
ahove-defined dimenslonless parameters, reads as

a. >

* —__BY $34)
+ +

T (T, -1)

v LW

Comparison of the ahove one-dimensional solution with the
current two-dimensional solutlon is shown in Fig. (5); for thre
differsnt values of the dimensionless initial wall temperature,
T:“. The one-dimensional solution is represented by the dasha:
line in the graph., It {5 evident that for certaln lnitial wal
temperaturse, the differance betwsen the two soluticns ls blgge
for larger Bilot number, especially at low {nftial wa i
temperature. However, in most cases of Blot number > 0.1 an
dimensloniess Initial wall temperature above 4.0, reasonab]
agreement between both solutlons is achieved. This means that Blo
number Is not only the proper criterlon whlch defines the boundar
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between the one- and two-dimensional solutians.

Ta clarify this as
wel!l as deflne thls boundary between the two solutlons, the
obtained numerical results are plotted in Fig. 6 in terms of v
versus EBi/(T:v(T:vﬂll)lo'a, i.e., in terms of the two parameters
ot the one-dimensional sglution. It is found that: for

Bi/(T:th:v-l))Sl, one~dimensiognal solution (34) Is sappropriats

and predicts the numsrical results with relative rms error of *

%. However, for Bl/(T:vET:vvl}) > L the numarical rasulls coulc
be smoothed using the least squares procedure, by a flt formulc
with relative rms error of * 5%, This formula Is :
L= : B
v' o= 0,72 8t —— r o>t (35:
(YT Tr -t
LW LW
where z = Bi/(T5 (T' -i})
LW LW
10 Jf-ﬁ*TTTwm~"Tﬂ*nﬂww'-rW7Tnﬂr'7*rTﬂﬂﬂ"l"’3
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Comparlson of the present solution with measured data (123 ls
plotted in Flg. 7. These data (tabulated in ref. [51) consists o1
26 measured polnts representing 26 experimental runs, conducted om
rewetting a hot vertlcal stainiess steel tube ( thickness =0.064'

and outer dlameter =.5"). by a falling water f1lm, The comparlisor
indlcates that the present solutlon (35) predicts the experimental
data with rms error of * 6%. Howewver, one~dimenslonal solutior

(34) predicts the same data wlth rms error of * 310 %.

4. Maln points

1 Ths two~-dimensionless modelllng of the translent heat conductit
problem in a rewetting process is appropriate to highlight th
effects of maln relevant parameters affecting this phencomenan

2 The numerical! data obtained. could be fltted by a slmph
expllclt correlation for predlcting the rawetting veloclty witl
acceptable accuracy

3 One-dimenslonal modelling [s inadequate to treat the problem.

Nomenclature

A,B L C constants, see eg. (26}
An’Ba'Cn constants, see eq. (33
Bi Biot number, {(hall)

nodes Index in z ~direction

—

3 nodes index In y'-directian
k thermal conductlivity of plate material
L half of plata length
L half of dimensionless plate length, (L/A)
h canvective heat transfer coefflclent
m total number of nodes in y -direction
” total number of ncdes in z -directlan
rme root mean sgquare error
T temperature
T dlmensionless temperaturz, (T -T /(T -T 3
. -] vael -
T'w initla) wal) temperature
1
T? dimensionless initial wall temp.,(T =T 1/(T  -T )
Lw (Y] a wal -]
T saturation temperature
=
T rewettling temperature
wal
v rewetting velaocity
e dimensloniess rewetting veloclty, (AV/al
K, fived carteslan coordinates with the origlon (0,0) at
the left cornar of the upper plate end
X, . wet front positlon referred to fixed coordinates x,y
z,¥ moving carteslan coordinates wlth the orlglon (5,07 at
the wet fromt
+* +

F dimenglonless moving cartesian coordinates, (z/4, y/4&)



Hansoursa Engineering Journal (HEJY, Wol. 21, No.2, June 1398 H.26

Greek symbols

T time
=] thermatl difrfusivit
Y of plate matarl

4 plate thickness rhel
+

Ay dimensional grid slze in y-direction
+

Az dimenslonal grid size in z-diregctlan
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