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Abstract

Theoretical and numerical study on heat transfer and evaporation in the vertical channel has

been carried out and basic correlations have been derived for the heat transfer evaluation of PCCS.

Analysis program was developed with low-Reynolds-number k-¢ model and surface transfer rates

were calculated for the turbulent natural convection in the vertical channel. In relation to dry cool-

ing by buoyancy-driven air, first, the system parameters which govern overall heat transfer rate are

determined through the adequate nondimensionalization procedure. After comparison with existing

experimental data, numerical results are used to derive heat transfer correlation by sensitivity calcul-

ations. In relation to wet cooling by falling water film, numerical analysis are carried out for evapor-

ation process with real film surface conditions and evaporation correlation is derived through anal-

ogy concept and correction factors.
1. Introduction

The containment systems of existing plants have
"been constructed to maintain its integrity against any
possible thermal and pressure load based on the
DBA{Design Based Accidents). But after TMI/2 and
Chernobwyl accidents, new researches were performed
for the severe accidents and the significant improve-
ments of safety systems were demanded for future
plants. In the recent years, particular attention was
devoted to the intrinsic and passive characteristics of
nuclear power plants which was credited to increase
reliability and public safety. Natural convection cool-
ing in the double containment is one of the possible
concepts for the future containment systems.

Two practical candidates for PCCS{Passive Con-
tainment Cooling System) of PWR are the contain-
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ment cooling (1)by buoyancy-driven air and (2)by
evaporative water film. These concepts are adopted
in Westinghouse’s AP600, Ebasco’s HWRF, B&W's
ASPWR, and KfK’s composite containment”?.
Westinghouse carried out several experiments as a
confirming procedure of their PCCS design. Some
experiments were performed for specific issues such
as heat transfer and evaporation coefficients, flow re-
sistance, and wetting fraction. While others were for

(1)

integral system performance”. Ambrosini measured

heat transfer and evaporation coefficients in the verti-
1(3).

cal channe] Westinghouse and Ambrosini used

blowers to compensate scale-down effect.

But the heat transfer characteristics of buoyancy-
driven flow is different from that of forced flow. Until
now, general heat transfer and evaporation correla-
tions for the turbulent natural convection in the verti-
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cal channel were not developed. So Ebasco used
Sparrow’s laminar correlation in their PCCS model

#4  Evaporation correla-

with so large conservatism
tions were derived from the heat transfer correlations
by analogy concept between heat and mass transfer

in the above studies.

Experiments for the turbulent natural convection
heat transfer in the vertical channel were carried out
by Siegel, Hugot, and Miyamoto®®”. They measured
heat transfer coefficients with varying channel width
and fixed height. Siegel and Hugot suggested overall
heat transfer correlations using only one length scale.
Miyamoto obtained local Nu number correlation whic-
h was well fitted to data near channel outlet. Two len-
gth scales were known to dominate natural convec-
tion heat transfer from two vertical plates together®”.
Application of the suggested correlations to other as-
pect ratio(S/H) can induce a few errors. The publis-
hed data points are insufficient for general heat tran-
sfer correlations with two length scales yet Chang
studied numerically the laminar naturally-driven flow
in the channel with fully elliptic equations and large
' Cheung did the turbulent flow with
boundary layer equations and low-Reynolds-number
k-¢ model.

The purpose of this study is to develop theoretical

reservoir®

model for turbulent natural convection in the vertical
channel and to derive heat transfer correlations bas-
ed on numerical results and existing experimental
data. Also nurnerical analysis is carried out for evap-
oration process with real film surface conditions and
evaporation comelation is derived through analogy
concept and correction factors. More detailed existing
studies on turbulent natural convection heat transfer
and evaporation in the vertical channe] are described

in the reference *°.

2. Theoretical Modeling

In the real annular structure of PCCS, the gap size
between steel vessel and concrete wall is very small

compared with the diameter of containment vessel.

So the effect of curvature can be ignored and the
configuration of calculation domain be approximated
by a vertical channel, as shown in Fig. 1. Uniform
temperature boundary condition is imposed on the
left side and adiabatic condition on the right wall in
most cases. The left side corresponds to steel wall for
heat transfer problem and to film surface for evapor-
ation problem. Heat transfer or evaporation from left
side makes nearby gas density low. Light gas flows
up by buoyancy.

2.1. Governing Equations and Boundary Condi-
tions

2.1.1 Heat Transfer Problem

Governing equations are 2-D elliptic type which do
not have any assumption of flow profiles. To formu-
late the problem, following assumptions are employ-
ed.

* All physical processes are two-dimensional and tak-
ing place at steady state.
e The induced flow is turbulent at inlet. In most

cases, the Re number of air is above transition
point.

Heating Wall or q'#0, m".u,v=0 (HTP)

Water Film Surface q",m"uv70 (EP) ! § |
(T given) ‘o i
A '8 P *
i L8
4 9 2
K
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! 5 Flow SEES
L, o# . Y

vy p=-1/2,07

Fig. 1. Calculation Domain and Boundary Conditions
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* Boussinesq assumption are not used and all air
properties are calculated as the function of tem-
perature.

e pressure work and energy dissipation are negli-
gible.

With the above assumptions, equations governing
the conservation of mass, momentum, and energy of

air in the channel are given by

(o) = 0 o)
op
%(pu,ui)——aTJr(p Po)gi

+a—[(ﬂ+#()(£ gi )—%pkaij] (2)

e =g (B )E) ©
where pu is the difference between the local pressure
in the channel and the ambient pressure at the same
elevation, that is, ps=p{x)—p«(x). Pr is turbulent
Prandt! number. A constant value of 0.9 was
employed for it in most existing natural convection
studies"”. Same value is for it in the present study.
The other symbols are described in the nomencla-
ture.
perature at the inlet, outlet, and both walls are

X':O: u:ulan:Tinr pd:_%—mlzn (43)

y=0:u=v=0, T=T, (4b)
e —u_pn OoT _

y=S: u=v=0, dy 0 (4c)
_qy. Ou _dv 9T _

x=H: 50 =9k T ox 0 Pa= 0 (4d)

where uniform wall temperature conditions are
employed at the heated wall except the calculations
for uniform wall heat flux experiments. Adiabatic con-
dition is used at the right wall. Inlet pressure —1/2p
u? is the value needed for stationary ambient air to
accelerate to inlet velocity u., which was suggested
by Aihara"?.

(b) Evaporation Problem
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In this study, only gas region is solved numerically
with given film surface conditions. The governing
equations and most boundary conditions for the heat
transfer are applied to evaporation with left side reg-
arded as film surface. The properties of air/vapor
mixed gas are the mass-averaged values for each
nodes. Following equation for vapor mass fraction W
is solved with Eq. 1, 2, 3.

palGub (g bt B

)

Sc: is turbulent Schmidt number and has the
same value with Pr. The u velocity of film surface is
given by Nusselt theory from film mass flow rate. Vap-
or mass fraction and blowing velocity at the film sur-
face are given by

_ M.p.
Wint— Mvpv+Ma(p[ot_pv) (6)
D W
Vi =T W) oy |,on {7)

Eq. 6 is derived from Dalton’s partial pressure law
and the state equation of ideal gases. Partial pressure
of vapor, p. is obtained from saturation curve with in-
put film surface temperature. The solubility of air for
water is neglected in Eq. 7. The heat flux from the
film surface is composed of sensible heat transfer

and evaporation.

QmQ QCl = +q;|y=0

5|

\=n+pVhfg 0 (8)

Evaporation occupies most part of overall surface
heat flux and the ratio increases with temperature.
Whereas sensible heat transfer and evaporation have
effect on the driving force of flowing gas together
and any mechanism can be neglected.

2.2. Turbulence Model
Eddy viscosity u is introduced to reflect turbulent

effect in the above equations. Additional equations
are needed to compute local variation of eddy vis-
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cosity s and other variables. Standard k-¢ turbulence
model which has been generally used employs logar-
ithmic wall function. Henkes compared the several
k-¢ turbulence models for the natural convection boun-
dary layer and reported that erroneous heat flux were
predicted with the standard model®. So low-Reynol-
ds-number k-¢ model which does not need wall func-
tion is employed in this study. After reference search
for the existing k-¢ turbulence models, Jones/Laun-
der’s model was adopted, which showed excellent
prediction especially for natural convection heat tran-
sfer™. This model includes six experimental constan-
ts and original values are used in this study for both
heat transfer and evaporation problems without any
change.
Eddy viscosity u: is expressed as following

2
;lt=C,,F,,pl(; 9)

Turbulent kinetic energy k and turbulent energy
dissipation ¢ is given by

9 _90 #) ok
an (m]k)_ an [(’1+ Oy ) ax,}

1/2 2
+P+G—pe—2,u( ok ) (10)

an

9 __0_ e\ de
ax; (ouje) = 0%, [(#+ os)ax,}

+ f(CElFIP _CEzepE:) + C&'j'li_ G

3% \?
+2 (11)
ﬂ/lt( ax? )

Inlet k value is expressed as turbulence intensity
and inlet ¢ value is obtained from the k value as-
suming equilibrium state between turbulence gener-
ation and dissipation.

2.3. Nondimensionalization of Governing Equa-

tions and Form of Correlations
2.3.1. Heat Transfer Problem

The governing equations are nondimensionalized

by using following nondimensional numbers which

are referenced to Chang’s and Ozoe’s studies"*™®.

X=3. v=%. A-g. U=

Vs Pt —Tot
—T )3

Ras= gB(TwuaTm)S K= e

E=7j*§. u{=fj (12)

In the nondimensional governing equations, par-
ameters which represent the system are Ras and as-
pect ratio(H/S). If these parameters are given, the
profiles of all other variables, Nu number, and friction
factor are determined uniquely.

In the case of natural convection near vertical
plate, there is only one independent length scale,
height H. Nu number depends on only Rayleigh
number Rau in the most heat transfer correlations
and the form is Nux = C Rax™ Whereas there are
two independent length scale, that is, height H and
width S in case of the natural convection from verti-
cal channel. Nu number is expressed in Ras and as-
pect ratio H/S in most existing laminar heat transfer

correlations as following™ :

Nug = C Rag" (%)

where h = ¢ /(T,—T,)

m:

(13a)
(13b)

Laminar heat transfer correlation derived by Elen-
baas has unit exponents, m1 and m2 values for the

](15)

thin channel™. The exponents have same values in

the correlations derived by Sparrow and Chang®®.
Though Sigel expressed his turbulent data by using
one length scale, Kreith recommended that the ex-
perimental data were more adequately fitted to Eq.
13 type of correlation®.

The turbulent natural convection heat transfer co-
rrelation which is the subject of this study can be ex-
pressed in the form of Eq. 13 but the same value of m1
and m: is not expected. The coefficients and each
exponents will be determined based on numerical res-
ults and experimental data. Heat transfer coefficient

is defined with air average temperature Tn at the star-
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ting elevation of developed region in the correlation.
2.3.2. Evaporation Problem

Instead of «, diffusivity of vapor D is used for
nondimensional numbers of the evaporation prob-
lem. Ra’ number and aspect ratio determine Sher-
wood number and the relation can be expressed in
the following equation.

Shg = C Ra™ (%) (14)

where the density difference of Ra number is com-
posed of temperature and vapor mass fraction differ-
ence. Sh number is defined as

m'S QW)
pD (Wm'—wint) (15)

Shsz

The coefficients and each exponents are deter-
mined in the same manner with the case of heat tran-

sfer.

2.4. Numerical Solution Method

One major requirement in the numerical predic-
tion of the turbulent flow is that fine grids are need-
ed near the wall. This is especially true when using
the low-Reynolds-number turbulence models. To save
computation time and to improve the accuracy in
predicting the near-wall turbulence behavior, fine grid
spacing is used in the near-wall regions, whereas the
grids in the central region of the channel are arran-
ged in such a way that the grid spacing increases tow-
ard the centerline.
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Control volume scheme and staggered grids sys-
tem are used for the discretization of the governing
equations and boundary conditions™. The control
volume scheme has advantage for the conservation
of mass and momentum, compared to Taylor series
expansion. The staggered grids system is used to
avoid pressure fluctuation during converging se-
quence.

The governing equations are coupled nonlinearly

with each other and many iterations are needed to
obtain final converging solution. SIMPLER(Semi-Im-
plicit Methods for Pressure Linked Equation Revised)
suggested by Patankar is employed to couple press-
ure and velocities equations”®. CGM(Conjugate Gra-
dient Method) is used to solve the matrix equation
for pressure and MSI{Modified Strongly Implicit) for

(17}

the other equations'”. Numerical solutions have the

possibility to diverge during the iterations.
Under-relaxation factors have values between 0.3 and
0.8. If a large number of grids are used, numerical
Multi-grids

method is employed to prevent the fluctuation.

solution often fluctuates periodically.

3. Results and Discussion

3.1. Heat Transfer Problem

The thickness of viscous sublayer is about y/nr =
1.7 as described by George/Capp in the turbulent
natural convection boundary layer™. Its value is
about same to y* =4.

All solutions are obtained with first arid located wit-

Table 1. The Effect of Distance from Wall to First Node on Nu Number for Heat Transfer Problem

(H=6m, S=0. 1m, T=40~160<C)

Ra Nu/y”
1.83E4" 6.14E-5 3.32E-5 157E-5
4.25E6 10.60/0.86 .1037/0.15 10.35/0.07 -
851E6 14.02/1.09 13.22/0.36 13.15/0.09 -
1.28E7 - 1557/0.40 15.38/0.21 1527/0.10
1.70E7 - 22.85/0.47 18.61/0.24 17.54/0.11

* Distance of first node from wall
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hin y* =0.5 in this study. The calculated Nu number-
s with different first grid locations are shown in Tab.
1. The table shows converging trends as first grid ap-
proaches the wall.

There exist a few experimental heat transfer correl-
ations for laminar natural convection in the channel.
To verify the dewveloped program except turbulence
part, the numerically obtained Nu numbers are com-
pared with the value from Sparrow’s and Bar-Cohen’ s
laminar correlations, which shown in Fig. 2%%%%

The numerically obtained Nu numbers agree to cor-

relations very well in the figure. Hugot carried out tur

bulent natural convection experiment where both wal-
Is were heated in the condition of uniform tempera-
ture. This experiment is simulated numerically. Fig. 3
shows heat transfer coefficient trends at the different
heights. The numerically obtained Nu numbers have
same trends with experimental data but are located
somewhat at the lower positions in the figure.

In the turbulent forced convection, temperature
profiles near wall can be expressed in the logarithmic
functions if they are nondimensionalized with
friction velocities. Most heat transfer correlations for
the forced convection were derived based on the
profile assumption. Also the temperature values of
the nearest grid from the wall are calculated by using
the logarithmic function in the standard k- model.

Fig. 4 shows two groups of profiles, that is, the calcul-

ated temperature profiles near the wall which are
nondimensionalized with fiction velocities and the
logarithmic functions for the forced convection. In
the viscous sublayer, the calculated profiles agree to
the linear function very well as described by Siebers
# Whereas the calculated profiles deviate from the
logarithmic function in the turbulent layer, which rev-
eals the heat transfer characteristics of buoyancy-driv-
en flow is different from that of forced flow.

The coefficient and exponents of Eq. 13 are deter-
mined through following procedure. First, Nu num-
bers are calculated for different Ra numbers with as-
pect ratio fixed. Exponent, m1 is obtained from these
calculations. Above calculations are performed with

| LT
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Fig. 2. The Calculated Nu numbers for Laminar Convec-
tion.
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Fig. 3. Comparison of the Calculated Heat Transfer
Coefficients and Experimental Data

other aspect ratio and then the value of ml is con-
firmed to be same for other aspect ratio. Finally, the
coefficient and exponent m: are fitted from the val-
ues of Nu/Ra™. Nu number is defined as the aver-
aged value of the developed region. Calculation con-
ditions are shown in Tab. 2. The internal condition
of channel determines Re number of induced air
flow in the natural convection. Fig. 5 shows the Re
number as a function of Ra number and aspect ratio.

Fitting function for the calculated data is

- I H 0.565
Res =0.471 Ra" (§-) (16)
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where S’(2S) is used for convenience, instead of S
and all properties are calculated at the ambient tem-
perature. Fig. 5 also shows the experimental data of

™ The experimental data are shown to de-

Miyamoto
viate from the fitting function at the wide channel
(H/S’ =12.5). Mivamoto described that the character-
istics of flow in this width was close to that of natural
convection near single plate.

Fig. 6 shows the calculated Nu numbers as a func-
tion of Ra number and aspect ratio. Fitting function

for the calculated data is

©,0.173
Nug =(.187 Ra3? (%) 17)
25 L
Ra=4.25E6
------ Ra=8.51E6
20 Ra=1.28E7
----- Ra=1.70E7
151 - --- Ra=2.13E7

. G ’ -

2195inY "+ 13 2Pr-5 66

T(T,:DeC U3,

1 10 100

Fig. 4. Nondimensional Temperature Profiles Near Wall

Table 2. Conditions for Sensitivity Calculations

Reference Dimension
3~15m
0.05~0.3m
40~200C (HTP®)
50~80¢C (EP"*)

Channe! Height
Channel Width
Wall Temperature

Ambient Temperature 20¢C
Humidity of Ambient 50%
Air

Dimensionless Groups
Aspect Ratio(S’/H) 0.02~0.05
Ra Number 6E5~5E9(HTP)

5E6~1E9(EP)

Pr number 0.71

"HTP : Heat Transfer Problem
**EP : Evaporation Problem

dJ. Korean Nuclear Society, Vol. 28, No. 6, December 1996

The experimental data of Hugot, Siegel, and Miy-
amoto are also shown in the figure. Hugot and Sieg-
el carried out their experiments with uniform wall
heat flux condition and used the modified Ra num-
bers, Ra". Parameter conversion, Ras” =RasNus is
employed for their data. The caiculated Nu numbers
are distributed a little low compared to the exper-
imental values but have same trends with them in
the figure. Both of the calculated and the experimen-
tal Nu numbers show linear trend, which proves the
adequacy of Eq. 13 for the turbulent natural convec-
tion in the channel. The coefficient C of correlation
is changed to 0.22 with same exponents, if the ex-
perimental data are fitted.

104 +

Open Symbols . calculated Re number
O Hfs=0, O HS=30

A Hs=t0, g HS=50

Other Symbols . Experimental Re number

Re/(H/S)0 5
g

10% ¢ 4+ we=2s, ¥ HS=
¥ HIS=50
10° 107 108 10° 10'0
Rag

Fig. 5. Re Number of Induced Flow as Function of Ra

Number
Real Line
101 i Nusl(S‘/H)O"’=0 187 Rayoxn

8/-\
<
@

n

=1 1

310

Open Symbols Calculated data (S7H=0 02-0 05)
Other Symbols . Expenmental data

X Hugot's data (S7H=0033~0.2)

<+ Miyamoto's data (S/H=0 02--0 08)

M Swegel's data (SYH=002-02)

10° 108 107 10° 10? 10'¢
Rag.

Fig. 6. Nu Number as a Function of Ra Number
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3.2. Evaporation Problem

The procedure for heat transfer are performed for
evaporation correlation with one additional variable
of film mass flow rate. In this case, the left side has
non-zero film velocity, which induces the decrease of
incoming air mass flow rate. Also very small but
non-zero blowing velocity from film surface has effect
on evaporation rate. These two effect have to be in-
cluded in the evaporation correlation. In this study,
correction factor method is employed to reflect the
effect.

Two categories of calculations are carried out. First
category is with zero surface velocity and zero blow-
ing velocity. Second category is with real surface con-
dition for the given film mass flow rate. The purpose
of first category calculation is the confirming of anal-
ogy between heat transfer and mass transfer. In this
case, the introduction of correction factors is not
needed. Correction factors are determined from the
second category calculation. Fig. 7 shows the result,
where > symbols are obtained from first calculations
and @ from second. The coefficient and exponents
of evaporation correlation in the figure are same to
those of heat transfer problem. The < symbols are
fitted by the correlation very well. This fact shows
that the analogy methodology between heat and
mass transfer can be used for the turbulent natural

10?
. Sh)J(S'/H)O REN 187Ras.° n2
L
2
(=]
—
<
2
=
@
&
@ ShSTHYICF
10' calcutated with rea surface condmon
O swEmHyY™
calculated wath zero surface velocity and na blowing
108 107 108 10°
Rag.

Fig. 7. Sh Number as a Function of Ra Number
(ilm mass flow rate=0.05~0.15kg/m-sec,

Tw=50~80T)

convection in the channel. @ symbols are Shs/
(S’/H)*'” divided by following correction factors.

Blowing CF = In(1+B) ,B= M /o5y (18a)
B StAE

Re -0.033
Surface Velocity CF = 0.819(K£f;"7) (18b)
Eq. 18a expresses the decrease of evaporation by
blowing effect and Eq. 18b reflects the effect of film
surface velocity. The characteristic scale of Refim,
Ras™® is obtained from Eq. 16. The @ symbols are

also fitted by the correlation very well in the figure.

4. Conclusions

Theoretical study on turbulent natural convection
heat transfer and evaporation in the vertical channel
using numerical analysis was performed and basic
correlations have been derived for the heat transfer
model of PCCS. Comparison between the numeri-
cally obtained results and the existing heat transfer
correlations or experimental data showed it possible
for heat transfer correlation to be determined from
the developed program.

The system parameters that dominate transfer rate
are derived through the nondimensionalization of
governing equations. The coefficient and exponents

of correlations are determined by sensitivity calcu-

lation for the system parameters. Nu numbers from
the obtained correlation are a little lower than exper-
imental data but show the same trend. Sh numbers
from evaporation calculation with real film surface
conditions very well correspond to the evaporation
correlation obtained from analogy concept and cor-
rection factors. The developed correlations are for
the naturally driven flow into the channel with ideal
inlet/outlet boundary conditions and for fully wetted
surface. Additional studies on friction increase in the
real structure and wetting fraction of water film may
be needed to apply the developed correlations to
real containment systems.
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Nomenclature

parameter used in blowing cormrection
specific heat

correction factor

diffusion coefficient

turbulent production by buovancy
gravitational acceleration

channel height

heat transfer coefficient

mass transfer coefficient

turbulent kinetic energy
molecular weight
evaporation flux
Nusselt number, hS’/A
turbulent production by shear stress
pressure
dynamic pressure
Prandtl number, v/a
heat flux
Rayleigh number for heat transfer(gBATS>)/av
Ra’ Rayleigh number for evaporation
{g(f"AW + BAT)S™*}/Dv
Ra" modified Rayleigh number,
{gBq’S™)/ iav
Re Reynolds number, uS’/v
S channel width
S 25
Sc  Schmidt number, v/D
Sh  Sherwood number, hnS’/D
Stas Stanton number for mass transfer
hw/u

T  temperature

B
CP
CF
D
G
g
H
h
he
hy latent heat of evaporation
k
M
m
Nu
P
p
Pa
Pr
q
Ra

uv velocity components of x, y direction
W vapor mass fraction
x  longitudinal coordinate

y  transversal coordinate
Greek letters

a2 thermal diffusivity

B thermal expansion coefficient

J. Korean Nuclear Society, Vol. 28, No. 6, December 1996

nr  inner region length scale
[(v/PrV/(gpATII™

¢  turbulent dissipation rate
A conductivity

u viscosity

v kinematic viscosity

p  density

Subscripts

e evaporation
c convection

ij  coordinate index

in inlet

int interface

m  average value

t turbulent

v vapor

w  wall

o0 ambient condition
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