
Int. J. IIcat Mass Tran.~fi.r. VoL 26, No. 1, pp. 73-86, 1983 
Printed in Great Britain 

0017-93 0,83.'010073-14 S03.00,'0 
1983 Pergamon Press Lid. 

M I X E D  C O N V E C T I O N  O V E R  A V E R T I C A L  Z I R C A L O Y  

P L A T E  I N  S T E A M  W I T H  S I M U L T A N E O U S  

O X I D A T I O N  

B. T. CtqAO and S. J. CltEN 
Department of Mechanical and Industrial Engineering, University of Illinois at Urbana-Champaign, 

Urbana, IL 61801, U.S.A. 

and 

L. S. YAO 
Department of Mechanical and Energy Systems Engineering. Arizona State University, Tempe, AZ 85821, 

U.S.A. 

(Receired 15 January 1982 and in final form 9 June 1982) 

Abstract--An analytical study is made of the quasi-steady, laminar, binary boundary layer flow of steam and 
hydrogen over a vertical Zircaloy plate under conditions pertinent to the Three Mile Island nuclear reactor 
accident. The experimentally observed oxidation rate law is modified to account for the possible presence of 
hydrogen in steam outside the boundary layer and for variable plate temperatures. The oxidation of Zircaloy 
gives rise to a small suction velocity of the sleam-hydrogen mixture at the cladding surface. Details of the 
longitudinal and transverse components of the velocity profiles, temperature, and hydrogen concentration 
profiles across the binary boundary layer are presented as well as longitudinal distributions of wall suction 
velocity, wall shear, and wall temperature. A parametric study of the effect of surface radiative heat loss was 
made, using recently reported data on the radiation heat transfer coefficient. Correlations are proposed for 

the local wall temperature rise and for the local Nusselt and Sherwood numbers. 
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specific heat at constant pressure 
[kJ kg-  1 K -  1] ; 

chemical reaction parameter, [(U :~ k ~ T ~)/ 
(g q~e<=, ,.~)]1,~ O/p~) (K/[(;,:) t ] la);  
mass diffusivily [m 2 s -1] ;  
Fujii's correlation function, equation (38); 

decay heat parameter, [(qder T~) 2~3] 
[its.,. ,.~)la)'~]; 
gravitational acceleration [m s- i] ; 
local Grashof number, 
[g qaer (Sx)*]/[v~k~ W~]; 
heat transfer coefficient [W m -2 K - l ] ,  
h, for convection, equation (32), h, for 
radiation ; 
heat of reaction [kJ kg- t] ; 
thermal conductivity [W m-  t K -  1] ; 
parabolic rate constant [(kg m-2)2s- l ] ,  
( K )  denotes mean value of K ; 
local Nusselt number, equation (33); 
pressure [N m- 2] ; 
Prandtl number, Cp #ilk ; 
heat flux [W m-2]  ; 
heat flux due to fission product decay; 
radiation heat flux; 
heat flux due to chemical reaction ; 
local Reynolds number, U ~, 5x/v ~; 
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dimensionless axial coordinate, (2/5) 3r2 
GrJRe~ a = 2(2v J U ~ )  l/2 (g qdec,y/k ~ T ~) 
x3JJ; 

Schmidt number, v/D; 
local She~vood number, equation (44}; 
oxidation time [s];  
temperature [K] ; 
velocity component in x-direction [m s- 1] ; 
dimensionless velocity, u/U ~; 
free stream velocity [m s-1] ;  
velocity component in y-direction [m s- t] ; 
dimensionless velocity, (2/5) Ic2 (t,/U~) 

1/2. Re~ , 
coordinate along plate [m];  
coordinate normal to plate [m]. 

Greek symbols 
A, thickness of Zircaloy plate [m] ; 
q, dimensionless transverse coordinate, 

(5/2) l~ (y/5x) Re~12; 
0, dimensionless temperature rise, 

[ ( T / T , ) -  I ] / F . ( I / 3  ; 

tl, dynamic viscosity [N s m-2 ] ;  
v, kinematic viscosity [m 2 s- i] ; 
p, density [kg m-3] ;  
to, hydrogen mass fraction; 
03, hydrogen mass fraction increase, 

(co - o2 ~,)/.r 1~ 
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Subscripts 
1, refers to steam; 
2, refers to hydrogen; 
~ ,  refers to free stream; 
w, refers to exterior surface of Zircaloy plate. 

I .  I N T R O D U C T I O N  

ONE OF the problems frequently encountered in the 
safety analysis of a water reactor is the 'loss ofcoolant '  
_accident (LOCA). During LOCA, the reactor core is 
gradually uncovered, and the residual water in- 
ventory is slowly boiled off by decay heating [1]. 
During the accident in the Unit 2 reactor of the Three 
Mile Island (TMI) nuclear power station, the core 
uncovery occurred about 100 min after the scram of the 
reactor [2]. At that time, the decay heating rate 
amounted to less than 1.5~ of the full reactor power. 
Notwithstanding the low power level of decay heating, 
the temperature of the uncovered portion of the fuel 
rods would rise significantly due to the poor heat 
transfer capability of steam as compared to that of 
water. The hot Zircaloy cladding of the fuel rod reacts 
with steam to produce hydrogen while its mechanical 
strength deteriorates as oxidation proceeds. For the 
TMI-2 reactor, it was ascertained that the oxidation of 
the cladding had been developed to such an extent that 
radioactive gases leaked from the interior of the fuel 
rod and contaminated the primary coolant system. 
Hence, there is clear incentive to develop a model that 
is capable of predicting the oxidation rate of the 
Zircaloy cladding and the hydrogen generation rate 
under the slow boil-off condition. The phenomenon is 
complex because radiation will interact significantly 
with convection under the conditions of high pressure 
and temperature in the water reactor core [3]. No 
information about the extent of the effect of hydrogen 
generation in enhancing the buoyancy flow is avail- 
able. Since the production of chemical reaction heat is 
strongly temperature dependent, its importance rela- 
tive to the fission product decay heat can only be 
accurately assessed if the fuel rod cladding tempera- 
ture is known. The latter would, in turn, depend upon 
the combined convective and radiative heat transport 
at the rod surface. 

2. PIIYSICAL MODEL AND GOVERNING EQUA'I'IONS 

Because of the rather complicated scenario of the 
TMI-2 LOCA, as a first step toward achieving some 
understanding of the physical and chemical processes 
involved, an idealized 2-dim. convection-radiation 
model was chosen for this study. It consists of avertical 
Zircaloy flat plate with superheated steam flowing 
vertically upward past its hot surface as shown 
schematically in Fig. 1.I" The coordinates along and 
normal to the plate are denoted by (x, y) and their 

tThe model is not intended for immediate reactor appli- 
cation for which channel flow in rod bundles must be 
considered. 
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FIG. I. Physical model and coordinate system (rw is actually 
negative). 

corresponding velocity components are (u, v). The 
origin of the coordinate system is chosen to coincide 
with the current water level. At the interior surface of 
the plate, there is a known heat flux, q,~,r due to 
fission products. At its exterior surface, dissociative 
chemisorption of steam molecules into oxygen and 
hydrogen ions or atoms takes place [4]. The combined 
effect of(i) the transport of steam toward the plate and 
across the boundary layer and (ii) the diffusion of 
oxygen through the oxide layer and subsequently in 
the , / p  Zircaloy substrate results in a normal mixture 
velocity at the plate surface, t,,,, which is actually 
negative. The boundary layer is a binary mixture of 
steam and hydrogen. The possible presence of a small 
amount of air and other gases is ignored. Outside the 
boundary layer, the steam flow is steady and has a free 
stream velocity U~, temperature T~, and hydrogen 
mass fraction to~. For the TMI-2 conditions, the steam 
flow rate in the fuel rod bundle was reported to be 
0.5 g s -  1/rod with dryout at the top of the core and to 
near zero as dryout was completed [4]. Based on the 
fuel assembly information made available to us [5], it 
was estimated that the upper limit of steam flow 
velocity in the channel was approximately 1.2 m s - I .  
An estimation of the core uncovery history has been 
reported [2]. The coolant level receded from the 
normal 12 ft to 3 ft above the bottom of the core in 
30-40 min and this occurred about 100 min after the 
turbine trip. A study of the phenomenon has been 
made [6] and it was concluded that a quasi-steady 
analysis is adequate for our present purpose. 

Combined free and forced convection flow over a 
vertical flat plate with specified surface heat flux has 
been studied [7, 8]. These analyses are based on 
constant properties (except, of course, the change of 
density with temperature) and without radiation. It 
does not appear that information on mixed convection 
flow applicable to reactor core uncovering conditions 
is presently available. The case of pure free convection 
has been reported [9]. 
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2.1. Gorerning equations and boundary conditions 
The governing conservation equations for the binary 

boundary layer motion are well known. For the 
convenience of the reader, they are given below in a 
form suitable for quasi-steady analysis. 

Mixture continuity. 

a(pu )/ax + O(pv )/ay = 0. (1) 

Mixture montentunz. 

[p ,,(&,lax)]+ [p  r(~u/ay)] 

= (p~ - p)J + .~0~ ou/ay)/ay. (2) 

Mixture energy. 

pC.[(u aT/ax) + (v away) ]  = e(kaT/ay)/ay 

+ p o(c,2 - c , , )  (aWay) (eolOy) - (OqjOy). ( 3 )  

Conserration of hydrogen species. 

p u(&o/ax) + pr(&o/ay) = ~(pD ~to/O),)/ay. (4) 

A rigorous evaluation of the radiative contribution, 
ar in equation (3), is quite complex because steam 
in fuel-rod bundles under uncovering conditions is in 
the intermediate regime of optical thickness [3]. 
Furthermore, the scattering of radiation by dispersed 
droplets may not be negligible [10]. Recognizing the 
difficulty and the uncertainty involved, it was decided 
not to seek a rigorous analysis but instead to assess the 
influence of radiation via an experimentally deter- 
mined radiative heat transfer coefficient h, for which 
some information has recently been made available 
1-3]- Accordingly, in the analysis that follows, the term 
Oq,/Oy in equation (3) is deleted and a radiative heat 
flux h,(T~ - T~) is incorporated into the thermal 
boundary condition. While this artifice will enable us 
to conduct a parametric study of the effect of radiation 
on the Zircaloy plate temperature, the field results, 
such as velocity and temperature distributions across 
the boundary layer, must necessarily be approximate. 
Furthermore, in interpreting the results, one must bear 
in mind that h, is, in reality, strongly temperature 
dependent. 

Boundary conditions. 

x = O , y > O  I 

and I : u = U~, T = T~, r = co~ 

Y ~  ~ / (5a, b, c) 

y = 0: u = 0, v = t,w(x, t). (6a, b) 

[-k(OT/Oy)]w = qj~c~, + q . . . .  - h,(T~ -- T J .  
(6c) 

tFor the quasi-steady solution sought in this work, the 
thermal energy associated with heating up of the Zircaloy 
plate is approximately two orders of magnitude smaller than 
qa~,~y and is thus neglected. 

~+A comparison of various expressions proposed is given in 
Appendix A of ref. [6]. 

(D Oto/a)')w = [(1/8) + r v,,. (6d) 

Equation (6c) follows an enthalpy balance of the 
Zircaloy pla te t  and equation (6d) is derived from the 
assumption that the dissociative chemisorption of 
steam into hydrogen and oxygen at the plate surface is 
stoichiometric. While the governing equations do not 
involve the time variable, v,,., qd<c,y, and q .... in the 
boundary conditions are all time dependent, as is the 
solution. This is, of course, the consequence of the 
quasi-steady approximation for which the time vari- 
able becomes a parameter. 

2.2. Experimental laws for steam oxidation of Zircaloy 
The steam oxidation of Zircaloy follows the exother- 

mic reaction 

Zr + 2H20 ~ ZrO2 + 2H z + AH (7) 

where the heat ofreaction All  is 6510 kJ kg -  i. A recent 
su~'ey on the oxidation behavior of zirconium and 
Zircaloy is given in Appendix A of ref. [6]. A discon- 
tinuity in the reaction kinetics occurs as the specimen 
temperature is raised beyond approximately 1850 K, 
resulting in a sharp increase in the oxidation rate 
described as the breakaway phenomenon. Thus two 
oxidation regimes exist and are called pre-transition 
before breakaway and post-transition after break- 
away. There is overwhelming evidence that under the 
condition of unlimited steam supply, pre-transition 
oxidation follows the parabolic law [6] 

W 2 = Kt (8) 

where IV is the mass of oxygen consumed per unit area 
of the exposed surface of Zircatoy during the teaction 
time t and K is the so-called parabolic rate constant 
expressible in terms of the Arrhenius equation 

K = A e x p ( - E / R T )  (9a) 

in which A is an experimentally determined constant, 
E is the activation energy also determined experimen- 
tally and R is the universal gas constant, 8.314 kJ 
kmol - I  K-1.  Within the temperature range 
1150-1850 K, 

K [(kg m -  2)2 s -  ~] " 3.82 exp ( -  16800/T). 
(9b)~ 

The mass of total reacted zirconium (oxides and solid 
solutions) is 2.85 tV. 

The experimental oxidation law, equation (8), is 
established for constant temperature condition. For 
variable temperatures, it is rewritten as 

dlV/dt = K/2W (10) 

and if IV = 0 when t = 0, as is usually tb," ~_se, then 

IV" = f l K d t .  (11) 

Combining equations (10) and (11) gives 

dW/dt  = (1/2) K/[ (K) t ]  la (12a) 
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in which ( K )  denotes the average value of K for the 
time duration t = 0 to t = t, i.e. 

( K )  = t - t  fl K dt. (lZb) 

A consideration of the molar flux of steam arriving 
at the cladding surface due to combined diffusion and 
convection gives 

pwvw = - (dW/d t )  (13a) 

for the stoichiometric reaction depicted by equation 
(7). To account for the possible steam attribution in the 
free stream, equation (13a) is modified to read 

p~,vw = - -  cw(dW/dt) = - (c,,./2) K /[ (K )  t]' a 

= -(1/2){1 + 9[w,,./(1 - cow)I} -~ K/[(K)t]~a(13b) 

where cw is the local mole fraction of steam at the wall. 
The numeral 9 in equation (13b) is the ratio of the 
molecular weight of steam to that of hydrogen. 

2.3. Decay heat flux and oxidation heat flux 
The fission products decay heat has been extensively 

investigated. For a 235U reactor after long-time oper- 
ation, the ratio of the decay power to the normal 
operating power qo~ can be expressed as [11] 

qdecay/qoa 
= 0.1(t~ + 10) -~ - 0.087(t~ + 2 x 107) -~ 

--0.0025 e -t'/2~176 -0.0013 e -tJ290c~00 (14) 

where t~ is the time in s after shutdown. The average 
normal operating power of the TMI-2 reactor is 
estimated to be 

qo~ = 54 x 104Wm -2. (15) 

The heat of oxidation can be conveniently expressed 
in terms of an equivalent surface heat flux q,,r It is 

q .... = 2.85 AH(cw/2) K / [ (K )  t] 1/2 (16) 

in which the numerical coefficient 2.85 is the ratio of 
the molecular weight of zirconium to that of oxygen. 
Based on the observation that the core uncovery 
occurs 100rain after the reactor scram, a detailed 
comparison of the decay heat with the exothermic 
chemical reaction heat has been made [6]. It was found 
that the chemical reaction heat is important only at the 
beginning of the oxidation process, particularly, at. high 
fuel-rod temperatures. Its importance diminishes as 
time proceeds. At 10 rain, it is less than 40,?/o of the 
decay heat. Hence, for the quasi-steady solution 
sought, the normalizing parameters suitable for the 
nondimensionalization of the governing equations are 
those appropriate for a vertical plate with a uniform 
wall heat flux. 

For the TMI-2 accident, the reactor cooling system 
pressure was reported to be 1075 and 625 psig, 
respectively for 80 min and 31 s and 137 min and 53 s 
after the scram of the reactor [2]. In this study, 
the system pressure was taken to be 6.9MPa 
( ~  1000 psig). 

2.4. Property ecaluation 
Suitable methods are used for the evaluation of the 

relevant transport and thermodynamic properties of 
the steam-hydrogen mixture. The viscosity is based on 
a recommended procedure [12, 13], the thermal 
conductivity is adopted from ref. [14] and the binary 
mass diffusion coefficient is based on ref. [15]. Details, 
including a list of equations for density ratio p* 
(=p/p,~), viscosity ratio IL* ( =  It/ll,_), thermal con- 
ductivity ratio k*(= k/k~), specific heat ratio C* 
( =  Cp/Cp.~) and mass diffusivity ratio D* ( =  DIDo) 
can be found elsewhere [6]. 

2.5. Transformed equations in parabolic coordinates 
(s, 'l) 

Upon introducing the dimensionless parabolic 
coordinates (K q) and other nondimensional quantities 
listed in the Nomenclature, equations (I)-(4) become 

0 0 O 
3g~_(p* z0 - 0~-_(P* li-) + ~-_(p* ~Y) = 0, (17) 

OS ell  

Off ~ff 1 0 f , da'~ 

+ {1 + [8/(1 + 8~o~)] e '/~ o~} e0- 

+ [8/(1 + 8~o~)] (l/f)~o~ (18) 

_ + ~ + (6 - f fq - ) -  
ct 1 

= [I/(Pr~ C~ P*)] O,T\ eft,] 

1 * * ~?0" ~ff' (19)  + ~ [(Cp* 2 - -  Cp,)/Cp] D* g'/3 aOO~ 

(3 0~ ) OO 

, = [1/(Sc~p*)]-~-ff(p* D ~ ) .  (20) 

The corresponding dimensionless boundary con- 
ditions are 

For 0 ~ ov 

i f = l ,  i f = 0 ,  and e S = 0  (21, a , b , c )  

For 0 = 0 

ti = 0 (22a) 

1 
,~,,, = - = - : [ ( 1  - ~ - ~ ' ~ , ~ , ~ ) I  zp= 

(1 + 8r + 8gs/3Ow)]~t/~CR (22b) 

_ k ,  gff= q, car w d q  1 + - -  R P  ~,~ (22c) 
qdecay 

&6 I �9 
= f6 [Scd(p :  pw)] 

x (1 -- 6o~ -- gl/303,.)CR. (22d) 
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Table 1. Parameters CR, F a n d  RP for P = 6.9 MPa, T,: = 1550K and to~ = 0 

U~ t 
(m s- i) (s) 

60 600 3000 6000 300 000 

C-R't 0.1 0.245 x l0 -I  0.778 x 1 0  - 2  0.357 x 10 -2 0.259 x I 0 - '  0.493 x 10 -3 
1.0 0.527 x 10 -1 1.676 x l0 -2 0.770 x 10 -2 0.558 x 10 -2 1.061 x 10 -a 

F 0.1 0.349 x 10 -1 0.345 x 10 - t  0.327 x 10 -1 0.311 x l0 -I  0.172 x 10 -1 
1.0 0.753 x 10-1 0.743 x 10-1 0.705 x 10-t 0.670 • 10-1 0.371 x 10-t 

R---p/gt ~ 0.1 0.535 0.540 0.553 0.568 0.762 
(h, = 7 0 W m - ' K  -1) 1.0 1.155 1.163 1.193 1.223 1.643 

Both F and RP/g ~ are proportional to U~/~. 
"1" For estimation purpose, the parabolic rate constant K in CR is based on T ~. 

In equation (22c) 

q ... .  = 1.425 [(1 - m.,. - g~/3 t5,,)/ 

qd~,,y (1 + 8 ~  + 8 g~/3 ~,,)] 

x [All/qd,c,, {K/((K> t)~"2}] (23) 

The usual Boussinesq approximation is not  used in the 
momentum equation (18). The use of the parabolic 
coordinates (g, q) serves the important  function of 
removing the singularity at the leading edge. Since g = 
0.253 Gr,JRe~ ~, it provides a measure of the relative 
importance of free convection compared to forced 
convection in mixed flows. A small gis associated with 
forced convection dominated flow and a large .r is 
associated with free convection dominated flow. This 
coordinate brings to bear the physics of the phenom- 
enon under study. It stipulates a cont inuous tran- 
sition from a perturbed forced convection flow in the 
region near the leading edge to a perturbed free 
convection flow in the region farther downstream. 

The dimensionless parameters F, CR and RP 
characterize, respectively, the role played by the fission 
product decay heat, chemical reaction heat and 
surface radiation loss. Their values for various times 
are shown in Table 1. All data are for T=, = 1550K 

and P = 6.9 MPa  ( ~  1000 psig). It is seen that CR for 
U= = 0.1 m s  -~ is o f the  order 10 -z  at t = 60s and 

decreases to O (10 -3) at t = 104 s. At a given time, CR 
cc _,,tl t/3. The parameter F is of O (10 -2)  for U= = 
0.1 m s  -~ and is insensitive to time variat ion;  it also 

,,'aries as Ul~_ ~. The radiation parameter R--P is evalu- 
ated for h~ = 7 0 W m  -2 K -~ and is of O(1) for g = 1. 
It is directly proport ional  to h, and varies as gl/3. 

Figure 2 shows that the effect of temperature and 

pressure on CR and F for to~ = 0, U~  = 0 . 1 m s  -~ 

and oxidation time of 6000s. Both CR and F are 

inversely proport ional  to pt/3. At P = 6.9 MPa,  CR oc 
T ~ and F ~ T -~176 Other quantities in the 
governing equations have the following orders of 
magnitude:  

(a) if, t r, t], 6, C*, D*, k*, tl* and p* are all of O(1), 
(b) ~ is of O(10-3-10  -4) as may be inferred from 

equation (22d). 

In equation (18), [8/(1 + 8m~)]g ~/3 ~ is ordinarily 
much less than unity, implying that the contr ibution to 
buoyancy due to the interaction of temperature and 
concentration gradients is negligible. The last term of 
equation (18) represents the direct contr ibution to 
buoyancy due to the presence of hydrogen. When 
g < 1, it cma also be ignored. It should be retained when 
g >> 1. In the vicinity of the leading edge, the local simi- 
larity solution is expected to hold. The governing 
conservation equations can be readily deduced from 
equations (17)-(20) by deleting terms involving the 
derivatives with respect to g. If, furthermore, one 
restricts 1o the case of constant  properties (except for 
density changes due to temperature differences) and 
without chemical reaction, the momentum and energy 
equations simplify to 

f ' "  + f f "  + gO = 0, (24) 

(Y" + P r = ( f 6 '  - 17]") = 0 (25) 

wheref(~) is a stream function defined by ff = f '  and 6 
= fff '  - f ,  and the prime denotes differentiation with 

P, MPo (T~:I550Kl 
50: 6 lO 14 

I I 
oJ~:O 
t : 6000s 

4..' Um : ( l l  m/s 

40 

x 

~.5 

2.0 ' [ ~ ( K 
II00 1300 1500 1700 

T~o,deg K (P:6.9 MPa) 

FIG. 2. Effect of temperature and pressure on parameters CR 
and F. 
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respect to I[. Such is the case examined by Wilks [8]. 
Equations (24) and (25) are precisely those given in ref. 
[8] when the differences between the definitions for s- 
and #and  the parabolic coordinates used by Wilt:s are 
accounted for. 

The parabolic oxidation rate constant K is governed 
by the plate temperature and hence it is also time 
dependent. The evaluation of <K>, which appears in 

the chemical reaction parameter CR and in equation 
(23), requires that K be known at all times from t = 0 
to t = t. For the quasi-steady solution sought, the 
oxidation time t should ideally be only a parameter if 
the simplicity of the quasi-steady analysis is to be 
preserved. Extensive calculation performed in the 
present study reveals that, except for very small times, 
the variation in K is limited and [K/<K>] ti2 does not 
differ much from unity, being slightly larger than 1 at 
earlier times and slightly less than 1 at later times. 
Hence, the following approximation is used in our 
numerical computation: 

K 
= ( K / < K > )  i t2  ( K / t )  ' ; z  " -  ( K / t )  ' / 2  (26) 

[<K> t] 'a 

which may be justified from the results of the numeri- 
cal solution. We shall return to this point later. 

Equations (17)-(20) with boundary conditions 
(21a, b, c) and (22a, b, c, d) were numerically integrated. 
The computer code MIXFLOW developed for this 
purpose is listed in Appendix C of ref. [6]. 

3. RESULTS AND DISCUSSION 

In this scction, sample results are presented for (a) 
the velocity, temperature, and hydrogen concentration 
profiles in the binary boundary layer, (b) the longitu- 
dinal distribution of wall suction velocity, local friction 
coefficient, wall temperature, wall hydrogen concen- 
tration, and local Nusselt number, and (c) the growth 
behavior of oxide layer with time. They are evaluated 
for P = 6.9 MPa ( -  1000 psig), T~  = 1550 K, to~ = 
0, U ~. = 0.1 and 1.0 m s-  1, S- = 0.15 and 6.0, and two 
oxidation times of 600 and 6000 s. A parametric study 
of the effect of surface radiation was made for hr = 0, 
70, and 140 W m -2 K-~.  Additional results include 
those for T ~ = 1350 K and co ~ = 0.9. Correlations for 
the local wall temperature and the local Nusselt 
number of more general validity are developed. These 
correlations, though approximate are o f  the greatest 
interest in this study. 

3.1. Velocity profiles and wall shear distributions 
The longitudinal and normal velocity profiles for 

U~ = 0.1 m s-1 and t = 600s are shown in Figs. 3(a) 
and (b), respectively. In interpreting the results, it is 
useful to recall that the physical velocities are related to 
the dimensionless velocities according to 

II = l t U ~ ,  

r = (5/2) t'2 ~U ~/Re t a  = ~:(U~ v~12x) ta  

= f(gv=F/U~) 'a  (s3 - ~ .  

These figures and others presented in ref. [6] show that 
the effect of surface radiation on the velocity profiles is 
generally small at small gas expected, since the forced 
convection mechanism dominates there. As gincreases, 
the contribution of buoyancy to the boundary layer 
flow increases and radiation exerts increasing in- 
fluence. At g = 6.0, the very strong effect of radiation is 
seen in both figures. As one approaches the edge of the 
boundary layer (large #), the normal component of 
velocity tends to a constant for a given h,, being positive 
for small g as typified by forced convection flow and 
negative for large s-as typified by free convection flow. 

While the influence of surface radiation on the if- 
distribution is relatively small in the forced convection 
dominated region (small s-), its effect on the v 
distribution is greater. The reason for this is not 
immediately obvious and requires explanation. A 
close examination reveals that the phenomenon is 
mainly due to the effect of temperature change on the 
spatial rate ofchange ofp* if, i.e. t~(p* zi-)/O~ rather than 
the change in p* zi itself. This may be seen from the 
following. An integration of the continuity equation 
(17) from q = 0 to # = #gives 

(p* t% - (p* v-L = ,~p* a)~ 
- 

- p* r i d # -  f "p*  ffdff. (27) 
a~Jo 

Hence, for any # > 0 where (p* v-)q >> (p* Ow, 

f ,i p* ffd# 
0'-)~ ~- ITCa)~ - Jo (P*h 

~_a I'~ p* 
- i s - -  i �9 f fdq .  ( 2 8 )  

a~Jo (p)~ 
A higher h r would result in a lower temperature and 
hence a smaller ff and a larger p*. The concomitant 
smaller buoyancy force will bring forth a smaller ft. The 
resulting effect on p*fi/(p*)q is such that it becomes 
greater. Had it not been for the last term in equation 
(28) which accounts for the non-similarity of the 

ii t i 
o~ / 

Ill~ / 
I #ff  f , o 

o.t-III/ f 
I ~ / !  f - t ~ o l ,  " " 

o2 . y uo.lom,s. = l , �9 , 

0 l r  r I , I , 
0 i 2 

Fl~ 3(a). Longitudinal velocity profiles in binary boundary 
layer for small and large .~ 
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FIG. 3(b). Normal velocity profiles in binary boundary layer 
for small and large 

boundary layer flow, the net influence of a higher h, 
would have been to produce a smaller 6 instead of a 
greater 6as exhibited by the upper group of profile s in 
Fig. 3(b). A detailed study of the computer printout 
reveals that the contribution of the last term of 
equation (28) is indeed significant. An increase in h~ 
would result in a much smaller spatial rate of change of 
the integral 

fo~ P--~- ffdff 

with the net result that f is higher, including ff~, the 
velocity at the edge of the boundary layer. In the free 
convection dominated region (large s'), the influence of 
surface radiation on the f-distribution is similar to that 
for the pure free convection case [9]. 

The influence of free stream velocity on the if- and f- 
velocity profiles in the forced convection dominated 
region is relatively small, as one would again expect. 
However, in the free convection dominated region, 
significant effect is noted and the manner in which the 
velocity profiles change with U ~ depends strongly on 
surface radiation. Included in Fig. 3(a) are three i -  
distributions for U ~ = 1.0 m s-  t. They are shown by 

-I 
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-3 0 70 140 
{ o , I ~  ~ 

U~,m/s i 0  * �9 �9 
J 1 i 
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Log 1o ~ 

FIG. 4. Longitudinal distributions of wall suction velocity. 
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FIG. 5~ Local skin friction coefficient. 

the dotted curves. When h, is zero, fiis generally higher 
for larger Uo~. The reverse is true for h, = 70 and 
140 W m -  2 K -  1. This interesting phenomenon may 
be explained as follows. In the free convection domi- 
nated region, ff2 is of the order ofgff. Thus, for a given s~ 
t~ 2 oc 17. The dimensionless temperature ff depends, 

among other things, on (a) q,e~Jq,tec=y and (b) RP ffw 
according to equation (22c). In the absence of surface 

radiation, RP vanishes and 0-depends on the chemical 
reaction heat alone. The latter is a function of the 
longitudinal distance x along the plate and it increases 
with increasing x. Now, at a given ~ x oc U~ 3. Thus the 
chemical reaction heat for a fixed gis greater for U ~ = 
I m s  -1 than for U~ = 0.1 m s  -~ and, consequently, 
both 0-and ff increase with U~. In the presence of 

surface radiation, RP oc UI~ 3 for a given h,. As U~ 
increases from 0.1 m s-  1 to I m s-  1, surface radiation 
produces an effect on /7 opposite to that due to 
changing q .. . .  . Th e net result is a reduction in/)-and, 
hence, a reduction in ff for higher U~. 

The wall suction velocities produced by the steam 
oxidation of Zircaloy are generally small for the 
conditions studied. Their variations along the length of 
the plate are shown in Fig. 4. They increase with 
increasing # as indicated by equation (22b). The 

chemical reaction parameter CR also plays a role but 
its variation is relatively small since the reaction rate 
constant depends on the wall temperature in the 
absolute scale. At a given oxidation time, the wall 
suction velocity increases with U~ due to the higher 
chemical reaction rate; it decreases with increasing h, 
as a result of the lower wall temperature. As time 
proceeds, the suction velocity decreases due to the 
lower wall temperature. 

If, as is customary, one defines the local skin friction 
coefficient Cr as 

Cr = %/(1/2p~ U z )  (29) 

where %, is the local wall shear, then 

Cf Re~/2 = x/10 f~ (30) 

where fw = (I'* dff/&/-)w. Figure 5 shows the variation 
of the local skin friction coefficient expressed in terms 



80 B.T. CHAO, S. J. CHEN and L. S. YAo 

of fw along the length of the plate. In the forced 
convection limit, #--, 0, fw =. 0.4696 which agrees with 
the well established result Cf Re~ 12 = 0.66412 when 
Re,, is redefined as U~ x/vo~. As expected, f,,, is higher 
for larger gas a result of increasing buoyancy force. At 
a given oxidation time, f~, decreases with increasing h,; 
and at a given h,, fw decreases with increasing oxid- 
ation time. These are the consequence of lower wall 
temperature and hence lower fluid viscosity and lower 
suction velocity. In both the mixed and free convection 
dominated regions, fw is higher for greater U~ under 
otherwise identical conditions. 

3.2. Temperature profiles and wall temperature 
distributions 

The temperature distributions in the boundary layer 
are illustrated in Fig. 6 for Uoo = 0.1 and 1.0ms -1. 
The dimensionless temperature 0-is related to the 
temperature difference (T - T J  according to 

T -  T ~  = T|  

= (qa,,~,/k~) 2~ (To~ U~ v~/g) tr3 g*/a ~. 

It is seen that the surface radiation has a significant 
effect, particularly on the wall temperatures. In all 
cases, 0-is smaller for higher h, as one would expect. 
However, the influence of free stream velocity is rather 
complicated. When h, = 0, 0-is greater for higher U~. 
The reverse is true for h, = 70 and 140 W m -  2 K - ' .  
This phenomenon persists for both $" = 0.15 and 6.0 
and can be explained as follows. If one ignores the 
variation of k* due to changes in Tw as a result of 
changing U ~, equation (22c) may be approximated by 

0-~ = [1 + (q,.dqd=:.,) - RP ff~] ~t (31a) 

where qt is the dimensionless thermal boundary layer 
thickness. Equation (31a) may be rewritten as, 

Ow " [ I  + (q,~,Jqd,,,y)],h/(l + RPff,). (316) 

As has been pointed out in Section 3.1, the chemical 
reaction heat q .... increases with increasing x and for a [).5/3 given ~ x oc _ ~  . Thus, q,~ar is greater for U,~ = 

k ' I ' I 
!" Too :1550 K,w~= 0 9 

2.4 ~%.~,. l:600S hr 'Wlm~'K 
\%>, o 14o 

; \ D'k,\, U m : O t m / s ' s ~  [ o  J �9 �9 

- "~ ~, 015 6 
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FIG. 6. Temperature profiles in binary boundary layer fo, 
small and large 
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F~G. 7. Variations of heat flux ratio along plate. 

1.0ms - t  than for U s = 0.1 ms  -1. When I1, = 0, RP 
= 0, and ff~, -~ [1 + (q,r162162 fir Hence, for a fixed 

0w for U~ = 1.0 m s-  1 is greater than ffw for U ~: = 

0.1 m s-  1. When h, ~ O, RP  oc U~/3 for a fixed K As 
U~ changes from 0.1 to 1.0ms -~, the increase in the 
denominator of equation (31b) is larger than the 
increase in its numerator, resulting in a reduction of 0,,.. 

The variations of the ratio of radiative flux to the 
sum of the fission product decay and chemical reaction 
heat flux along the length of the plate are displayed in 
Fig. 7 for U0o = 0.1 and 1.0ms -~ and for t = 600s. 
The corresponding curves for t = 6000 s are slightly 
higher. The increase of this ratio with increasing g is 
understandable. Just as in the case of pure free 
convection, the plate temperature increases with dis- 
tance from the leading edge and both q, and q .... 
increase while qdr162 remains constant. The increase in 
q, is greater than that ofq ..... giving rise to the general 
trend of the curves shown. As U~ changes from 0.1 to 
1.0m s- 1 (Tw - T~) at a given ~ increases even though 
0-w decreases, resulting in an increase in q, that is 
greater than that ofq,,~r The end result is that the ratio 
increases with Uo~. 

The variations of the dimensionless wall tempera- 
ture 0"w with #are shown in Fig. 8 for t = 600 s. It is seen 
that 0-~, decreases with increasing h ,  as expected. Other 

trends may be explained as follows. As #--* O, RP ~ O, 
i.e. the effect of surface radiation vanishes. This cor- 
responds to the case of pure forced convection over a 

L2 ~u,.o/s~ 

o.4,,_~tlo o o ~o_:o ~ - ' ~  
0 m/s rOl , . I , I - 
-2 -i 0 I 

LogzoS 

Fie,- 8. Wall temperature distribution along plate. 
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FIG. 9. Proposed wall temperature correlation in the pres- 
ence of surface radiation (granges from 0 to 100). 

fiat plate with uniform wall heat flux for which 
NuJRe~ a = constant  for a given Prandt l  number.  
This agrees with our  present finding that for to= = 0, 
(Pr= = 0.816), 

0-,,,1~-~ 0 = 2.424 for t = 600s 

which is independent of U =. Hence, if one extends all 
curves (except for to= = 0.9) exhibited in Fig. 8 
towards 

g =  0 (Iogtosl~=0 = - -  Go), 

they converge to one point as illustrated. When h, = 0, 
0-,, increases with g for small f due to the increasing 
chemical reaction heat. At the same time, the buoyancy 
force exerts an increasingly important  role in affecting 
the heat and mass transfer processes. Because of these 
two opposing factors, 0-w reaches a maximum and it 
decreases with further increase in # as the free con- 
vection effect assumes its importance. When h, = 70 
and 140 W m -2 K -  ~, the just  described maximum is 
completely suppressed and 0-,~ exhibits a monotonous  
decrease as gincreases. Furthermore,  ffw is smaller for 
higher U~. These observations are completely con- 
sistent with equation (31b). 

Included in the figure are the results for co oo = 0.9, I1, 
= 0 and U~o = 0.1 and 1.0 m s -  t Other things being 

28 ' ' / / 
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FIG. 10. Variations of NuJRet~ I2 along plate. 
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FIG. It. Hydrogen concentration profiles in binary boun- 
dary layer for small and large s 

equal, 0- w is lower when compared to the case of ta~, = 
0 because of the much reduced chemical reaction heat. 
Furthermore, data for U s  = 0.I and 1.0ms-* fie very 
closely in a single curve as illustrated, behaving very 
much like a single component  fluid of constant  
properties. We shall return to this point later. 

3.3. Derelopment of correlations for local wall tempera- 
ture and local Nusselt number 

In an attempt to develop a correlation for 0-,,, we 
proceed by establishing two limiting forms: one is 
valid for g ---, 0 where the heat transfer is by forced 
convection only and another for large #where the heat 
transfer is essentially by free convection. 

Defining the mixed convection coefficient h, in the 
usual way, 

qa=~:y [1 + (q,,Jqde:,,)--(q,/qd:e,y)] = he(T,; - T~) 
(32) 

and the corresponding local Nusselt number  by 

h, 5x 
Nux --- , (33) 

k= 

we find 

(2 /5 ) t  '~ (Nt,ffRe: z2) ~T w 

= 1 + (q,,~,dqa,c~y) - -  (q , /qa , ,~y)  (34)  

13. 

I i # 
hr,W/m2-K 
0 70 NO 

f 0.11o - [] 
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FIG. 12. Variation of surface hydrogen concentration along 
plate. 
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since (T,~ - T ~o) = T oo 0,, F yt/3 and F s -1/~ = (2/5) t a 
ReE ~ r~ (5x) (qd~Jk ~ T o~). 

As Y.--, O, RP ~ 0 and in the absence of chemical 
reaction, the case reduces to that of pure forced 
Convectionalong a fiat plate of uniform wall heat flux 
for which Kays [16] gave 

Nu,dRe~ tz = 1.01 Pr t rJ (35) 

when the difference in the reference length used in Nux 
and Re: is accounted for. ilence, in the forced con- 
vection limit, we have 

0.641Pri/3~w.~ o = 1 + (qr,~dqd,r (36) 

For large ~, the wall temperature is given in ref. [9]. 
Using the Nomenclature of this paper, it is 

ft,, large ~[_~fs (pr,~)gff,,i~r~ ~rl it'* 

= [1 + (qreac/qdecar) -- (q,/qa,r l - 15/4X5/2)'n Fg"a' (37) 

where f(Pr) is Fujii's Prandtl number function for 
Nusselt number correlation [17]. It is defined by 

f (Pr)  = [5 Pr2/(4 + 9 Pr 1~ + 10Pr)] l~. (38) 

A simple correlation that satisfies both limiting forms 
is 

0-w[0.169 Pr~ 3 + 0.4fS(Pr o~) sow]' ~ 

= {1 + (qr,~Jqdecay) -- [RP/(RP + 0.04)] 

(qjqd,r -1.5 s .... (39) 

We note that 0.1691/4 = 0.641 and (5/4)(5/2) tl5 = 1.5. 

The empirical modification factor RP/ (RP + 0.04) is 
introduced to improve the agreement between equa- 
tion (39) and the solution data calculated from the 
computer code for a very wide range of conditions. 
Figure 9 demonstrates the usefulness of the proposed 
correlation. Since the parabolic oxidation rate law, 
equation (9b), is valid for I150-1850K, the use of 
equation (39) must necessarily be limited to the same 
temperature range. 

Since, 

{ ' g _ ~  q .... q~ 
- k * - -  = 1 4 , (40) t, ,U. 0 qaec~y qaecay 

one has from equation (34), 

o~Nu~ _ (5/2),r2 ~_~ ( _  k,  ~/q0 "" (41) 
Re:, 

Results for NuJRe~ a as evaluated from equation (41) 
are shown in Fig. 10. As Y --* 0, the forced convection 
limits determined from equation (35) are: Nu~,/Ret~ a 
= 0.944 f0r co= = 0(Pr= = 0.816)and 0.862 for co=. = 
0.9 (Pro~ = 0.622). These are shown by the dash-dot 
straight lines. The free convection limits appropriate 
for large g are shown by the dashed curves. In the 
absence of radiation and co~ := 0, the ratio Nt6,/Re~ a 

is higher for larger U~ and the effect of increasing U,~ 
becomes more prominent for large .( Again, the reason 
is due to the higher chemical reaction heat associated 
with larger U~. For a given ~ x oc US~/3 and q .... 
increases with increasing x. When co ~ = 0.9, this effect, 
to a very large extent, disappears due to the greatly 
reduced chemical reaction heat. For a single com- 
ponent fluid, co:~ = 1.0 and hence q .... = 0, equation 
(40) shows that, in the absence of radiation, 
[-k*(~0-]Oq)]w = 1. Under these conditions, equation 
(41 ) gives 

0,, = (5/2) ta  [(Re~rZ)/(Nux)] (41a) 

which is a function of s-alone and is independent of U~ 
as was pointed out in refs. [7, 8], both of which 
assumed constant properties. The dashed curve in Fig. 
8 indicates that, for all practical purposes, the same 
conclusion holds for co:~ = 0.9 and for variable 
properties. 

When h, = 70 or 140W m -z K -1, the data for 
Nux/Re~ a exhibit a slight drop with increasing 
reaching a minimum and then increasing with further 
increase in .( In the forced convection dominated 
region (small s-), the reduction in wall heat flux due to 
the surface radiation loss more than compensates for 
the reduction in wall temperature, resulting in a drop 
in the local Nusselt number. In the free convection 
dominated region (large s-), the phenomenon reverses 
itself due to the increasingly important role of the 
buoyancy effect. 

3.4. tlydrogen concentration profiles and wall con- 
centration distributions 

The hydrogen concentration profiles across the 
boundary layer are shown in Fig. 11 for U~ = 
1.0 m s - t .  The dimensionless hydrogen mass fraction 

is related for the mass frac:tion difference ~o - co~, in 
accordance with 

O) - -  0)~. -~- ~1/3 f~. 

As in the case of pure free convection, co - co~ is very 
small. It is of the order 10 -a  or 10 -4. Consequently, 
the hydrogen flow in the boundary layer has only very 
minor direct influence on heat transfer. The heat and 
mass transfer processes are essentially decoupled. In 
the forced convection dominated region, o3 is lower for 
higher h,, as expected, due to lower wall temperature. 
In the free convection dominated region, the trend 
persists when U~ = 1.0 m s-  1 as exhibited in Fig. 11. 
However, when U~ = 0.1 m s-  ~, the e3 vs q plots for h, 
= 0, 70 and 1 4 0 W m - 2 K  -1 cross each other- -a  
phenomenon similar to that for pure free convection 
[9]. 

Variations of wall hydrogen concentration along 
the plate are shown in Fig. 12 for oxidation time of 
6000 s. Results for t = 600 s (not shown in figure) are 
3-4 times greater. The reason is, of course, due to the 
slowing down of the chemical reaction rate and the 
reduction of decay heating as time proceeds. All data 
for (fi,~ shown in Fig. 12 and others evaluated for t = 



Mixed convection over a Zircaloy plate 83 

600 s, and also for Too = 1350 K can be correlated by 
the following empirical equation : 

{16 05w/[sco~(l - oa =) CR]}  [1 + (0.2 RP airz/e ' P)] 

= ffw (PrJSc=)"  [ l  + (q,,Jqd<r - (q,/q,<<,,)]-* 

(42) 

where n is given by 

n = -~-+ [0.435 c-2ooei'~l(-62~e '~ + 0.85 :,a)] 
(42a) 

We note that as K--, O, both RP ~ a / g ,  z9 and CRoo 

gta/( CR oo gtt2 + 0.85 F * a) vanish. Ref. [6] provides 
evidence demonstrating the usefulness of equation 
(42). 

Equation (42) may be rewritten as 

{(1605w)/[Scoo(1 - ta=)CR]} [I + (0.2 RP Ot~a/gt)9)] 

= (5/2) ta(Re~a/Nu=)(PrJSco~)" (43) 

by using equation (34). 

If one defines a local Sherwood number by 

Sh~ = h= 5x/(p ~o D ~) (44) 

in which h., is the local mass transfer coefficient given 
by 

h,.,(tow- t o ~ ) = - ( p D O - ~ y y ) ,  (45) 

then 

ShffRet: 2 = (5/2)t a (05,,)_ 1 ( _ p ,  D"~)w* 0o5\ 

= 1 ( 5 / 2 ) ' a  (05w) -  ~ Sc~ (1 - o ~  - e'r3~w)ca 

,-, 1 (5/2)t a (o3,,)-t Scoo (1 - oJ Oo) CR (46) 

since .ft/~ 05,, << (1 - o9oc ) unless o%0 is close to unity. 
Equations (43) and (46) may be combined to give 
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13. Variations of mixture properties across binary 
boundary layer for small and large 
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FIG. 14. Growth of oxidized Zircaloy layer with time (A = 
6.73 x 10-(m). 

ShffNu, = (ScdPr~)" [1 + (0.2 RP O~t2[gl/9)]. 
(47) 

The variations in mixture material properties, p*, C*, 
l~*, k* and D* are illustrated in Fig. 13 for U~ = 
0.1 m s  - t .  As expected, the variations are generally 
smaller in the forced convection dominated region. 
For a given K increasing U~ accentuates the variation 
because of the higher wall temperature at greater x. 

3.5. H)'drogen generation rate and thickness of reacted 
Zircaloy 

At any given location and time, once the wall 
temperature is known, the parabolic rate constant 
follows immediately from equation (9b) and, thence, 
the local hydrogen mass flux can be calculated from 
the following equation: 

"ql2 = Pw Vw to,, dy /,, 

1 
= ig l - ( l  - o.,.,)/(1 + 8o, . ) ]  { K / ( < K > t / ,  2} (48a) 

1 
= - -  [(1 - co~)/(l + 8co:~)] (K/t)  t r2. (48b) 

16 

The growth rate of the reacted Zircaloy layer is 

d6z, 1 
dt = 3-2 [(1 -- mw)/(1 + 8mw)] 

x (Mz,/Mn)(1/pz,){K/(<K>t)ta} (49a) 

"-" 2.2 x 10 -4 [(1 - ~,~)/(1 + 8m J ]  (K/t) t12. 
(49b) 

In deriving equation (49b), Pz, is taken to be 
6490 kg m -3 and the molecular weight of zirconium 
Mz, and that o f  hydrogen Mn, are 91.22 and 2.0, 
respectively. Equation (49b) was numerically integ- 
rated to obtain the thickness of the reacted Zircaloy 
layer as time proceeds. The results are illustrated in  
Fig. 14 for the location x = 0.1 m. Since qd,c~y varies 
with time, the corresponding galso varies with time as 
shown in Table 2. Included in the table are the local 
Reynolds and Grashof numbers, the local wall �9 tem- 
perature and the associated parabolic oxidation rate 
constant K. The variation in K from t = 600 s to 6000 s 
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or even 300 000 s is limited and hence [K/<K>] 112 ~ 1, 
justifying the approximation introduced in equation 
(26). Such approximation is clearly unwarranted for 
oxidation times much less than 600 s. When t is less 
than 60s, the quasi-steady solution would also be- 
come invalid. The data of Table 2 suggest that the 
binary boundary  layer flow at x = 0.1 m is dominated 
by free convection when U~ = 0 . 1 m s  -~ (granges 
from 17.9 at 60 s to 6.2 at 300 000 s). This is in contrast 
with the forced convection dominated flow when Uo~ 
--- 1.0 m s-~ (g ranges from 0.057 at 60 s to 0.020 at 
300000s). Had the reference length in Gr~ been x 
instead of 5x as defined in the Nomenclature,  its value 
at 600 s would be 6.1 x l0  s. Hence, at x = 0.1 m, the 
boundary  layer flow is expected to be laminar  even 
when U~  = 0 . 1 m s  -*. Figure 14 shows that the 
growth rate of the oxidized layer is significantly 
affected by surface radiation, as expected. Other things 
being equal, the thickness of the oxidized layer is 
greater for U ~  = 0 .1ms  -~ than it is for Uo~ = 
1 .0ms-~ due to the higher plate temperature. The 
difference, however, becomes less as h, increases. This is 
attributed to the manner  by which the parabolic 
oxidation rate constant  depends on the plate tempera- 
ture at the level of temperature considered. Because of 
the uncertainty in the results for small times, all curves 
are shown dotted for t less than 5 min. 

Growth curves for x = 0.3 m and U,~ = 0.1 m s - t  
and for x = 1.0m and U~  = 1 .0ms  -~ have been 
obtained and are presented in ref. [6]. Because of the 
magnitude of Gr~ involved, the boundary  layer flow 
would most likely be turbulent in both instances. If this 
were indeed the case, the results would obviously not  
be valid, since the present analysis is based on the 
laminar flow assumption. There is a dearth of infor- 
mation on the criterion for the boundary  layer flow to 
be laminar or turbulent even for the simple case of a 
single component  fluid and without chemical reaction. 
For an isothermal plate in air, Hall and  Price [18] 
reported the interesting effect of an aiding forced flow 
on a turbulent  free convection boundary  layer. As the 
forced flow velocity is increased, the heat transfer 
coefficient initially decreases and then increases. The 
initial decrease coincides with the lower turbulence 
intensity in the free convection boundary  layer. This 
seems to suggest that, within limit, the presence of an 
aiding forced flow would delay the transition to 
turbulence. More work, both experimental and 
analytical, needs to be done on the subject. 

For  reactor applications, the single flat plate ge- 
ometry is clearly unrealistic and vertical channel flow 
must be considered. Because of the very small 
diameter-to-length ratio associated with reactor cool- 
ant channels (of the order 10-2-10-3) ,  transition to 
turbulence is expected to be delayed significantly or 
may even be suppressed. 
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CONVECTION MIXTE SUR UNE PLAQUE VERTICALE EN ZIRCALOY DANS LA VAPEUR 
D'EAU ET AVEC OXYDATION SIMULTANEE 

R/~.~rn~--On dtudie analytiquement l'dcoulement de couche limite, laminaire permanent d'un mdlange de 
vapeur d'eau et d'hydrog6ne sur une plaque verticale en Zircaloy dans les conditions de I'accident du rdacteur 
nucldaire de Three Mile Island. La loi de croissance de l'oxydation exp~rimentalement observ6e est modifi6e 
tenir compte de la prdsence possible de I'hydrogdne dans la vapeur hers de la couche limite et pour des 
tempdratures variables de la plaque. L'oxydation du Zircaloy donne lieu ~. une faible vitesse de succion du 
mdlange vapeur-hydrogdne ~i la surface. Des ddtails des profils des composants de la vitesse, de tempdrature et 
de concentration d'hydrogdne dans la couche limite sent prdsentds aussi bien que les distributions 
longitudinales de la vitesse de succion paridtale, du frottement paridtal et de la tempdrature paridtale, Une 
dtude param~trique de la perte par rayonnement est faite en utilisant des donn~es rdcentes sur le coefficient de 
rayonnement. Des formules sent propos6es pour l'~l~vation de la temperature locale de la paroi et pour les 

nombres Iocaux de Nusselt et de Sherwood. 

MISCHUNGSKONVEKTION AN EINER SENKRECHTEN ZIRKALOY-PLATTE I N DAMPF 
BEI GLEICHZEITIG STATI'FINDENDER OXIDATION 

Zusammenfassang--Es w~rd eine anal)lische Untersuchung des quasistation//ren und laminaren bin/itCh 
Dampf-Wasserstoff-Stromes an einer senkrechten Zirkaloy-Platte durchgef~hrt; dabei entsprechen die 
Bedingungen denen w/ihrend des Unfalls im Kernkraftwerk Three Mile Island. Die experimentell 
beobachteto Gesetzm:iBigkeit der Oxidationsrate wird erweitert, um m/iglicherweise aulaerhalb der 
Grenzschicht vorandenen Wasserstoff und verscbiedene Plattentemperaturen zu ber(icksichtigen. Die 
Oxidation des Zirkaloy f/ihrt zu einer kleinen Sauggeschwindigkeit des Dampf-Wasserstoff-Gemisches in 
Richtung der Metall-Oberfl//che. L~ngs- und Querkomponenten yon Geschwindigkeitsprofil, Temperatur 
und Wasserstoffkonzentration in der bin~ren Grenzschicht werden im einzehaen dargestellt, ebenso die 
Verteilung der Sauggeschwindigkeit, Wandschubspannung und Wandtemperatur lffngs der Oberfl~che. 
Eine Parameterstudie fiber den Einflug der W/irmeverluste der Wand dutch Strahlung wurde ebenfalls 
durchgef/ihrt, wobei k/irzlich ver6ffentlichte Angaben fiber den W~i'mefibergangskoeffizienten durch 
Strahlung benutzt wurden. Beziehungen far den Anstieg der 6rtlichen Wandtemperatur und die 6rtlichen 

Nusselt- und Sherwood-Zahlen werden vorgeschlagen. 

CMEIIIAHHA,q KOHBEKLI[Hfl HA,/][ BEPTHKA.rlbHOITI IIHPKAJIOEBOI71 1-1JIACTI4HOI~I 
B HOTOKE I1APA l-lPI40,/~HOBPEMEHHOM OKI4C.rlEHHI4 

AanoTauaa--Flpoae~eno TeopeTn'~ecroe ncc.aeaoaamte raaan-crauHoHapnoro .~aM~mapHoro 6nnap- 
nero TeHenna napa n aor~opo~a a norpannqnoM cane naJl aepxnranb~toh unpra~oeao~i naacrnno~i 
nplt yc.rloansx, nMeatUllX r~lccTo npn aaapttn s~epnoro pearTopa Ha TpH-Mai'tn Aii,eHa." Ha6am~ae- 
Mblii B arcnepn.',~eHTaX aaron cropocTn OlglfC.rlettn~l Mo~lnqbnllltpoaan TaKIIM o6paao.'.t, tlTO6bl 
y'tnTbtaaTb BOaMo~noe np}fcyrc'raile aollopo~a a nape aa npe~eaaMIt norpann,moro ca oa it 
nepeMenHyro xe.'.meparypy n.qacTnnbL Ognc.r~enne ttnpra.qo~t abxabmaer He6o, hmy~o CrOpocTb Bcacbl- 
aanna napoBo~opormoii CMeCn y noaepxHocrH roxyxa. Hpnse~eHb~ r a t  npo~to~bHue n nonepe'~nue 
roMn0~teaTbi npoqbH~efi cropocTn, xeMnepaTypbt n npoqb~tt ronueuTpallm~ ao;Iopo;Ia Nonepeg 
6nHapHoro norpannqnoro r Tar n npojIo~snble pacnpe~e0]enna cKopocTn scaeMaann~ y 
r npncTeHoqlmro c~a)lra n Te,xmepaTypst cTenrm Hpoae2Ieno napaMerpn~ecroe licc.~e~loBanne 
BJIH$/HHfl noaepxnocrm,)x pannattnom~r~x noTep~, Ten,a, a KOTOpOM ncno~baoaans~ noc,  e2anne 
,~flnltble O KOaqbqbnunenTe p a J ] l l a u n o n H o r o  Ten.HOO~Mena. [lpell.rloTzeH~l COOTnOUleHHfl ,/l.qlll MeCTHOFO 

nOBbilllenn~l TeMnepaTypbl  CTellrn n . r lora.bHblX tltice.rl Hycce.rlbTa n IiIepay~a. 


