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Abstract

Two-dimensional steady laminar free convection from a vertical plate with uniform surface heat flux rate is studied
in a gas where a reversible very fast reaction of dissociation 4 < 2B takes place at atmospheric pressure. The effective
thermophysical properties of the gas in the interval of dissociation are evaluated and the governing boundary-layer
equations are solved numerically by a finite-difference method with control volume formulation for a wide range of
values of the independent variables which have a significant influence on the phenomenon. In the case of undisturbed
fluid temperature 7., smaller than Tys, corresponding to a rate of dissociation o = 0.5, three different heat transfer
regimes, marked by two critical heat fluxes, may be distinguished as the surface heat flux rate increases. The theoretical
results obtained for the critical heat fluxes as well as the coefficient of convection are expressed in terms of correlations
among dimensionless parameters defined through the mixture effective properties. © 2001 Elsevier Science Ltd. All

rights reserved.
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1. Introduction

In systems where a chemical reaction of dissociation—
recombination takes place, the total heat transfer may
be increased owing to the energy transfer by diffusion
under the influence of a concentration gradient.

Most of the previous work on this subject has been
developed in the fields of combustion [1-9], rocket
propulsion [10-13], hypersonic flows and atmospheric
re-entry problems [1,14-17], essentially with reference to
forced convection.

Leaving aside a small number of papers which con-
sider the effects of finite chemical reaction times
[2,3,7,9,14], the majority of them assume both hypoth-
eses of fast chemistry and that the flow in the boundary
layer is in thermodynamic equilibrium. That is to say,
they assume that the reaction times are very short in
comparison with the time rates of diffusion and con-
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vection through the boundary layer as well as that the
products of the fast chemistry are the equilibrium
products, thus following that either the temperature or
concentration distribution along with the pressure is a
sufficient description of the thermodynamic state of the
boundary layer.

Free convection heat transfer in chemically reacting
gases seems to be investigated only for laminar flames
[5-8], whose study has however been conducted by
neglecting any dissociation effect on physical properties.

Actually, since dissociation has a direct influence
on gas density and then the related buoyancy forces,
in free convection the chemical reactions greatly affect
both heat transfer effectiveness and the flow driving
forces.

In a previous work, the same authors of the present
paper analyzed the laminar free convection heat transfer
from an isothermal vertical plate in partly dissociated
gases under the assumption of very fast chemistry and
migration to products of complete chemical equilibrium
[20], showing that the results obtained could be corre-
lated by the following equation:
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Nomenclature

»
w

chemical species

specific heat at constant pressure
coefficient of diffusion

gravitational constant

local heat transfer coefficient
average heat transfer coefficient
specific enthalpy

specific flux of matter with respect to
mass average velocity

equilibrium constant

height of the wall

molecular weight

pressure

specific heat flux

constant of gases

absolute temperature

Toos, Tos, Toos temperature corresponding to a dis-
sociation rate o = 0.05, 0.5, 0.95

'\mwl&-% b_(g')

NES v E R

u axial velocity component

v normal velocity component

X longitudinal coordinate

y normal coordinate

AH heat of dissociation

ATy = Toos — Toos

(0] dimensionless specific heat flux
Nu Nusselt number

Pr Prandtl number

Gr Grashof number

Gr(q) thermal flux Grashof number

Greek symbols

o fraction of dissociated moles of gas 4

A thermal conductivity

€ standard deviation

n relative error

4 longitudinal coordinate

) normal coordinate

0 dimensionless average wall-fluid
temperature difference

u dynamic viscosity

7 mole fraction

o mass density

Subscripts

A, B, i,j refers to species 4 and B

CR1, CR2 refers to critical heat fluxes

FR refers to the frozen mixture

max maximum value

M refers to the grid node of the w-direc-
tion spacing corresponding to w = 1

ref, r reference

Tier at the reference temperature 7.

T; at the reference temperature 7,

Tos at the temperature corresponding to
o=0.5

b relevant to the x-coordinate

W at the wall surface

00 far from the wall surface

Superscript

* refers to the chemically reacting sys-

tem (“‘effective” property)

P\ 055 -0

AmW:05mG@Q“%H;V$<—ﬂ) (Bﬂ) (1)
P Poc

where the dimensionless parameters are defined through

the mixture effective properties calculated at the wall

temperature Tyw as well as the undisturbed fluid tem-

perature 7.

In the present paper, the study of the laminar bound-
ary layer is presented for uniform heat flux rate at the
surface of the vertical plate, again under the assumption
of fast reaction times and migration to products of
chemical equilibrium. In this case, while the numerical
method of solution of the governing equations of mass,
momentum and energy conservation is almost the same as
that adopted for uniform surface temperature, much
more efforts are required for data correlation. This is due
to the strict relationship between the fluid effective prop-
erties, which vary largely with temperature in the interval
of dissociation, and the boundary layer temperature dis-
tribution, not known a priori and, in turn, largely de-
pending on the effective properties themselves.

2. Theoretical analysis

Two-dimensional steady free convection from a ver-
tical plate with uniform surface heat flux gy is studied in
a gas where a reversible very fast reaction of dissociation
A < 2B takes place at atmospheric pressure, assuming
that chemical equilibrium prevails throughout.

Both 4 and B are treated as perfect gases with con-
stant physical properties except density. Laminar
boundary-layer flow is assumed. Viscous dissipation,
work against gravity field and thermal diffusion are
neglected. The undisturbed fluid temperature 7., outside
the boundary layer as well as the pressure P throughout
the boundary layer is assumed uniform.

3. Effective properties
In the presence of a dissociation-recombination re-

action, modifications of the gas thermophysical prop-
erties occur due to the following main reasons: (a) the
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system consists of two different chemical species; (b)
energy transfer by diffusion and recombination pro-
cesses may appreciably add to the heat transferred by
normal molecular conduction.

In the present paper, effective viscosity, density, co-
efficient of thermal expansion and specific heat at con-
stant pressure are evaluated by taking into account only
the first effect, while effective conductivity is calculated
by considering both effects.

3.1. Viscosity p*
The effective viscosity is evaluated with reference to a

“frozen” (namely, non-reacting) mixture of perfect
gases, according to Wilke’s relations [18]:

Wl
Z > 0by

(i=A,Band j=4,B) (2)
with

()" ()"
52" ®

(i=4,Band j=A4,B),

¢[j =

where g, (or ), 7, (or 7;) and M; (or M) are, respectively,
the viscosity, the mole fraction and the molecular weight
of the ith (jth) component of the mixture.

3.2. Conductivity A"

By introducing the frozen thermal conductivity of the
mixture, still defined according to Wilke:

)FR _Z Z/L)CI

(i=A4,Band j=A4,B), 4)
)CJ i

where /; is the thermal conductivity of the ith compo-
nent of the mixture and ¢, is given by Eq. (3), the total
heat flux ¢, at a distance x from the leading edge of the
plate is obtained by the sum of the contributions due to
thermal conduction and the diffusion-recombination
process:

or
q: = _}vFRa'i_JBAHa (5)

where 07 /0y is the local value of the temperature
gradient normal to the plate, J; is the specific mass flow
of B and AH is the heat of dissociation.

Since the type of diffusion involved is neither equi-
molal nor diffusion through a stagnant film, J; may be
expressed through the general form of Fick’s law [13]:

ps  1/2 0o

o = =MeDauyr T 073 3y

(6)

where Dy, is the coefficient of diffusion of B through 4, o
is the fraction of dissociated moles of 4 and p, is the
density of gas A undissociated.

Under the assumption of chemical equilibrium
mentioned above, « is a function of the sole temperature,
thus following that:

Ox  do 0T
= ™)
oy dT oy

and, since reactions of the kind 4 < 2B are considered
thus resulting: Mp/M, = 1/2, by combining Egs. (5)—(7),
the effective total conductivity may then be derived:

1 da

=2 D AH—M—
A FR 1+ Dpapy 1= (2/2) dT’

(8)
where the first term accounts for the molecular collision
process and the second term, which could be called re-
acting conductivity, accounts for heat transfer by the
diffusion and recombination of dissociated species.

The expressions of o and do/dT to be introduced in
Eq. (8) may be obtained through the van’t Hoff equa-
tion, as discussed in full detail in [20]:

d(InKp) _ M,AH )
dT ~ R,T?
with
402 P
Kp=——— 1
? 1—o? Pref ( 0)
and

AH:AH(T) :AHT,C‘+(CPB_CPA)(T_Tref)> (11)

where Ry is the constant of perfect gases, P is the total
pressure of the mixture, P.r is the reference value of
pressure (assumed equal to P), Ty is the reference value
of temperature and Cp4 and Cpp are the specific heats at
constant pressure of 4 and B.

3.3. Density p* and coefficient of thermal expansion

From the state equation for perfect gases, by taking
into account that My/M, = 1/2, it follows:

. PM, ]
PRy O+a)T (12)
and then
1 /dp*
= ) 13
p*(dT> (1)

3.4. Specific heat at constant pressure C}

From the enthalpy H of the mixture
H:(l —O{)CPA(T—ﬂel)+O([CPB(T—Tre[)‘i‘AH] (14)
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Fig. 1. Distributions of the effective properties vs. temperature in the interval of dissociation.

it follows:
. dH do

Since the pressure P is assumed constant within the
boundary layer, the effective properties discussed above
are the functions solely of temperature. Fig. 1 shows the
typical distributions of o and both the effective and
frozen properties with temperature, where the subscript
of temperature denotes the dissociation rate. It may be
noticed that:

(a) A" and Cj undergo large variations with temperature
up to 10 times the frozen values, with a maximum for
o ==0.5;

(b) 2" and C; have similar distributions, so that the
variations of the effective Prandtl number P-* with
temperature are smaller than those corresponding to
both 1" and Cj;

(c) the variation of p* with temperature is much larger
than those corresponding to both p, and p,.

4. Governing equations

The laminar boundary-layer equations for incom-
pressible flow expressed in the (£, w) coordinate system
given in Fig. 2:
f=x o=2" (16)
where ¥ = Y(¢) = Cée®, with C and b constants, are:

Continuity equation:

TR S s 0. (17)

w=0 Y =

Fig. 2. Physical model coordinate system.

Momentum (mean mass flow) equation:

Gu (v od¥PNOu 10 [ Ou
PUSET™\w P " & J oo 92 0 \MR 30

+g(p" —p) =0, (18)

which, taking into account Eq. (17), becomes

o, . 0 . oo d¥ Mg Ou
a—é(pu“”u)—o—%{u(pv pua)dx) ¥ B0
+g(p" —p) =0. (19)

Energy equation:

o . d L
—(p u‘Ph)—i-%{h(p v—p uwdx) =

s 6T}
og

Yo
(20)



C. Cianfrini et al. | International Journal of Heat and Mass Transfer 45 (2002) 319-329 323

or

(CPE—— O [ wrf ., d¥\ ior

a—é(p u‘PCPT)Jr%{CPT(pv puwdx) ‘I’@w}
= 0. (1)

The boundary conditions are derived by imposing a
given uniform heat flux rate gw and zero velocity at
the plate surface, as well as zero velocity and velocity
gradient, uniform temperature and zero temperature
gradient at a great distance from the plate.

Hence,

w=0; &=0:

1 /or
u=v=0;, g= fﬂ,a (%)w:o = gw.

w—o0; E=0:
0 0 or
o0 T=1y

u=v=0 —=—=
" dw  dw ’

5. Method of solution

The set of governing equations (Egs. (17) and (19)—
(22)) has been solved numerically by a finite-difference
method with control volume formulation and assuming
¢ as a one-way coordinate. In the derivation of the
discretized equations, along the &-direction the down-
stream values of the dependent variable are assumed to
prevail over the entire A¢ of the control volume, while
along the w-direction the exponential scheme [19] has
been considered.

The A& intervals have been assumed less than or
equal to ¥(&)/4. The values of C and b in the ¥(&)
expression given in Eq. (16) have been assumed by a
trial-and-error procedure so that the thermal and ve-
locity boundary layers were contained in the range
0<w< 1. The values corresponding to the case of a
fluid with constant properties evaluated at 7., have been
assumed as first approximation values. The number of
grid nodes in the w-direction has been chosen so that at
least 50 grid nodes were contained within both
boundary layers. As far as the node-spacing along the
w-direction is concerned, uniform intervals Aw and 2Aw
have been assumed, respectively, for 0 <w<0.7 and
07<w<l.

For each spatial interval in the ¢-direction, both
smallness of values and flatness of 7 and u profiles have
been verified through

[Ty — Toe| < |Tw — Too| x 1072,
uMgumax X 1073
Ty — T | < |Tw — Too| X 1074,

|uM - uM—Ilgumax X 1074

(23)

where subscript max refers to the maximum value in the
boundary layer, while subscript M refers to the grid
node of the w-direction spacing corresponding to w = 1.

Owing to the strong non-linearities essentially due to
the effect of temperature on dissociation and then on the
fluid physical properties, within each discretization step
along the ¢-direction iterations have been executed on
temperature and velocity fields up to convergence at-
tainment. Furthermore, the local value of the gradient
0T /0w has been evaluated by a second-order interpo-
lation.

6. Heat transfer features

A series of preliminary tests has been carried out in
order to point out the influence of the surface heat flux
rate on heat transfer efficiency. It has been found that,
for undisturbed fluid temperatures 7, smaller than 7js
corresponding to a rate of dissociation o = 0.5, the re-
lationship between the surface heat flux rate qw and the
dimensionless average temperature difference between
wall and fluid 0 = (Tw — Tx)/(Tos — Ti) is represented
by curves of the kind shown in Fig. 3, where the dis-
tributions of the local values of 0= (Tw—T)/
(Tos — To) vs. & =x for several values of gy are also
represented.

The peculiar shape of the curve gqw vs. 0 displays
three regions corresponding to different heat transfer
regimes as the surface heat flux rate gw increases.

In region (I), § increases gradually with a decreasing
slope and related increasing values of the average co-
efficient of heat transfer 7 = gw/(Tw — Ty,) of the order
of 10%. Regime (I) occurs as Ty is smaller than about
Ty5(0 < 1) along the entire length of the wall, that is to
say that the rate of dissociation « at any point within
the boundary layer is smaller than 0.5, thus following
that, according to Fig. 1, the effective conductivity 1°,
and then /, increase with temperature. Regime (I) ex-
pires as Tw reaches about T;s(0 =2 1) at the end of the
plate, at a critical value gcr; of the surface heat flux
rate over which changes in heat transfer features are
detected.

In region (IT), which represents what might be called
a transition regime, the average wall-fluid temperature
difference shows a steep increase, with corresponding
decreasing values of the average coefficient of heat
transfer 7 in the range 10°~10°. This is due to the abrupt
increase of Ty above Ty s (0 above 1) which occurs when
qw > qcri as a strict consequence of the fact that, ac-
cording to Fig. 1, A%, and then /, decrease with tem-
perature, thus resulting: 0[A(Tw — T.)]/0Tw < 0. Since
the heat to be transferred to the fluid is assigned, as gw
continues to increase, large rises in the wall temperature
take place up to verifying 0[A(Tw — T..)]/0Tw > 0 and
h(Tw — Ts) = qw. This is obtained when the gas in the
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Fig. 3. Relationship between the surface heat flux rate gw and the dimensionless average wall-fluid temperature difference 6.

proximity of the wall is practically completely dissoci-
ated (aw = 1). The extent of the portion of the plate
corresponding to the increase of Ty above 7j s increases
as qw increases and the value of 4 is obtained from the
weighted average of the local values of the coefficient of
convection above and below the discontinuity point.

When the portion of the plate above the discontinuity
point (Tw well above Tps) is larger than approximately
the 90% of the total length of the wall, its influence be-
comes predominant and the average wall-fluid tem-
perature difference resumes its gradual increase, with
values of % of the order of 10°. This corresponds to re-
gime (II) expiration, occurring at a critical value gcgr, of
the surface heat flux rate.

In region (III) most of the boundary layer consists
of completely dissociated gas and the distribution of 0
vs. qw 1s quite similar to that of a non-reacting fluid.
In this regard, it is worthwhile noticing that in the
analytical approach the condition of completely dis-
sociated gas is never verified since at {=x=0 is
Tw =T < Tys. Thus, whatever value of gw is as-
sumed, the first portion of the boundary layer is al-
ways consisting of partly dissociated gas. In the
numerical scheme, on the contrary, this condition may
be already encountered at the first discretization step
along the wall (namely, at the leading edge of the
plate), when sufficiently large heat flux rates are
considered.

As far as the increases of temperature Tw along the
plate consequent to the increase in boundary layer
thickness are concerned, it may be observed that:

(a) in region (I) they are smaller than those corre-
sponding to the case of a gas with constant physical
properties due to the increase in /& consequent to the
increase in A";

(b) in region (II) they are practically discontinuous, with
a sudden increase of Ty above Tys occurring at a dis-
tance from the leading edge of the plate which decreases
as the heat flux rate increases;

(¢) in region (III), for most of the wall, they are very
similar to those for a non-reacting gas.

Therefore, in both regimes (I) and (III) the increases
of Tyw vs. & = x are relatively small and smooth enough
to assume that, once the the values of the two critical
heat fluxes gcr; and gcr, are determined, the average
coefficient of convection 4 may be expressed through
correlations not too different from those commonly used
in the case of free convection heat transfer in non-re-
acting systems from vertical plates with uniform surface
heat flux [21].

7. Numerical simulations and heat transfer analysis

The employment of Egs. (2)—(15) has allowed us to
reduce the phenomenon here analyzed to a free con-
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vection boundary-layer flow and heat transfer, where the
fluid physical properties are the effective properties. The
temperature and velocity fields have been solved for a
wide range of values of the following independent vari-
ables which have a significant influence on the effects
pertaining to dissociation:

2.8 x 10°°< Dypy <2.5x 1075 (m?/s)

200 < AH(Toer — 298 K) <1900 (kJ/kg)

220 < Ty 5 < 1400 (K)

2 x 1072 <K, (Trer = 298 K) (dimensionless)
<4 x 108

Tos — 3ATh99 < Too < Tos + 3ATh99  (K)

thus resulting in

4x1073<p* <9 (kg/m?)
361 < Cj <109,000 J/kg/K)
9.2 x 103 < 1" <322 (Wm/K)

1.3 x 1073w = pupp <2.1 x 1075 (Pas)
05< | Tw— T | <1420 (K)
0.18<P*<44 (dimensionless)

Two kinds of gases are studied:

e A, biatomic, M, = 32 and B, monoatomic, Mz = 16
(as for O, < 20),

e A, poliatomic, M, = 92 and B, poliatomic, Mz = 46
(as for N,O4 < 2NO»).

The relevant values of Cp have been assumed as for
perfect gases, while the values of 4 and u for the dis-
sociated species have been derived from those corre-
sponding to the undissociated species assumed as
proportional to M'/? [18].

For each gas the following computational procedure
has been followed:

1. select randomly a value of Dgy, AH(Tyer), Tos and T,
in the appropriate ranges and derive the related value
of Kp;

2. select randomly a first tentative value of the distance
L, from the leading edge of the plate corresponding
to the abrupt increase of Ty above Tjs;

3. solve the governing equations, thus obtaining the
thermal and fluid-dynamic fields;

4. find the value of the critical heat flux rate gcr; that
gives rise to the sudden increase of Ty above Tjs at
a distance ¢" from the leading edge of the plate in
the range 0.9Ly < & < Lo;

5. check that at & = & the A¢ discretization step is less
than 1% of &*;

6. assume Lcr; = & — A as the “critical” distance from
the leading edge of the plate, below which the gas in
the boundary layer is still partly dissociated;

7. evaluate the local value % of the coefficient of convec-
tion as well as its average value % over a portion of
plate of length L by

__ 9w
h= T 7o) (24)
and
h=qw/ E/O (Tw Tw)dx] (25)

8. Critical heat flux gcg; correlations

Once the dimensionless critical heat flux Qcg; is in-
troduced,

qcriLeri
= 26
Ocri 7 Moo (26)

the most suitable correlation among dimensionless
parameters has proved to be

* m * n /’L)’;‘O 5 g py}(} 5 !
QCRI = C(Grfovs ) (PrTo,s ) e —

oo P
« (AT (Tos , (27)
TOAS - Toc Too
where
Gr — g/)’*TO_S(Tos - TOC)L3CR1 .
" Vi | (28)
H;U.S = C;]:O*S #;05 M

Tos

The values of C, m, n, p, q, r, s have been calculated by
the least-squares method through a logarithmic multiple
regression. The best fit of data has been obtained with
the following correlation, as given in Fig. 4:

)»* 0.924
Oex = 1053617, ) 7, )7 (2

y @ 1.35 ATOAQ —0.944 & 1.73 (29)

with Tos — 2ATO.9 ST Tys — 01AT09, number of data
Nyata = 442; standard deviation of data ¢ = 0.042; max-
imum absolute value of the relative error |n|,,, = 0.15;
percent rate of data within a +10% relative error
Niow, = 96.8%.

9. Heat transfer correlations in regime (I) below the
critical heat flux ¢cg,

The most suitable correlation among dimensionless
parameters has proved to be

s \m * " qu ! A;‘ !
Nuy, = C(Gr3,) <PVT0,5> (A* ATOQ) ( T

Py \" ATy :
. (Prio) (To.s—Too ' (30)
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where

gﬁ;(TOS - Too)L3
V*Z :

Gri, = (31)
In order to obtain sufficiently high accuracies, the values
of C, m, n, p, q, r, s have been calculated for different
ranges of the undisturbed fluid temperature T,,,. The best
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Fig. 5. Comparison between the Nusselt numbers Nu,, below
the critical heat flux gcg; predicted by Eq. (32) and those de-
rived from the numerical simulations.

fit of data has then been obtained with the following
correlations, as given, respectively, in Figs. 5-7:

0.253 L\ %2
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Fig. 6. Comparison between the Nusselt numbers Nu,, below
the critical heat flux gcgr; predicted by Eq. (33) and those de-
rived from the numerical simulations.
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Fig. 7. Comparison between the Nusselt numbers Nu,, below
the critical heat flux gcgr; predicted by Eq. (34) and those de-
rived from the numerical simulations.



C. Cianfrini et al. | International Journal of Heat and Mass Transfer 45 (2002) 319-329 327

with Tys — 0.45ATy 9 < T < Tys — 0.07AT,9; number of
data Ny, = 134; standard deviation of data ¢ = 0.033;
maximum absolute value of the relative error
[#1]max = 0.09; percent rate of data within a +8% relative
error Ny, = 97.7%,

0.163 L \ %%
Nuo =0.878(Gr )" (Pry, ) ( quAVTOg)

)v;o_s 0.417 P’,;_D.S 0.059 AE)() 0.530
x =k i (33)
;”oc Pr;c TO.5 - TOO

with Tys — 0.8ATyo < T < Tps — 0.4ATy9; number of
data Ny, = 114; standard deviation of data ¢ = 0.036;
maximum absolute value of the relative error
[ max = 0-11; percent rate of data within a +8% relative
error Ny, = 97.3%,

0.253 L\ 076
Nit =0.961(Gr)""™ (Pry, ) < AﬁXﬂ)g)

6 N 0256, pa |0 .
) i P N\ AT Y 4
2 Pr, Tos— T

with Tos — 2ATho < To < Tps — 0.75ATy9; number of
data Ny, = 269; standard deviation of data ¢ = 0.035;
maximum absolute value of the relative error
[#1]max = 0.15; percent rate of data within a +8% relative
error Ngy, = 97.4%.

It seems interesting to note that while for non-re-
acting systems the Nusselt number Nu is usually as-
sumed as proportional to the thermal flux Grashof
number Gr(q) = Gr x (qwL//AT), in the present case a
better representation of the results is obtained by as-
suming that Nu depends on Gr and (qwL/AAT) sepa-
rately.

10. Critical heat flux gcg, evaluation

As previously described, when the heat flux rate gw
increases above gcr; the abrupt increase of Ty above Tj s
which marks the transition regime occurs at a distance
Lcr from the leading edge of the plate which decreases
from the starting value Lcg; relevant to gcry. When gw
reaches the value gcr», that is to say at the expiration of
the transition regime, most of the boundary layer con-
sists of completely dissociated gas and the sudden in-
crease of Ty above Tjs is located at a close distance
Lcr = Lers from the leading edge of the plate.

In this regard, the simulations carried out have
shown that the beginning of regime (III), namely, when
the average wall-fluid temperature difference resumes its
gradual increase as gw continues to increase, is actually
obtained when Lcgr, is of the order of 0.1LcR;.

It means that, though below Lcgr, heat transfer occurs
in a partly dissociated gas, thus with values of / signif-
icantly larger than those pertaining to the completely

dissociated gas above Lcgy, its influence on the average
coefficient of convection % is practically negligible.

Herein, by assuming cautiously that Lcg, is of the
order of 0.01LcR;, the value of the critical heat flux gcgr»
is derived from that of gcgr; through Eq. (29).

In fact, since gcg; is proportional to Lcr; X Gr}g_z‘“
and then to ngl" 17U on the assumption that
Lery = O-OILCRI’ we get qcr2 = qcri1 X 0.017%%* and

then gcro =2 3qcri.

11. Heat transfer correlations in regime (III) above the
critical heat flux ¢cg;

The most suitable correlation among dimensionless
parameters has proved to be

Ny, = C(Grlgi i) (o) (2RY
T T T PV;C o s

where
«_ g qwl!

Grlgy =L 30

and the thermophysical properties are calculated at a
reference temperature 7.

The best choice for 7, seems to be T, whose value is
not known a priori. However, it may be calculated
iteratively through Tw = gw/h + T, by assuming as
first approximation value of % that corresponding to a
reference temperature 7, = Ty s + ATy, well beyond the
interval of dissociation.

The best fit of data corresponding to the reference
temperature 7, = Ty is represented by the following
correlation, as given in Fig. 8:

Nugz, = 0.781(Gr(q);,)"*"!

Pt 0.014 5 —-0.222
N

with T0.5 — 2AT049 < Toc < TO.S — 007AT09, number of
data Ny, = 297; standard deviation of data ¢ = 0.011;
maximum absolute value of the relative error
[ max = 0.09; percent rate of data within a +8% relative
error Ngy, = 99.3%.

In particular, it is worthwhile noticing that the values
of the exponents of either the thermal flux Grashof
number Gr(q) or the Prandtl number Pr are practically
the same as those typical of non-reacting systems (see

e.g. [21]).

12. Conclusions

In two-dimensional steady free convection from a
vertical plate with uniform surface heat flux gw in a gas
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Fig. 8. Comparison between the Nusselt numbers Nuz, above
the critical heat flux gcr, predicted by Eq. (37) and those
derived from the numerical simulations.

where a reversible very fast reaction of dissociation
A < 2B takes place at atmospheric pressure, in all those
cases wherein T, < Tys three different heat transfer
regimes, marked by two critical heat flux rates gcgr;
and qcr,, may be distinguished as gy increases.

In regime (I), occurring as long as gw < qcri, the
average wall temperature increases gradually up to
reaching a temperature close to 7js, corresponding to a
dissociation rate o = 0.5, and the average coefficient of
convection is of the order of 10°.

In regime (III), occurring as long as gw > qcra, the
average wall temperature increases gradually well
above Tjs, the gas is practically completely dissociated
and the average coefficient of convection is of the
order of 10°.

In regime (II), occurring as long as gcrs <
gw <qcr2, the average wall temperature increases
abruptly from values typical of regime (I) to values
typical of regime (III), with corresponding decreasing
values of the average coefficient of convection in the
range 10°-10°.

Within the bounds of the simulations executed and
the approximations introduced, the theoretical results
obtained for the critical heat flux rates as well as the
coefficients of convection in heat transfer regimes (I)
and (III) may be expressed with a sufficiently good
accuracy through general correlations among dimen-
sionless parameters not too different from those
commonly used for free convection in non-reacting

systems from vertical plates with uniform surface heat
flux.
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