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Abstract-Consideration is given to the steady-state transfer of mass and heat frcm a porous wall to 
a ncn-dissipative binary system or air-hydrogen in cne case, and air-carbcn dioxide in another. 
Hydrogen or helium is injected at a uniform rate through the Torous wall into the system. The flow, 
temperature, and concentration fields are assumed to be functicns of the distance firm the wall only. 
According to the thermodynamics of irreversible prccesses, the fluxes of heat and mass are coupled. 
The effects of such coupling are shown to be small on the concentration field, appreciable on the 
temperature field and heat thrx under certain conditions, and negligible on the heat-transfer coefhcient 
when defined in terms of an “adiabatic wall temperature”. In general, the magnitude of the effects 
are much more pronounced for hydrogen injection than for carbon dioxide injection, and are in the 

opposite sense. 
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distance between wall and plane, Fig. I ; 
mass fraction; 
average mass fraction of the injected 
gas between wall and plane; 
specific heat at constant pressure; 
coefficient of ordinary diffusion between 
jnjected gas and air; 
mass flux crossing a tied plane parallel 
to wall: 
heat-transfer coefficient defined by 
equation (27); 
mass flux crossing a plane parallel 
to wail and moving with mixture; 
thermal conductivity; 
mass injection rate per unit area 
through wall; 
molecular weight ; 
heat flux ; 
dimensionless heat flux = (q~/kT); 
gas constant ; 
temperature; 
adiabatic wall temperature, temperature 
of plane for zero heat exchange between 
it and wall; 
dimensionless tem~rature = TIT,; 

T*’ 
’ 

dimensionless temperature gradient = 
(dT*,‘dy*) ; 

2’9 mixture velocity along the y-axis; 
X? Y> space co-ordinates, Fig. 1; 
Y** dimensionless distance from the wall = 

ylb. 

Greek symbols 
a, thermal diffusion factor; 
QOT reference thermal diffusion factor when 

= 0 in equation (19), or (21): 
P? &sit y. 

Dimensionless moduli 
A = (ti?b/‘p$); 
Le = (k,/p&D), Lewis number. 

Subscripts 
1, injected gas, hydrogen or carbon 

dioxide ; 
2, air; 
M’, wall; 
b, plane. 

1. ~ODUCTION 

THE importance of the effects of the thermo- 
t Communication from the Heat Transfer Laboratory, dynamic coupling between heat and mass 
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temperature in binary systems have been 
published quite recently [I]. Measurements with 
helium injection into an incompressible turbulent 
boundary layer [2] clearly demonstrated experi- 
mentally significant effects of the coupling in an 
important engineering application of the injection 
process. These effects resulted in a rather 
unusual phenomenon in low speed flow. The 
wall temperature was found to be higher than 
the free stream temperature by up to about 40 
degF for zero heat exchange with the boundary 
layer. Subsequent measurements [3], showed that 
the heat flux due to the coupling was of the same 
order of magnitude, and even exceeded, the 
familiar Fourier conduction heat flux, and was 
in the opposite direction. An analytical investi- 
gation [2] of the effects of helium injection on 
heat transfer in Couette flow taking the coupling 
into consideration in the conservation equations 
showed that the above phenomena were indeed 
the results of such coupling. 

on the temperature field. Similarly, the mass 
flux of a species depends on the temperature 
field in addition to its familiar dependence on 
the concentration field. In other words, the 
transfer of heat and mass are coupled. The 
general conservation equations taking such 
coupling into consideration were developed in 
detail in [5] for two-dimensional (X and u) flow, 
temperature, and concentration fields. They are 
simplified here when such fields depend on one 
space variable only Q), and when body forces, 
viscous dissipation and pressure diffusion are 
negligible. 

This paper investigates more completely and 
analytically the effects of the coupling when 
gases other than helium are mixed with air, and 
hence to obtain a better understanding of the 
parameters involved. Hydrogen and carbon 
dioxide are selected for this purpose because of 
their widely contrasting properties. The mole- 
cular weight of the first gas is about 0.07 that 
of air, and its thermal diffusion factor negative 
and one of the highest known. The molecular 
weight of the second gas is about 1.5 that of air 
and its thermal diffusion factor is positive and 
about one-fifth that of hydrogen. Moreover, 
hydrogen and carbon dioxide have substantially 
different thermodynamic properties pertinent 
to this analysis, such as specific heat and thermal 
conductivity. This investigation includes the 
effects of injection and of the coupling on gross 
quantities such as heat transfer at the wall and 
adiabatic wall temperature, as well as on the 
details of the concentration and temperature 
fields. 

This mathematical simplification describes 
approximately the physical system shown in 
Fig. 1, which lies between a porous wall and a 
hypothetical fixed plane parallel to it and lying 
in the boundary layer next to the wall. The 
hypothetical plane is assumed not to interfere 
with species transfer in the boundary layer by 
being sufficiently thin and porous or otherwise. 
The free stream is supposed to be air flowing at 
sufficiently low speeds to neglect viscous 
dissipation. 

Hydrogen, or carbon dioxide, is injected 
through the porous wall into the boundary layer 
at a uniform rate per unit wall area. The free 
stream and porous wall are assumed at different 
temperatures. Under these conditions, changes in 
the x-direction are negligible in comparison with 
changes in the y-direction, so that all the 
dependent variables are approximately functions 
of the y-co-ordinate only. 

2. GOVERNING EQUATIONS 

According to the principles of thermo- 
dynamics of irreversible processes, e.g. [4], the 
heat flux in a multicomponent system depends 
on the concentration fields of the different 
species in addition to its familiar dependence 

FIG. 1. One-dimensional heat- and mass-transfer system 
with foreign gas injection. 
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Conservation of mass of the mixture yields : 

d(pv)/dy = 0. (1) 

Conservation of mass of the injected species 
yields : 

where : 

(2) 

4 = - PD WI/W + clc2 a Cd In WbX (3) 

Conservation of energy of mixture yields: 

PU G W'W) = d[k (WdyNldy 
- (aRTM2/MlM2) (dJ,/dy) 

- J1 d[(G - G2> T+ aRTM2/KWl/dv. (4) 

A. Solution of Equations (I) and (2) 

The solution of equation (1) is easily deter- 
mined to be: 

po = constant = pwcw. (5) 

Substituting this result in equation (2) and 
solving it yields: 

pwvw c, + J1 = constant. (6) 

Since the mass flux of the injected gas through 
any fixed plane parallel to the x-axis is given by: 

GI = J1 + pl’ cl (7) 

it follows from equations (6) and (7) that 

G, = constant = G1, = ti. (8) 

But the sum of the mass fluxes of the two species 
through a fixed plane is given by: 

GI + G2 = pv = constant = pwvw. (9) 

Hence from equations (8) and (9), it follows that 

G2 ;= constant = Gzw. 

In the following calculations it is assumed that 
no air passes through the wall and hence : 

Gaw = 0. (10) 

From equations (8), (9) and (IO), it follows that : 

pu = pwvw = G1 = G1, = ti = constant. (11) 

From equations (6), (7) and (1 I), there results: 

J, = ni (1 - cl). (12) 

B. Transformation of Equations (3) and (4) 

Comparison of equations (3) and (12) yields: 

k (I - cl) = - pD ((dc,/dy) 

+ clc2 a [d(ln Wdyl}. (13) 

Equations (4) and (13) are transformed into 
dimensionless form by introducing the following 
substitutions : 

y* - (y/b), T* = (T/Tw). 

After some reduction, the transformed equa- 
tions are respectively: 

(WW (dT*ldy*) 

= (Wz4) d KW2) (dT*ldy*Wy* 
- a0 WG2) d [(ah) (M/MI) (1 - 4 T*lldy* 

(14) 

and 

(dc,ldy*) = - A (1 - cl) (~21~) 

- a0 (a/a,,) c,c, d (In T*)/dy* (15) 

in which A and Le are dimensionless groups 
given respectively by : 

A = (ti b/p,D), Le = (k2/p2 CP2 0) 

which is the familiar Lewis number based upon 
air properties. 

By inspection of equations (14) and (15), 
their solutions-and hence the heat and mass 
transfer-depend upon the parameters A, Le, 
(CP1/CP2), (R2/CP2) and a,; as well as the ratios 
of mixture specific heat, thermal conductivity, 
molecular weight, and density to their respective 
values for air. These ratios depend upon the 
mass fraction of the injected gas, and the ratio 
of molecular weight of the injected gas to that of 
air. 

All the parameters except A are combinations 
of thermodynamic properties of air and the 
injected gas, and hence will be prescribed when 
the injected gas is prescribed. The parameter A 
on the other hand contains the injection rate ti, 
and so is a measure of the injection rate when the 
distance between wall and plane, and the 
injected gas, are prescribed. 

From kinetic theory, a,, depends on the 
exponent in the force law during a molecular 
encounter, the mass of a molecule of injected 
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gas relative to that of air, as well as the diameter 
ratio [6]. The latter ratio is proportional to the 
former in most cases, and hence all the thermo- 
dynamic properties depend on the ratio of 
molecular weights, which therefore must be the 
parameter of greatest importance-besides A- 
affecting the solution of the equations. 

--o 

C. Boundary Conditions 

Two boundary conditions have already been 
specified in order to obtain complete solutions 
of equations (1) and (2), namely that at the wall 
(pWuW) is specified, as well as Glw = +z. Moreover, 
the assumption that Gzw = 0 was introduced 
in order to tie the quantity (pU,vW) with a 
measurable quantity, resulting in pwuw = ti. 

Equations (3) and (4) were transformed into 
equations (15) and (14) respectively. Equation 
(14) requires two boundary conditions, and these 
were conveniently chosen as the temperature 
and the temperature gradient at the wall. 
Equation (15) requires one boundary condition, 
and this was chosen to be the mass fraction of 
the injected gas at the wall. Symbolically, these 
boundary conditions are expressed by the 
following relations respectively: 

T; =l 
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(dT*/dy*)tO = an arbitrary number (17) 

clcv = an arbitrary number. (18) 

lb; 

FIG. 2(a) and (b). Thermal diffusion factor. 

D. Properties are shown in Fig. 2(b). In the present analysis, 

The temperature difference between the wall 
the following relation was adopted for CO,-air 

and plate was assumed sufficiently small to 
mixtures, 

neglect property variations with respect to 
temnerature. 

a = 0.078 (1 - 0.5 c,), 0 < c1 < 0.8. (21) 

The thermal diffusion factor a is a weak At SOO”R, the following quantities have the 
function of cr. Figure 2(a) shows the results of indicated values 
measurements of a at various levels of con- 
centration of hydrogen in mixtures with nitro- 

Hz-Air CO&r 

gen [6]. For the purposes of the present analysis, WCllz 14.2 0.81 

a mean relationship was adopted for hydrogen- Le 0.3 1.2 
air mixtures according to the following relation: (&Q%IW - 1.67 0.65 

u = - O-2 (1 + 85 c,) when 0 < c1 < 0.1, (19) 

and 
Regarding the ratio (k/k,), Fig. 2 in [7] for 

n. = - 0.37 when O-1 < cl < 1. (20) hydrogen-air mixtures at 500”R was closely 

Various measurements of the thermal diffusion 
fitted with the following relationship: 

factor for CO,-N, and CO,-0, mixtures [q (k/k,) = 6.57 - 2.43 (1 - cj3 - 3.14 (1 - c)@. 
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The graph in [S] was closely fitted with the temperature and concentration fields, and on the 
following relationship for carbon dioxidti heat transfer. The results are discussed in some 
mixtures at 285°K: detail below. 

(k/Q = 1 - 10‘44 cJ(44 - 15 CJ. 1. Concentration and temperature jiekzk 

3. RESULTS AND DISCUSSION 

A. Hydrogen Injection 

After appropriate substitutions and re- 
a~gement, equations (14) and (15) become 
respectively : 

[6*57 - 2.43 (1 - cl)3 - 3.14 (1 - cl)“] 
(d2T*/dy*3 

= A [14.2 - 1.67 (1 - cJ 
(1 + 8.5 c&(2 + 27 cJ] (d~*/d~*)~O*3 

+ (1=67A(l - cJ(1 + fMcJT* [l/(1 -cl) 
+ 27/(2 + 27 cl) -- 8*5P/!l + 8.5 q)]/O*3 

(2 + 27 c,) 

- [7-87 (1 - cl>2 + 28.6 (1 - cJ”] 

and 

(dT*/dy*) 1 (dc,ldy*) (22) 

(dc,/dy*) = - A (1 - CJ (1 + 13.5 cl) + 
+ 0.2 c1 (1 - c&l + 8.5 cJ (dT*/dy*)jT*. (23) 

Selected results are shown in Fig. 3 when 
(T*‘)w = O-1 and -0.1, meaning that the plane 
is warmer and colder than the wall respectively. 
When the coupling is neglected by putting a,-, = 0 
in equations (14) and (151, the concentration 
field is shown by the dotted line, and becomes 
independent of the value of (T*& It is well 
known that in a mixture of hydrogen and air, 
the former will spontaneously migrate to warmer 
regions. This behaviour explains the pattern of 
Fig. 3, in which the con~ntration at the plane 
is larger than that when the coupling is neglected 
if it is warmer than the wail, and smaller if it 
is colder than the wall. Therefore, the tempera- 
ture field influences the concentration field. 
When (T*‘)ul = kO.1, and clro = 0.04, the 
percentage change in mass fraction at the plane 
due to the coupling amounts to about f4 per 
cent of the mass fraction when the coupling is 
neglected, and is thus small. This percentage 

In equations (22) and (23), the bracket (1 + 8.5 
cd was replaced with 1.85 and P with zero 
whenever c, exceeded 0.1. 

I Hz injection, A = 0.01 

*‘ 
4.0 r, 

The two non-linear coupled differential equa- 
tions (22) and (23) were solved on the Univac 
1103. The parameter A and clw were arbitrarily 
chosen, and profiles of T* and c, computed when 
(d~*/dy*)~ was given several arbitrary values. 
The objective was to obtain solutions of the 
equations at various temperature levels of the 
plane relative to the wall, but with everything 
else unchanged. 

3.2- 

8 
;; 2*4- 
I, 

Then cltu was assigned several other arbitrary 
values while the parameter A was kept un- 
changed, and the above process repeated. The 
objective was to investigate the effects of chang- 
ing the hydrogen concentration level at the wall. 

Finally, A was assigned a different value, and 
all the processes above repeated, the objective 
being to investigate the effects of changing A. 

From all these calculations, it was possible 
to determine the effects of the thermodynamic 
coupling between heat and mass transfer on the 

1.6- 

0 0.2 0.4 0.6 0.8 

Y* 
FIG. 3. Effect of the coupling on the hydrogen wn- 
centration field, for various concentration levels and 

temperature gradients at wall. 
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change becomes even smaller when the tempera- 
ture difference between the plane and wall is 
reduced by reducing (T*‘),. 

The above procedure was repeated when 
clw = 0*03,0.02, and 0.011. If clw is appreciably 
reduced below 0.011, negative values of Clb will 
result. Since a negative mass fraction has no 
physical significance, it appears that clw has a 
minimum value of about 0.011. In this special 
case, the concentration field is also indicated 
in Fig. 3. Alternatively, negative values of c1 
in the field could mean that c1 should be zero 
when 6* < y* < 1 which physically means that 
the boundary-layer thickness 6* is less than the 
distance between wall and plane. Such case will 
not be discussed in this analysis, since it is not 
compatible with the one-dimensional approxima- 
tion postulated here. 

The percentage change in Clb due to the 
coupling is quite large when clw = O-01 1, being 
about 540 per cent when (7’*‘)w is 10.1. This 
percentage change decreases rapidly, however, 
to about 5 per cent, when cnU = 0.02 or 0.03. 

The concentration field was also computed 
for the following cases: 

A = 0.1; cltu = 0*2,0-4,0.6,0.7,0*8; 

(T*‘)w varying from -0.05 to 0.05. 

A = 0.25; clw = 0.9, 0.95, 0.97, 0.99. 

(T*‘)w varying from -0.05 to +0.05. 

The same pattern observed for A = 0.01 was 
also observed for A = O-1 and O-25. In particular, 
the percentage change in Clb due to the coupling 
was largest when clw was smallest. 

To explain this observation, let us introduce 
the quantity defined by (cl - S&/C,. It represents 
the deviation of the mass fraction of the injected 
gas at a particular location in the field from the 
field from the average mass fraction in the field. 
By inspection of Fig. 3, when clw is smallest, 
(cl - cl)/fl is largest at plate and wall, and 
hence the departure from uniformity in con- 

centration in the field is largest. Consequently, 
for a given value of A and Tl, the effects of 
the coupling on concentration are most pro- 
nounced when the distribution of mass fraction 
in the channel deviates the most from the 
uniform state. 

The temperature fields are shown in Figs. 4(a) 
(b) and (c). When A = 0.01, the coupling has 
negligible effects on the temperature field, 
Fig. 4(a). When A = 0.25, however, its effects 
are most pronounced for clw = 0.8, Fig. 4(b). 
which is the smallest wall mass fraction 
attempted, but are negligibly small for clw 
0.99, Fig. 4(c). Similarly, when A = 0.1, the 
effects are most pronounced at the smallest 
value of clw of 0.2, and negligible at the largest 
value of clw. Hence, the effects of the coupling 
on the temperature field are negligible fat 
sufficiently small values of A, but can be large 
for higher values of A. In this latter case, they 
are most pronounced when the mass fraction 
distribution deviates the most from the uniform 
state. 

2. Heat transfer 
According to the thermodynamics of irrever- 

sible processes, e.g. [4, 51, the heat flux at 
wall I may be defined by: 

qw = [- k (dT/dy) + apvRTM” 

(1 - c,)IM,&lw. (24) 

The first term on the right-hand side is the 
familiar heat transfer by conduction according to 
Fourier’s Law, and the second term is contributed 
by the coupling between heat and mass transfer. 
This second term will vanish if a --_ 0 which 
means neglecting the coupling altogether, or if 
(PU)~ = 0, which is equivalent to no gas injection 
at the wall. 

By transforming into dimensionless form and 
appropriate substitutions for property relations, 
equation (24) becomes 

q: = (q b/k T), = - ;;; + A 
5(1 - cl)(l + 8.5~~) ---__ 

m$-cc,) [6.57 - 2.43 (1 - cl)3 -3. j4 (1 - c1)S] > w’ 

when clzc; < 0.1 (251 
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FIG. (4a), (b) and (c). Effect of the coupling on the tem- 
perature field for various values of hydrogen concentra- 

tion and temperature gradient at wall, and A. 
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and : 

‘dT* 9.25 (1 - cr) 

qt, = - jv + A 0.9 (2 -/- 27 cl) [6.57 - 2.43 (1 - cJ3 - 3.14 (1 - cr)“] > w ’ 
when clw > 0.1. (,26) 

From the results of the calculations, q: 
was computed and selected results plotted 
versus Tl in Fig. 5 for A = 0.25. The graph 
is similar to Fig. 15 [2], after suitable modifica- 
tion of abscissa of the latter. Two conclusions 
can be immediately seen. First, qz is a linear 
function of T;, and hence is a linear function 
of the temperature difference between the wall 
and plane. This conclusion is similar to heat 
rransfer in single component systems. Second, 
q: does not vanish when the wall and plane 
have the same temperature, i.e. when Tb = 1. 
With hydrogen injection, qz vanishes when 
7’; is less than 1, that is when the plane is 
colder than the wall. This conclusion is quite 
different from single component systems. It 
must be due to the coupling between heat and 
mass transfer, because when CL is set equal to 
zero, qz vanishes when Tb = 1 exactly. 
Relations similar to Fig. 5 were obtained when 
A = 0.1 and 0.01. The effects of the coupling, 
however, were seen to diminish as A decreased. 

The temperature of the plane at which the 
wall heat flux vanishes will be called the adiabatic 

wall temperature Ta. By setting q: = 0 in 
equation (25) or (26), it was possible to compute 
Tz for various values of clw with A as parameter. 
The results are plotted in Fig. 6, along with the 
adiabatic wall temperature for helium injection 
[2] for comparison, It is seen that for a given 
value of A, Tz is least when clw is least, i.e. 
when the concentration field deviates the most 
from uniformity. For a given value of clw, Tz 
is least when A is greatest, i.e. when the injection 
rate is greatest. 

From Fig. 6, an estimate of T, can be made. 
If Tw is 500”R, then Ta will be less than Tul by 
up to about 10°F for A = 0.01, and up to about 
100°F when A = O-1 or O-25, depending in each 
case upon the hydrogen mass fraction at the 
wall. 

The linear relationships between qz and 
Tb and the existence of an “adiabatic wall 
temperature” suggest the appropriate definition 
of the heat-transfer coefficient to be 

4w = h(Ta - Tb). (27) 

Hydrogen injection, 
1 

FIG. 5. Dependence of the heat flux on the temperature difference between wall and plane. 
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FIG. 6. Dependence of the adiabatic wall temperature 
on the hydrogen concentration level at nail for various 

values of A. 

In dimensionless form, equation (27) becomes: 

From equation (28), the Nusselt number 
(/zb/kzO) is simply the slope of the various straight 
lines in Fig. 5 and the similar figures. On com- 
paring it with the Nusselt number when the 
coupling is neglected, the difference is about 
3 per cent or less, and hence negligible. The 
Nusselt number is presented in Fig. 7. along 
with the Nusselt number for helium injection [2] 
for comparison. 

B. Carbon Dioxide Injection 
Equations (14) and (15) in this case become 

respectively : 

(I - 0.36 c,) (d,T*/d_Jl*2) 
z A [O-81 I- 0.65 (1 - CJ 

(1 - 0.5 c,)/(44 - 15 c,)] (dT*/‘dx*):I.2 

-- (0.65 A T*(l - cl) (I - 0.5 cl) 

[l/(1 - Cl) + O-5/(1 - 0.5 C,) 

- 15/(44 - I5 c,)]/ 1.2 (44 -115 Cl) 

- 459 (dT*/dy*)/(44 - 15 c,V) (dc,/dy*) 

(29) 

I 
I 

0 0.2 0.4 0.6 0.8 

cuv 

0 

FK. 7. Effect of hydrogen injection rate and concentra- 
tion at wall on the Nusselt number. 

(dr,/dy*) = - A (1 - c,) (1 - 0.341 cl) 

- 0.078 (1 - 0.5 cJ c1 (dT*/dy*)/T*. (30) 

Solutions were obtained in the same fashion as 
for hydrogen injection. 

The concentration distribution is presented in 
Fig. 8 for the highest value of A attempted. 
When a is set equal to zero, the results are 
indistinguishable, showing that the coupling 
has negligible effects on the concentration field. 
Similar conclusions were observed for smaller 
values of A. 

The temperature field is presented in Fig. 9, 
for the highest value of A. It is seen that for a 
given temperature gradient at the wall, the 
coupling has noticeable effects on the tempera- 
ture field. It increases the temperature above its 
value for a = 0, the increase being maximum 
at the plane, and mounting to about 1 per cent. 
This effect is opposite to that for hydrogen 
injection shown in Fig. 4. When clw = 0.99, 
the corresponding curves for a = 0 are indis- 
tinguishable from the curves including a. Thus 
the effects of the coupling are most pronounced 
when clzv is least, i.e. when the deviation of the 
concentration field from uniformity is greatest. 

When A = 1, similar trends to the above are 
observed. When A = O-1 however, no effects of 
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o.6_ CO$njectfon 

YX 
FIG. 8. Effect of the coupling on the carbon dioxide 
concentration field, at various values of concentration 

and temperature gradients at wall, and A. 

the coupling on the tem~rature field could be 
seen. 

Equation (24) is transformed for carbon 
dioxide injection into the following expression 
for the dimensionless heat flux at the wall: 

4JJ q;.‘k,T,= - 

_ ,0*65(1 -O+c~lo)(I -clu>) - _ 
1*2(44 - --. (31) 

2544 Cl%) 

Selected results are presented in Fig. 10 which is 
similar to Fig. 5 except that Ii’,* is now greater 
than 1. This means that with carbon dioxide 
injection, the heat flux vanishes when the plane 
is warmer than the wall. From Fig. 10, it is 
seen that the excess of adiabatic wall temperature 

I.08 b- 

I.06 r 

mlecton. A: 35. c,, 

I.04 - 

0.96 - 

0.92 1 
Osgood 

Y+ 
I%. 9. Effect of the coupling on the temperature field. 

over the wall temperature is maximum when 
clW is least, corresponding to the case of maxi- 
mum deviation from ~ifo~~ of the con- 
centration field between the two plates. 

To investigate more fully the behaviour of Ta, 
equation (31) was solved subject to the condition 
that qz = 0. The results are presented in Fig. 11. 
Again the heat-transfer coefficient should be 
defined by equation (27), and in dimensionless 
form is simply the slope of the straight lines in 
Fig. 10. When compared with its value when 
a = 0, no effects of the coupling could be 
detected. The results are presented in Fig. 12. 

4. SUMMARY AND CONCLUSIONS 
Considera~on is given to one-dimensional 

mass transfer and heat transfer and their 
coupling with the injection at a uniform rate of 
hydrogen in one case, and carbon dioxide in 
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FIG. 11. Dependence of the adiabatic wall temperature 
3 on the carbon dioxide concentration level at wall, for 

various values of A. 

FIG. 10. Dependence of the heat flux on the temperature 
difference between wall and plane at various carbon 

dioxide concentration levels at wall. 
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another case, through a wall into the adjacent 
binary flow field. These two particular gases were 
selected because of their widely contrasting 

0.E 

properties that are pertinent to the present 
investigation. Compared to air, hydrogen density 
is about one-fifteenth, its thermal conductivity 

0.6 
: 

about seven times, and its specific heat fourteen 
\ 
2 

times the corresponding properties of air. When $ 
mixed with air, it will migrate spontaneously to 

0.’ 

warmer regions. On the other hand, carbon 
dioxide density is one and a half times, its 
thermal conductivity about two-thirds, and its 

0.: 

I- 

> - 

specific heat about 0.85 the corresponding 
properties of air. When mixed with air, it will 
migrate spontaneously to colder regions, and 
its thermal diffusion factor in air is about one- 

CO2 injection 

, , / 
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fifth that of hydrogen in air. 
In forming the governing equations, all 

FIG. 12. Effect of carbon dioxide injection rate and 
concentration at wall on the Nusselt number. 
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property values were considered independent 
of temperature, but functions of the mass fraction 
of hydrogen or carbon dioxide when considering 
their mixtures with air. Solutions of the diffusion 
equation and the energy equation for a given 
injected gas depended upon the parameter A 
and the concentration level of the injected gas 
at the wall. They were obtained numerically 
on the Univac 1103, and compared with the 
solutions when the thermal diffusion factor was 
set equal to zero. Certain effects of the coupling 
between heat and mass transfer could thus be 
determined. In general, these effects were much 
more pronounced for hydrogen injection than 
for carbon dioxide injection, due to the ratio of 
molecular weight of hydrogen to air being much 
smaller than of air to carbon dioxide. 

Due to the coupling, the hydrogen concentra- 
tion at a particular point is slightly increased 
when the plane is warmer than the wall, and 
slightly decreased when the plane is colder than 
the wall. The opposite takes place with carbon 
dioxide injection, because of the opposite 
direction of migration of hydrogen and carbon 
dioxide in their respective non-isothermal mix- 
tures with air. 

The coupling has much more pronounced 
effects on temperature distribution than on 
concentration distribution, provided that A is 
sufficiently high, and that the deviation of mass 
fraction distribution from uniformity is 
sufficiently large. This deviation is largest when 
the mass fraction of the injected gas at the wall 
is the smallest possible compatible with non- 
negative mass fraction at the plane. Due to the 
coupling, the temperature at a particular point 
is decreased with hydrogen injection, and 
increased with carbon dioxide injection. 

The wall heat flux is the sum of two com- 
ponents. The first component is the familiar 
Fourier conduction heat flux, and varies linearly 
as usual in single component systems with the 
temperature difference between the wall and 
the plane, for a given value of A and clzL1. The 
second component is caused by the coupling, is 
constant for a given value of A and clw, and in 
particular is independent of the temperature 
difference between the wall and plane. Its 
direction is opposite to that of the hydrogen 
mass flow through the wall, but the same as that 

of the carbon dioxide mass flow. For a given 
value of A, this component is maximum when 
the concentration distribution deviates the most 
from uniformity. 

Due to the coupling, the wall heat flux 
vanishes when the plane is colder than the wall 
with hydrogen injection, and warmer than the 
wall with carbon dioxide injection. When this 
happens, the temperature of the plane is called 
the adiabatic wall temperature. For a given 
value of A, the difference between adiabatic 
wall temperature and the wall temperature 
increases as the deviation of the concentration 
field from uniformity increases. Also, it becomes 
more pronounced when the injection is increased 
by increasing A. 

The heat-transfer coefficient should be 
appropriately defined by equation (27) in terms 
of the adiabatic wall temperature. With this 
definition, its value becomes independent of the 
coupling. 

In general therefore. the effects of the coupling 
are most pronounced when the distribution of 
mass fraction of either component, or the 
temperature distribution, deviates the most 
from the uniform distribution. They also increase 
as the ratio of molecular weights of the two 
species in the binary system, or the parameter A 

increases. 
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R&u&-On s’est occup& du transfert de masse et de chaleur en rkgime permanent B partir d’une paroi 
poreuse vers un systkme binaire “non dissipatif” d’air et d’hklium dans un CBS et d’air et de CO’ dans 
l’autre cas. On ajoute dans le systtme de I’hClium ou de l’hydrogtne iz un dCbit uniforme a travers la paroi 
poreuse. On a suppose que les champs d’koulement de temkrature et de concentration sont seulement 
fonction de la distance B la paroi. Les flux de chaleur et de masse sont couplb en accord B la thermo- 
dynamique des processus irrkversibies. On a montrt que les effets d’un tel couplage sur le champ des 
concentrations sont faibles, sont apptiiables sur le champ des tem&ratures et le flux de chaleur sous 
certains conditions, et dgligeables sur le coefiient de transfett de chaleur lorsqu’il est dtfini a l’aide 
d’une “temptrature de paroi adiabatique”. En g&&al. les effets sont beaucoup plus prononds en valeur 

absolue pour l’injection d’hydrogkne que pour celle de gaz carbonique et sont en sens oppose?. 

Zusammenfassung-Der stationlre W&me- und Stoffiibergang von einer poriisen Wand an ein nicht- 
dissipatives bin&es System, oder ein Luft-Wasserstoffgemisch in einen Fall, ein Luft-Kohlendioxydge- 
misch in anderen Fall wird analytisch untersucht. Wasserstoff oder Helium wird gleichm%ssig durch die 
poriise Wand in das System eingeblasen. Die StrGmung, die Tempcratur und die Konzentrationsfelder 
wurden als Funktionen allein des Wandabstandes angenommen. Nach de Gesetzen der Thermodynamik 
irreversibler Prozesse sind der W&me- und Stoffstrom gekoppelt. Der EinRuss dieser Kopplung wird beim 
Konzentrationsfeld als klein nachgewiesen, beim Temperaturfeld und beim Wiirmestrom ist er unter 
bestimmten Bedingungen zu beriicksichtigen; vernachlbsigbar ist er fi den Wlrmeiibergangskoeffi- 
zienten, wenn dieser auf die “adiabate Wandtemperatur” bezogen wird. Allgemein ist die Griisse der 
Einfliisse wesentlich ausgeprlgter fiir Einblasung von Wasserstoff als von Kohlendioxyd und wirkt im 

enlgegengesetzten Sinn. 

AmtoTema-PaccbtaTpnBaeTcn ycTaHoBliBnurficH nepeHoc MaccbI 11 Terma c noprrc~oft cTeHmf 
B HepaCCeliBaIOmylo 6aHapHylCI CwCTcMy HJIH BOAO~O;~OBO~A~IUH~KI CMeCb B 0;lHOM cnyqae BnH 
CMt?Cb BOaayX-AByOXHCb yr.TepOAa B fipyrOM . I~OAOpOA HnH I’eJfHfi BayBaIOTCH B CHCTeMy Yf?pe3 
IIOpJiCTyIo CTeAKy C OAHHaKOBOtt CKOpOCTbIO. flpeAnOJIarat?TCH, VT0 nOJIH Te’icH&t, Tel- 
nepaTyp W HOHQeHTpaltHH HBJIHIOTCH @yHKqRRMH paCCTORH&ffl TOJIbKO OT CTeHHA. COrJIaCIIO 
aaHoiiaM TBpMOAHHaMAKB Ht?O6paTUMarX npoqeccoB nOTOKW Tenna I MaccbI BaanWocan3atibr. 
nOKaBaH0, ‘IT0 BOa@CTBMe TaKOti B3aHMOCRH3W Ha nOJIc KOHUeHTpaltHH MaJIO, Ha nOnI? 
TBMnepaTyp H TenJlOBOti nOTOH npn OnpeAeJRHHklX yCJlOBUHX AOBOJfbHO OUQ’THMO W npesebpe- 
H(HMO Mano Ha KOB~HUHt?HT Tt?nJIOO6Mt?Ha, Hoi-Ra 0~ onpenenelr qepea ca;[aa6aTHsecKylo 
TeMnepaTypy CTeHKHI. BooBnte, BenHYMribI 3TOrO IlO:l;le~CTBMH ropaaao 3naqrcTenbHee nprl 

BAyBe BOAOpOAa, ‘#eM npI4 BAyBe ~RyOKHCM ;Yr;IepO;ra, H OTJlH9alOTCR n0 3HaKy. 


