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Abstract

The unsteady hydromagnetic free-convection flow near a moving
infinite flat plate with heat and mass transfer is studied when chemical
reaction is present. By adopting a further approximation on the steady
temperature and concentration and in the absence of the soret term, the
steady state eguations are reduced to a set of coupled second order linear
differential equations and solved. This together with the transient solution
show that in the presence of chemical reaction Ds and k, does not affect the
temperature while R decreases it. Also increase in D; , R and k, causes a
depletion in concentration with the depletion in concentration dueto R in a
narrow region near the flat plate boundary.

1.0 Introduction

In the previous paper (Alabraba et al [1]), theath@and mass transfer in the unsteady
hydromagnetic flow of a thermally radiating binanyxture of hydrogen-air as a chemically inert gag p
was considered.

In this paper we extend the analysis to a chemyigalacting dilute mixture of natural gas and
oxygen as is obtained in gas flares. The followglgmentary reaction shows the combustion of ortbef
natural gas say methane

CH, + 20, —» CO, + 2H,0 (1.2)

We can approximate this process to be a diluteurexbf CH, and Q and so use a single mass
diffusion equation to represent the combustion idf.C
Nomenclature

(u,v) dimensional velocity components kB,z Boltzman constant -
(xy,2) dimensional Cartesian coordinates Ho constant transverse magnetic field
k thermal conductivity K constant associated with chemical
g gravitational acceleration reaction in the Arrhenius term

Co specific heat at constant pressure Pr Prandtl number

Dnm mass diffusivity R radiation parameter

T dimensional temperature Ds Dufour parameter

C dlmenS|_onaI concentration S Soret parameter

To reservoir temperature S Schmidt’s number

Co reservoir concentration Ky thermo-diffusion constant

Tw constant plate temperature £ dimensional activation energy
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Cuw constant plate concentration 1=v-1 )
T, mean temperature E , rotation parameter
o M magnetic parameter
q; radiative heat flux G Free convection parameter
q complex velocity due to temperature
G¢ free convection parameter due € small parameter

to concentration

Greek ool n constant exponent in

reek symoois the Arrhenius term

Oc electrical conductivity X concentration susceptibility

H magnetic p_ermegblllty g dimensionless activation energy

v kinematic viscosity Q plate angular velocity

B coeff. of volume expansion for temperature P reservoir density

4 coeftf. of volume expansion for a absorption coefficient
concentration o Stefan Boltzmann constant

2.0 Governing equations

The mathematical formulation and non-dimensionétizahave been given in Alabraba et al [1].
Hence the steady flow and first order transient poments after applying asymptotic expansion orfldve
velocity, temperature and concentration are:

2..(0)
2IiEQO = ddiz ~M2q© +Gr(9© -1)+Gelc® -1) (2.1)
Z
d?g© d’c®@
0= -R.P1E?* -1)+ D 2.2
dz? ( ) " odz? @2
2~ (0) = 2n(0)
°" ddcz:z —k* ex;{—%}gwmc@ +5, ¢ zz 23)
subject to z=0:q9=1,09=9,, cC?=C, (2.4a)
750 0%=0,09=1,¢%=1 (2.4b)
99 | 5igq® =297 Mag® +Gro® + Goc® (2.5)
ot 02°
@ 201 2~ ()
Pragt = 6692 - 4RPrg 6" + D, 66C2 (2.6)
Z Z
® 2~ Y 20
subject to
z=0:q" =06%=¢9,Cc%=C
’ v "0 (2.8a,b)
z00:q®=6%=c® =0
t=0:q¥=69=C® =0, zgO (2.8¢)

3.0 Method of solution
To solve Equations. (2.2) and (2.3) we use theviehg approximations:
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09=9, + ¢ (3.1a)

=G, + vy (3.1b)
wherep < 1 and order @ ~ order o). From Alabraba et al [1] we find that ®es not affect the flow
and also from Bestman [2F1. Substitutings = 0 andn=1 in Equation.(2.3) we have

dy
dz>

w

K - KZCW(1+ Hij =0 (3.2)

Now substituting Equations (3.1a,b) into Equatidr8), ignoring order @), simplifying and substituting

d%w d2g

D; ? from equation.(3.2) and finally imposing< 1 condition we arrive a{d—z —012¢ -a,=0
Z V4
with solution as
o - a
¢ — Ai(ﬂe"lz + Al( )e az __22 (3.3)
al

By imposing the boundary conditions equations (BYand noting that as-2« we have
0  09=1=¢=14,

(ii) A =0
iy e™=0
. . a, - S " .
which gives the result — BW = ——> . Combining this with z=0 boundary condition givgs) = a; .
a, 012

"z _

The solution of equation (3.31) can therefore bigtewr as@ = (HW —1)(6_ 1) which translates the

expression fof© as 69 = (HW —1)6_0’1Z +1 (3.4)
Substitutingp into equation (3.2) and simplifying we get

2 2
dv -KY —{Ksz[l— ik j+ K Cutty e‘”lz} =0

dz? a’8,] ajé,

aZ
a.’o

1w

) - a _
with solution as¢ = BVe® + B e ™ + e - Cw(l—

. This together with
a’” -k

o a _ C.a
equation (3.1b) gives®= B 7e? + B Ve +——>—e ™+ =% Byimposing the boundary
a, —K a, o,
condition equations (2.4a,b) and noting that as @
(i) %=1
(ii) B,"=0
(iii) e =0
(iv) e”“=0
a
we getl= "; 2 and when this is combined with the z=0 boundanyddtion gives the expression for
0'1 Bw
- - a.
B asB” = (CW —1—2—32j . The expression for@therefore comes out as
a’” —K
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aS ( —a,Z —KZ) —KZ
2—28 ¥ —-e +e (CW_1)+1 (35)
a” -k
To solve the first order equations (2.6) and (2@&)adopt similar procedure of Laplace transform
technique as in Alabraba et al [1]. The coupladdformed concentration and temperature equatiens a

(D?-a)c® =a6" 36)
(b*-b)g® +D, DT =0 3.7)
By eliminating CY we get a quartic equation if® asaD*@® -bD?0® +c8® =0 with

C(O) -

solution as 00 = AVe + ADe @z + A ez 4 A Ogrer (3.8)
b++/b*-4ac
where a)zl,z = ——— which translates to
2a
=§+\/(y252 +),S+ y4)+% (3.92)

)5

w’ :E—\/(VZSZ TSt V4)+% (3.9b)

1 1
We can write (y252 +),S+ y4)2= [( y,S+ \/74)2]2: ¥,S++/V, which is valid whendy,y,

@2 _ bt m The three
28,

=y32. Expressing this validity in terms of; gives ),

conditions of the discriminant in this equation:are
N2
() b’ = 4ac;.
This translates toy2 =4Pr<c and holds whefr = ScandC,, = 0.

(ii) bs® > 4asCs.
This translates tg? > 4PrSc. By writindds” - 4ascs > 0 =¢, where? = ((1k° + {,)* we find that;;
and{, must take alternate signs thus giving the rootg a$:

- 2 _
(@) Vl(l) = b5+2Z;/5( < and the corresponding expressionGgras
H 2
C —{ Pr-2Pr&x + Prr-4Pr 8:} 3.10
"~ 2prsceD, ¥ W (3.102)
(b) y& = “b -k +d, with the expression fdg,, as
28,
2
C —{ Pr-2Pr&x - Pr- 4Pr38c} 3.10b
"~ 2pread, ¥ s (3.10b)
(i) bs® < 4asCs
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This givesy? < 4PrSc with imaginary roots fgs. Equations (3.9a,b) can be reduced to the form

_ 1 _

@’ =Rs+R, andw’ =Rs+R,. From equation (3.7) we hal®’C® ZE{DZ —Q} o"
f

By following the same procedure as in Alabrabd §tlave get

~ Q + ) Q + -) -
co =—§(AL( gt + ACg a)lz)_*_ a,;z (Az( e + AOg a)zz) (3.11)
Imposing the transformed boundary conditions oraéqos (3.8) and (3.11) gives
#) _ A O _b_ a0
AT = A =0 AT =20 A

Substituting these results in equations (3.8) &ntil] gives
o @@C,-0.0) @08, -w'C) 0

fow -0w)” T dow -0
CO = (“JzC Qg) e 4 (Qg ch) -2
S(Qlwz —0u) ( @ -0y

Further substituting,?, ®,%, Q; andQ, in the last two equations and applying partiattiens we get

(1) ﬂl + /825 + 133 e_kx\/(5+a3) +
s (N,S+Ngss+N;) (N/+N;s+N;)

& + '358 + 136 e—kywl(s+a4)
s (N,s®+Ngs+Ng) (N,s?+Ngs+N,)

co | X, X2S + X3 e k/sta
s (M, s°+M;s+M;) (M,s°’+M.s+M,)
ﬁ_'_ XS + Xo e_ky Stay
s (M, +Mss+M,) (M,s*+M,s+M,)

Employing the first shifting theorem and inverselaze transform we dedué€’ and ¢"as
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o e—kx\/g o (S_ag)e—kx«/g j
1L - 2L 2
s (8_83] g ((N4(S_a3) +N5(S_as)+N6)

L e—kx\/g
A [(N4(S-ag)2 +Ny(s—a,)+ N6)]

(3.12)
B et LB (s-a)e™"
4 e "l sma, ’ (N4(S—a4)2+ N5(s—a4)+ N,)
e l o
+6.L
° (N4(S_ a4)2 + N5(S— a4)+ N6)
—k, s _ ks
XlL‘l(e ]+ qu( maet j
CO = gat ST (M,(s—2a;)" + Mg(s—a; + M)
_kx*/g
a e
+ x5k 5
(M4(S—6\3) + |\/|5(S—6\3) + Me)
(3.13)

S—8, M4(S_a4)2+M5(S_a4)+M6)

—ky s _ —k, /s
o e

e

_ky\/g
+ x,L™? €
° M4(S_a4)2+M5(S_a4)+M6)

such that L™ denotes the inverse Laplace transform.

By expressing the following fractions in partiadtions i.e.
1 1

1 1
&%7ﬂW&@T&%wa}

1 1

1 1
&%ihw;@fﬁm+w}

with the following approximations
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(s-&) __ 1

1 1
N (s-a)® + Ny(s—a;) + Ny zwa{fs—@ fs+@}

(s—a,) _ 1 1 1
N,(s-a,)° +Ng(s=a)+N; 2N,/c, [Vs-\c, Vs+4c,

1 :i{ 1 L}
N4(S_ae)2+N5(5_ae)+N6 Ns [S—8; S—¢

1 _i 1 _ 1
N4(S_a4)2+N5(S_a4)+N6 N5 $—a, S—G

and substituting into equations (3.12) and (3.1iB3/ly employing Abramowitz and Stegun [3] we dge¢
result

OV =g {%{e(ast‘k*@ )erfc(zk—jf - at j el )erfc( 257{ + astﬂ
+ B gletkfor )erfc(L -Jat j elotoner erfc( 4+ [ot j
2N 2t

4

& (a3t‘kx\/373) L_ (a3t+kx«/373) L
Bt el )
_e(qt-kxmerfc(zk_jf_ qj e(wwerfc[ - J—H}

~agt ﬂ4 (at- Kyt ) ky — (a4t+kyft) ky

+te { > [e erfc(zﬁ 1/a4tj+e erfc(zﬁ + agﬂ
,85 (czt —kyyc2 ) k _ (czt+ky cz) ky

+—2N4 _ erfc( o 1/cztj +e erfc(—zﬁ +,/Ct ﬂ

Bs | (astx, Vas) K, (at+k, s ) K,

+ 55| ™ Y erfg —= - /a,t |+e™ TV erfg —= + .\ /a,t
2Ng| 2t VT 2t vV
(czt—k Je, ) ky (czt+k

-e? "Wefc —2=—-./ct|—e erfc +1/

2t V7
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_ . k ~ k
C(l) — o agt Xl (a3t Ky 33) ft( X tj + (a3t+kx 33) ft( X_ 4 tj
e {—2 |:e er —2 \/E 4/ € er —2 \/E a

L (C3t—kx\/§) f ( k tj (c3t+k \/7) fc( j

+2M4{e ercz\/f Jot | +e er 2\/_

+ Xo e(aﬁ_kx@)erfc(ﬁ_ \@j sl rd K, agtj
24t 2.t

3]

_ gt) f( K _ tj_ Y-
e erfel S Jot |-¢€ e

o) Xa| oo alred Ky (kg rd Ky
+e { [e erfc(zﬁ \/a_4tJ+e erfc(Z\/E+ a;ﬂ

As I (cat—k, 2 ky (cat+k,eq) ky
+ 22| e™ Verfe] —2=—./ct [+e™ VYV erfc —=+./ct
2M, | (Z\E ) 2t V"
o . +
A6 e(a4t ky \/;4 )a-fc(_y _ a4t] + e(a4t k a_ fC( + j
5| 24t Y 9

_ (C4t_ky\/a) f ky _ t = (C4t+ky\/a) f ky t
e el S Jeit |-e erfe S G

4.0 Results and discussion

The problem posed in Alabraba et al [1] with the@eegion of chemically reacting pair say
methane and oxygen as is obtained in gas flarebées solved. The steady flow resulting from astipt
approximation has been tackled by a further appmation of equation (3.1a,b). We have used similar
parameters as in Alabraba et al [1] for the nunaédomputation i.e. Pr=0.71, Sc = 26Q,= 10,t = 0.01,¢
=0.1.

Equation (3.10a) has been chosen to calculate @ik omncentration because (3.10b) gives a
negetive rasult.
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Figure 4.1: Temperature profilé against boundary layeifor differentD; , R andk,
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Figure 4.1 shows the temperature profile as iffiscéed byD;, R andk.. The result shows that in
the presence of chemical reacti@p,andk. do not affect the temperature even wkeis increased to 5.0.
However increase in R causes a decrease in temapeetikie the case without chemical reaction.

C

12

D¢ R k; Graphs
0.1 1.0 1.0 |
10 0.3 1.0 1.0

V4
01 02 03 04 05 06 07

Figure 4.2: Concentration profil& against boundary layerfor differentD;

Figure 4.2 gives the concentration profile for gased value db;. The result shows that increase
in Dy in the presence of chemical reaction and radiatarses a depletion in concentration.

C
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Figure 4.3: Concentration profile C against boundary layerrifferent R

Figure 4.3 shows that increase in R in the presaficehemical reaction causes depletion in
concentration only in a narrow region near theglate boundary.
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Figure 4.4: Concentration profil€ against boundary layerfor differentk,

We observe in Figure 4.4 that increase in chermmeadtionk, causes a depletion in concentration
up to about z=0.3 and then it reverses but only séghtly. This is in good agreement with the et
Bestman [2] where the ozone budget is modeled thighresult that when the ozone concentration ik hig
in the outer atmosphere, chemical reaction causpketion while when it is high near the earth, cloain
reaction causes an increase in ozone concentration.

5.0 Conclusion

In conclusion therefore the unsteady free-conwecfiow near a moving infinite flat plate in a
rotating chemically reacting binary mixture as aféel byDs , R andk, show that the temperature field is
only affected with reduction bR similar to the case without chemical reaction. Tomcentration is
affected byR with depletion only in a narrow region near thatplboundary whil& causes a depletion in
concentration from the plate up to about z=0.3pbéywhich there is a very slight increase.

Appendix A
The following constants have been used
B
k> =k’ @, a=1
2
k°D.C
a’ =4RPrg° - — =12~ s
&,

C.l €

a, =RPrg,' -«°D,C,, a, =k’ £ 41
4.\ 8,
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a
° ae,
c=ab
— N5
Q=&
4
N
C, :a4_N—5,
4
— |\/|5
SR
4
M
“TA T,
4

b, = 4RPrg,’ +Prs

&
I
Fejiey

a, =

3, =Prsc.b=a +h +a,D,

|

b = —(4yRPrSc¢9W3 + yPr/(z)

C, = 4RPr8,’yk* —16RPr SO, ’k? +16R* Pr* c26,° + Pr k* + 8RPr* Stk 26, °
K, = \/ﬁz, ky = \/Qz

2
vy = Pr+Sc,y, = —4RPr@,’«k? +VT:

¥, = k* +4RPrg,’ +/(2%(6i +1jDf =t

_ Y -4Prs

2

4

Ve = % = 4RPrc,’ - Pri?, y, =2

R=V*+VVs,

R =Vet\Va:

R =¥~V

Ri=Ve=Va

Q, =Rs-R

Q,=Rs-R, R =

w w

4RPrg,’ - R,

D;

2
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