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Abstract. We study the effects of thermal radiation and porous dragefron the
natural convection heat and mass transfer of a viscousiripoessible, gray, absorbing-
emmitting fluid flowing past an impulsively started movingtieal plate adjacent to a
non-Darcian porous regime. The governing boundary-lageagons are formulated in
an(X™*, Y™, ¢*) coordinate system with appropriate boundary conditiot Rosseland
diffusion approximation is employed to analyze the rad@tieat flux and is appropriate
for non-scattering media. The model is non-dimensiondla®d solved with the network
simulation model. We study the influence of Prandtl numbediation-conduction
parameter, thermal Grashof number, species Grashof nu@bemidt number, Darcy
number and Forchheimer number on the dimensionless welo@tperature and
species function distributions. Additionally we compute tvariation of the local skin
friction, Nusselt number and Sherwood number for seledtechtophysical parameters.
Increasing Darcy number is seen to accelerate the flow; theecse is apparent for an
increase in Forchheimer number. Thermal radiation is seeaduce both velocity and
temperature in the boundary layer. The interactive effe€tsecond order porous drag
and thermal radiation are also considered. The model finplécagions in solar energy
collection systems, porous combustors, transport in firggrous media (forest fires)
and also the design of high temperature chemical procetsnsys

Keywords: thermal radiative heat transfer, Rosseland model, coiorgeanass transfer,
non-Darcian regime, network numerical simulation, enerygtems, Nusselt and
Sherwood number.
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1 Introduction

Many high temperature processes in industrial design antbuastion and fire science
involve thermal radiation heat transfer in combinationrwébnduction, convection and
also mass transfer. For example radiative-convectivethaatfer flows arise in industrial
furnace systems [1], astrophysical flows [2], forest fireaiyics [3], fire spread in buil-
dings [4] etc. Considerable research has therefore apppsaraying radiative-convective
flows in a variety of geometrical configurations with numeriand mathematical models.
Bratis and Novotny [5] reported on the effects of thermaliaddn in the convection
boundary layer-regime of an enclosure. Chang et al. [6] asetliative flux diffusion
approximation to model the interaction of convective ardlative heat transfer in two-
dimensional complex enclosure. Hossain et al. [7] studieceffects of thermal radiation
heat transfer on combined forced and free convection bayrdger flow past a hori-
zontal cylinder. Chamkha [8] studied numerically the comeli influence of radiative
flux, gravity field and heat absorption on convection heaigfer in a two-phase flow.
Hossain and Vafai [9] reported on the natural convectionnany layer heat transfer
with variable viscosity, suction and radiation effects.a@tkha et al. [10] studied com-
putationally the influence of mass transfer and radiationdlu natural convection flows.
More recently Pop et al. [11] considered the radiative-eative stagnation flow over a
stretching surface. These analyses were however confimeditoes where there is only a
fluid present. Extensive applications exist however whiseentedium is porous medium.
For example in environmental and geothermal energy systemmsection and radiation
heat transfer take place in porous geomaterials. Foressgiread also constitutes an
important application of radiative-convective heat tfansas described by Meroney [12].
More recently Chitrphiromsri and Kuznetsov [13] have staldthe influence of high-
intensity radiation in unsteady thermofluid transport inqus wet fabrics as a model
of firefighter protective clothing under intensive flash fir&heir computational study
showed that moisture in the fabric begins to vaporize ittfaom the outer surface of the
fabric to the inner surface during heating, with a compooétiie moisture recondensing
in the interior during cooldown. Temperature distribusamthe fabric layers were shown
to be strongly affected by moisture content and thermaktasth flux. Generally for low
velocity hydromechanics of porous media, a Darcian modedésl which relates the bulk
matrix impedance in the regime to the pressure drop. Thisoagp is generally accurate
for situations where Reynolds number is less than apprarima0. Beyond this value
inertial effects become significant and must be incorparitemathematical models.
Both Darcian and Darcy-Forchheimer (inertial) models Hawen employed extensively
in radiative-convection flows in porous media. Chamkha [dtddied the influence of
solar radiation on free convection in an isotropic, homagsnporous medium using
a computational method. Mohammadein et al. [15] employeegalar two-parameter
perturbation analysis in studying the radiative flux effentfree convection in a non-
Darcian porous medium. They studied four different flow negs i.e. that adjacent
to the isothermal surface, flow with a uniform heat flux, plateme flow and also
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the flow generated from a horizontal line energy source onriceé adiabatic surface.
Radiation was found to significantly affect all flow cases.kiar et al. [16] used an
implicit difference scheme and the Cogley-Vincenti-Giles1-gray model to simulate the
radiation-convection gas flow in a non-Darcy porous mediuth wiscous heating effects.
Radiation parameter was found to strongly affect tempegadiistributions. Satapathy
et al. [17] studied the natural convection heat transfer bagcian porous regime with
Rosseland radiative flux effects. El-Hakiem et al. [18] ¢dexed the radiation-convection
flow in a non-Darcy porous medium numerically. Nagaraju ef1#l] used the Schuster-
Schwartzchild two-flux radiative model and the Blottnerténdifference scheme to in-
vestigate the combined radiative and convective heatfeaimsa medium with variable
porosity. Takhar et al. [20] employed a Runge-Kutta-Merstomoting quadrature and the
Rosseland diffusion algebraic radiation model to analiieeniixed radiation-convection
flow in a non-Darcy porous medium, showing that temperatuaglignts are boosted
with radiative flux. More recently Chamkha et al. studied][@t influence of thermal
radiation on steady natural convection in a viscoelastiict8aturated non-Darcian porous
medium using the Keller Box numerical scheme. Temperatuess seen to be substan-
tially boosted with an increase in radiative parametere®siudies discussing the effects
of radiation on convection flows in porous media have beemaonicated by Raptis and
Perdikis [22] who considered transient flows and Takhar.gR8]. In certain industrial
systems, the flow past an impulsively started plate is algmomant. Such flows are
transient and therefore temporal velocity and temperajtadients have to be included
in the analysis. Excellent work in this regard has been pteseby Stewartson [24]
although his study ignored heat transfer. Later Soundalggdd] extended this study
obtaining Laplace transform solutions for the natural @mivon and mass transfer effects
on flow past an impulsively-started vertical surface. Maeantly Muthukumaraswamy
and Ganesan [26] considered the transient heat and masfetraast an impulsively-
started vertical plate. Impulsive flows with thermal raiateffects and in porous media
are also important in chemical engineering systems, aeadic blowing processes and
geophysical energy modeling. Raptis and Singh [27] studigaherically the natural
convection boundary layer flow past an impulsively startedigal plate in a Darcian
porous medium. More recently Ganesan et al. [28] have slutieinfluence of thermal
radiation on convection flows past an impulsively starteatepl Thusfar however the
transient laminar heat and mass transfer past an impujsstatted surface embedded in a
non-Darcian porous medium with thermal radiation preseatt the authors’ knowledge
not been considered. We shall therefore study this problemenically in the present
paper. Such as study has significant applications in solection systems, fire dynamics
in insulations, and also geothermal energy systems. Theftramed problem is shown to
be dictated by eight thermophysical parameters, viz dimearless time, thermal Grashof
number, species Grashof number, Darcy number, ReynoldbeifForchheimer number,
Prandtl number and Schmidt number. The influence of thesangters on the velocity
profiles, temperature function, mass transfer functionallehear stress, local Nusselt
number and local Sherwood number are presented and discaidseagth.
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2 Mathematical model

We study the laminar unsteady viscous free convection hahispecies transfer of an
incompressible, absorbing, emitting and non-scattergngy, Newtonian fluid past an
impulsively started vertical semi-infinite surface adjaice® an isotropic, non-Darcian,
porous medium. The physical model is shown in Fig. 1.

X* I'sotropic,
homogenous non-
Darcian porous

medium saturated

with optically-
dense fluid

Impulsively started

vertical surface

Velocity, thermal
and
concentration
boundary layers
Leading edge

—~

Fig. 1. Physical model and coordinate system.

The X * direction is located parallel to the plate surface and1fi@irection normal
to it. The plate and fluid are taken to be at the same temperallre concentration of
species diffusing in the binary mixture is much lower tha@ ¢oncentration of chemical
species otherwise present. We neglect stratificationptnisic porous and viscous heat-
ing effects in our analysis. At tim& = 0, the plate commences impulsive motion in
the X* direction, with constant velocity;, and the plate temperature and concentration
levels are instantaneously elevated. These new valuesistared for all timeg* > 0.
Thermal radiation is assumed to be present in the form of dingitional flux in theY™
direction i.e. ¢, (transverse to the vertical surface). The Rosseland diffufux model
is used and is defined following Modest [1] as follows:

4o OT**

3K Oy * (1)

qr =

Under the Boussinesq approximation, the boundary layeatems for mass, momentum,
energy and species conservation in( &, Y*) coordinate system, can be shown to take
the form:

Mass conservation
oU* n ov*
o0XxX* 0Y*

=0; 2
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Momentum conservation
ou* ou* o

+ 1/@ — KU — £U2'
oy=* K K’
Energy (heat) conservation
oT* oT* oT* 0*T* 1 9q,
* * — o . 4
o TV ax TV ey T Yoy p0, v+ @
Species conservation
oC* oC* oC* o%C*
U~ v =D . 5
o 7 axs T avr gy ®)
The corresponding temporal and spatial boundary conditiwe prescribed as:
t*<0: U*=0, V*=0, TF"=T%, C*=CL, (6)
>0 U*=U;, V'=0, T/=Ts, C*=C: atY*=0, (7
U* =0, T"=T7, C'=C; atX*=0, (8)
U* — 0, T —>T5, C"—=CL asY" — oo, (9)

where X* andY™* are coordinated/*, V* are velocity components in th&* Y* di-
rections,t* is dimensionless timey is the Stefan-Boltzmann constaptis gravitational
accelerations’ is the mean absorption coefficieptjs coefficient of thermal expansion,
£* is mass transfer coefficient of expansions the kinematic viscosity of the gray fluid,
T* is temperature(* is species concentratioH; is the permeability (hydraulic conduc-
tivity of the porous medium with dimensiong’jnb is the Forchheimer geometrical inertia
parameter of the porous mediumis the thermal diffusivityD is the species diffusivity,
()w denotes conditions at the wall (vertical surface) &ng, designates conditions in
the free stream (outside the boundary layers). FollowingtiBand Perdikis [22] we can
express the quartic temperature function in (1) disear function of temperature. The
Taylor series fofl**, discarding higher order terms can be shown to give:

T ~ AT — 375" (10)

Substitution of this expression into (1) and then the heaseoration equation (4), even-
tually leads to the following form of the energy equation:

oT* Lo oT* Ly or* aa2T* N 160752 02T
ot* X aY* T oy*?  3KpC, gy 2
Equations (2), (3), (5) and (11) with boundary condition¥ & (9) constitute a two-
point boundary value problem which is fairly challengingsmlve. We therefore non-
dimensionalize the model to facilitate a numerical solutiyy thenetwork model This
serves to introduce standard thermofluid parameters suttfedrandtl number etc and
also allows general solutions relevant to any size of the flegime.

(11)
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3 Transformation of model

Defining:
X* * Y* * * *
X = UO’ v — U U_ U_’ 14 ’
v v Us Ug
t:t*UO*Q, T T*—T§O7 C_C*—CCfO’
v T —Tx Cx — C*, 12)
v v K b UL K'k
Pr=2, Sc==, Da=+;, Fs= 0% N=SE
r o Sc D’ a 72 S T Re u 4O'Tg057
Ug Ug

whereX andY are dimensionless coordinatés,and V' dimensionless velocities,is
dimensionless time]" is dimensionless temperature functiar,is dimensionless con-
centration function)V is the conduction-radiation heat transfer parame®eris Prandtl
number,Sc is Schmidt numberDa is Darcy numberF's is the Forchheimer inertial
number,Re is the Reynolds numbef;r is thermal Grashof number ardem is species
Grashof number. Introducing these transformations inteaégns (2), (3), (5) and (11)
we arrive at the following dimensionless conservation équoa:

oU OV

a—XJra—YfO, (13)
oU oUu oUu 0°U 1 Fs

4 U—=+V=—==GrT —— —|=——|U% (4
o TUay TVay = GrT+GmC+ o [DaReQ] {DaRe]U’ (14)
oT oT oT 1 4 10%°T

E*Ua—xwa—yp—r[l 3_N]87 (15)

oC oC oC 1 92C
ot TVax tVay T seave (16)

The corresponding initial and end boundary conditions rake the form:

t<0: U=0, V=0, T=0, C=0, a7
t>0: U=1, V=0, T=1, C=1 atY =0, (18)
U =0, T=0, C=0 atX=0, (29)
U—0, T—-0 C—0 asyY —oco. (20)

The following quantities are also of interest for thermasida in for example energy
systems engineering, namely the local skin friction, Idd¢akselt number and the local
Sherwood number. They provide a good estimate of the basitdrel mass transfer
processes in the flow regime. Following Incropera and Dejg] these functions are
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computed with the following mathematical expressions:

6U]
T = — | === 5 (21)
|:8Y Y =0
oT
Nuyx = —X {a_y} o (22)
aC
Shxy =X [a_y] o (23)

where the appropriate value for the streamwise coordidatean be utilized. Addition-
ally mean values of these parameters can be defined as follows

1

_aU_
F=— [ |=| dxX, (24)
_aY-Y:()
0
/ [OT ]
Nu=— _a_Y_ Y:OdX, (25)
0
/ [0C']
Sh = — — dX. 26
S 1Y |y (26)

0

4 Special cases of the model

A number of special cases can be derived from the transfomedentum, energy and
species conservation equations in order to test the agcwfathe numerical method
employed in this study:

Case 1. Transient radiative free convective heat and massansfer in a gray fluid-
saturated Darcian porous medium

For the case wheré's — 0, the inertial porous drag effects vanish and the momentum
equation (14) reduces to:
ou oU

ou 02U 1

The other transport equations remain unaffected as do tivedaoy conditions.

Case 2. Transient radiative free convective heat and massansfer in a gray fluid
medium

With Da — oo, all porous hydrodynamical body forces vanish. This inmgplieat the
porous matrix permeability becomes infinite so that themegis purely fluid. Again we
can modify the momentum equation (27) to the reduced form:

ou ou ou 0*U
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This version of the momentum equation was studied by Prasald[80].

Case 3. Transient free convective heat and mass transfer inrgon-Darcian porous
medium without radiation

As N — oo, thermal radiation heat flux effects vanish in the limit. Tagime is therefore
only purely free convection heat and mass transferthis case only the energy equation
(15) now reduces from:

a_T_|_Ua_T +V6_T — iaQ_T
ot 0X Y  Proy?

The other transport equations remain unchanged from (18)and (16).

(29)

Case 4. Transient radiative forced convective heat and massnsfer in a non-Darcian
porous medium

WhenGr — 0 andGm — 0, the buoyancy effects vanish and the temperature and con-
centration fields become de-coupled from the momentum eguadnly the momentum
equation is affected which reduces from the general cadgtgl

ou OU  9U U { 1 } [ Fs }Ug. 0)

2t " Vax " Vay “ave DaRe? DaRe

5 Numerical solution by network simulation method

Numerical solutions to the governing transformed equat{@3) to (16) under boundary
conditions (17) to (20) are to be obtained using the netwarlukation method. This
method has been used efficiently by Zueco and co-workers3@1and is now briefly
described. The starting point for this method is always tiserdtization of the equa-
tions that form the mathematical model of the problem undedys (13) to (16). This
discretization is based on the finite-difference formolatiand only a discretization of
the spatial co-ordinates is necessary, while time remaines @eal continuous variable,
thereby transforming the partial differential equationtoia set of ordinary differential
equations (ODESs) which can then be described bglamental network cellUnlike the
usual numerical methods, in the NSM the independent variadticulation is successive
since we carry out first the spatial and then the temporalulgtiion to solve the circuit
equations. This difference in the reticulation may prowidevith some advantages in the
use of the NSM, at least in certain problems. No time intenesdds to be established
by the users to obtain the numerical solution, the time vatiesets automatically in
every iteration according to the given stability and cogegice requirements, and this
means without a doubt an advantage. A second advantagetisvithathe NSM we
must only transform PDEs into ODEs and the latter along withinitial and boundary
conditions must be formulated in terms of circuit. The peogrto solve ODEs is based
on the network model. In other methods algorithms are ratteee complex and require
considerable programming efforts. For the transient aiglyspice uses the numerical
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implicit integration formulae (trapezoidal integratiomijth an order two accuracy; addi-
tionally a central-difference methodology has been usethfvapproximation of first and

second spatial-derivatives. As a result second order acguf the spatial discretization
is achieved. Based on the governing discretized equationalectrical network circuit is

design for each equation, where these equations are fgrawalivalent to the discretized
equations. The finite-difference differential equatioesulting from dimensionless con-
tinuity, momentum balance, energy balance and mass badmuzgions (13)—(16) are:

AY dU; ;/dt + Ui j(Uirax,j — Ui—ax,j) AY/AX + V; (Ui jyay — Uij—ay)
= AYGT‘TZ'J' + AYGmC’w + (Ui,ijY — UZJ)/(AY/Q)
— (Ui,j — Ui7j+Ay)/(AY/2) — AYUL'J‘ (Re + FSUL'J)/(DGR@), (32)
AYP’I“dTiJ/dt + Ui,j(TH-AX,j — Ti_AXJ)AY/AX + P?“V;’J* (Ti7j+Ay — Ti,j—AY)
= (T;j—ay — Ti;)[2(1 +4/3N1)]/AY

= (Tij = Tigeay)[2(1 + 4/3N71)]/AY, (32)
AYSCdCi7j/dt+AYSCUi7J‘(C,H_AXJ —Ci_AXJ)/AX-i-SCVL'J(C,'J.;,.Ay —Ci7j_Ay)
= (Cij-ay — Cij)/(AY/2) = (Ci; — Cijray)/(AY/2). (33)

The terms that contains these equations can be treateccscalecurrents, due that
the electric-(motion-thermal-mass) analogy and the cuiikérchhoff's law are consid-
ered (Zueco [34]). This analogy can be applied is such awatyttte variables velocity
(U, V), temperature’’) and concentration({) are equivalent to the variable, voltage,
while the velocity flux U /90X, 0U/9Y), heatflux T'/0X, 9T /0Y") and concentration
flux (0C/0X, 0C/0Y) are equivalent to the variable, electric current. NSM dates
the behaviour of unsteady electric circuits by means o$tess, capacitors and non-linear
devices that seek to resemble thermal systems governedsbgadly linear or non-linear
equations. Another noticeable advantage of the NSM is thabivides both the velocity
and velocity flux density fields immediately (without no nedédiumerical manipulation).
Later, an electrical network circuit is designs to model imeindary conditions. The
whole network must be converted into a suitable programithablved by a computer
code in a PC using suitable software, Pspice [35] in this wokkmesh system with
20 x 200 nodes is proven to suggest mesh-independent results. Aamtadye of the NSM
is that the derivatives involved in equations (21) to (2&)directly evaluated, while other
methods for example using five-point approximation formdibe integrals (24) to (26)
are evaluated using Newton-Cotes closed integration ftzrmu

To test the accuracy of the NSM simulations we have compaeetiansient velocity
profiles versug” at X = 1.0 and the steady-state local skin friction distributionsswuesr
axial coordinate X, for various combinations offr, Gm, Sc and N with the Crank-
Nicolson central difference computations of Prasad et3d)].[ The comparisons are
shown in Figs. 2 and 3 and found to be in excellent agreement.

Extensive computations have been performed for the eféddtee controlling ther-
mofluid and hydrodynamic parameters on dimensionless WU, V), temperature
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U 18
16 1LV, IV Gr Gm Sc N
1.4 2.0 2.0 0.60 3.0 case |
1217} 4.0 2.0 0.60 3.0 casell

2.0 2.0 0.94 3.0 caselV

1 2.0 2.0 0.60 5.0 caseV

0.8 |
0.6 1 t=0.75
0.4 1 [Prasad et al
024 " [30] .
0 ‘ ‘ : i ’
0 1 2 3 4 Y s

T 227
o2y Gr Gm Sc N
" 0.2 0.2 0.945.0 case |
161 l'and Il 0.4 0.4 0.605.0 casell
1.4 1
1.2 4
1 4
08 steady-state
0.6
0.4 {g Prasad et
o al [30]
0
0 0.2 0.4 0.6 0.8 1 X 1.2

Fig. 3. Steady state local skin friction profiles versador variousGr, Gm, Sc and N
values.

(T) and concentration{), and also on the local skin friction), local Nusselt num-
ber (Nu,) and local Sherwood numbeff,). In addition we have aimed to study
the interactional effects of for example Forchheimer drag) (and thermal radiation
parameter /). Only selective figures have been reproduced here for tyreliefault
values of the parameters are as follows: conduction-radigiarameter ) i.e. Stark
numberN = 0.5, Forchheimer parametéfs = 0.1, thermal Grashof numbe&rr = 1,
species Grashof numbé&rm = 1, Prandtl numberPr = 0.7 (air), Darcy number
Da = 0.1, Schmidt numberSc = 0.5 (water vapour) and Reynolds numbRe of
unity. All graphstherefore correspond to these valusdess specifically indicated on
the appropriate graphWe have also opted to study the spatial variation of vaembk
a certain time e.g. for = 1. Separate transient profiles have also been computed. The
present analysis concerns the case of optically thick bagndyers, where the thermal
boundary layer is expected to become very thick as the meditnghly absorbing. The
radiative diffusion (Rosseland model) adds a radiativedcativity to the conventional
thermal conductivity. The effect of radiation is to thick#re thermal boundary layer
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similar to the effect of decreasing Prandtl number (thefatpresenting the ratio of the
viscous to thermal diffusion). Radiation supplements therrnal diffusion effectively
enhancing the thermal diffusivity, as described by Siegelldowell [36].

Figs. 4 to 8 illustrate the effects @¥, Da, Gr, Gm, Pr respectively on the dimen-
sionless temperature profiles versdagtransverse coordinate) at= 1. An increase in
N corresponds to an increase in the relative contributioroofdaction heat transfer to
thermal radiation heat transfer. A§¢ — oo, conduction heat transfer dominates and
the contribution of thermal radiative flux vanishes. Thewge is true folV = 0 where
thermal radiation dominates over conduction [20]. Smdliea of N therefore physically
correspond to stronger thermal radiation flux and in acawdavith this, the maximum
temperatures are observed in Fig. 4 fr= 0.1. As N increases t0.5, 1, 3,5 and100,
considerable reduction is observed in the temperatureesgly from the peak value at
the wall (' = 0) across the boundary layer regime to the free stream where10, at

T

14

08 | N=0.1, 05,1, 3, 5, 100
t=1
0.6
0.4
0.2
0 1 2 3 4 5 6 7 8 9 Y 10

Fig. 4. Transient temperature distribution with for various conduction-radiation

parametersk).
12
T
1
081
Da =0.1, 0.01, 0.001 t=1
0.61
041
0.2
0 : : : : ‘ ‘ : : —
0 1 2 3 4 5 6 7 8 o Y 10

Fig. 5. Transient temperature distribution withfor various Darcy numberdia).
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0.8
Gr=0.1, 10, 20, 50, 100, 500 t=1
0.6
0.4 4

0.2 4

0 1 2 3 4 5 6 7 8 9 Y 10

Fig. 6. Transient temperature distribution withfor various thermal Grashof numbers

(Gr).
12
T

14

058 1
Gm=0.1, 10, 20, 50, 250, 500 t=1

056 1
04 1
021

0 ‘ ‘ ‘ ‘

0 1 2 3 4 5 6 7 8 oY 10

Fig. 7. Transient temperature distribution withfor various species Grashof number
(Gm).

Pr=0.1, 1, 5, 10, 20, 100

0 2 4 6 8 10 12 14 16 18 Y 20

Fig. 8. Transient temperature distribution withfor various Prandtl numbers().
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which point temperatures are negligible for any valuévofAll profiles decay asymptot-
ically to zero in the free stream. We also observe that thaivel decrease in temperature
from N = 0.1 to 0.5 is greatest; separation of profiles reduces frdm= 0.5 to 1
(almost identical) and progressively soXo= 5 and N = 10. In Fig. 5 a small decrease
in temperature accompanies a tenfold risela from 0.1 to 1; the effect of a rise in
Da (implying an increase in permeability and a simultaneousefese in Darcian drag
force) implies that conduction heat transfer becomes lemminent than convection heat
transfer (there is less solid material present in the ponoegium) and this contributes to
the marginal decrease in temperatures across the bourganftom the wall to the free
stream. The influence of thermal Grashof numbgrpn temperatures is shown in Fig. 6.
Gr signifies the relative effect of the thermal buoyancy forcthe viscous hydrodynamic
force in the boundary layer regime. An increasé&infrom 0.1 through20, 30, 50, 200
and 500 induces a sizeable decrease in the temperature throudi®pbtous regime.
The temperature distributions descend smoothly from timaixima of unity at the wall
(Y = 0) to zero at the edge of the boundary layer. Thermal buoydrergfore depresses
temperatures in the medium. A similar trend is observedferspecies Grashof number,
Gm, as shown in Fig. 7. Again temperatures are seen to fall witlseain Gm from
0.1 to 500; however the profiles descend less steeply tharGfoii.e. there is a more
gradual reduction in temperatures. The influence of Prandtiber Pr) on T' profiles
with Y coordinate is shown in Fig. 8Pr defines the ratio of momentum diffusivity to
thermal diffusivity i.e. it controls the thickness of theetinal boundary layer and the rate
of heat transfer. FoPr = 1, the momentum and thermal boundary layer thicknesses, as
described by Schlichting [37], are approximately of equadept. For fluids possessing a
large viscosity (highPr fluids e.g. oils), the ability to transport momentum is large a
result the elimination of momentum introduced by the presasf the boundary (no slip
condition of Prandtl at the wall), extends considerably itiite fluid causing the velocity
boundary layer to be relatively large. We therefore expgeatt with an increase i®r the
thermal boundary layer will be decreased in thickness aacktwill be a corresponding
uniformity of temperature distributions across the boupdayer. The profiles in Fig. 8
attest to this where we observe that the maximum tempegtowespond to lowest
Pr values(0.1), and progressively decrease Bs rises. The profiles also steepen and
intersect the abscissa faster for higlfer fluids i.e. temperatures across the boundary
layer (normal to the wall) reach zero faster for higlerfluids. The lowerPr values may
correspond to certain metallic fluids whiler of 1 corresponds to approximately water.
Higher Pr values (00) are observed in high viscosity working fluids, oils, lulanits etc.
Figs. 9 to 12 depict the effects 8f, Da, F's andSc on temperature profiles versus
X, for constanty” andt values i.e. there a snapshots in time and at a fixed location fr
the wall. Fig. 9 shows the effect of conduction-radiatiorgpaeterV (i.e. Stark number)
on the temperature variation along the vertical surfacen.the streamwise direction, at
t =1,Y = 1.25i.e. at some small distance into the boundary layer reginstoat
time after impulsive loading has been initiated. Althougé have computed the time
taken to reach the steady-state for varidsalues, and it has been found that, as with
the finite difference calculations of Prasad et al. [30],ehailibration time is increased
with an increase inV, this has not been reproduced here for brevity. Our comipatat
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N=100, 5, 3,1, 0.5, 0.1

0.3 t=1
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Fig. 9. Transient temperature distribution witt for various conduction-radiation
numbers V) atY = 1.25.
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Fig. 10. Transient temperature distribution withfor various Darcy numbersfa) at
Y =1.25.
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Fig. 11. Transient temperature distribution withfor various Forchheimer numbers
(Fs)atY = 1.25.
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Fig. 12. Transient temperature distribution withfor various Schmidt numbersS¢)
aty = 1.25.

indicate that agV decreases from00 (low radiation contribution) through, 3,1, 0.5
and to0.1 (strong radiation), the temperatures are increased migriledughout the
length of the wall i.e. along th& direction. The values in all cases are higher than for
the Y -variation due to the proximity of the regime to the wall,fravhich the radiative
flux emanates. As a result in both distributions the thernoalnolary layer thickness is
decreasing due to a rise M values i.e. it increases with a decreaseMn The effect
of the Darcy number off’ versusX profiles is shown in Fig. 10. As observed for the
T versusY profiles, again an increase in permeabilifyq value) causes a decrease in
temperatures along the wall direction. Maximum tempegsteorrespond therefore to the
lowest Da value (.001 i.e. very low permeability implying high solid material gence
and strong conduction heat transfer contribution, esfigaigar the leading edge i.e.
X ~ 0.05); the lowest temperatures are observedar= 1 (for which the Darcian drag
force is a minimized for this graph), for which the profile ispaoximately monotonic
and more evenly dispersed throughout filedomain. Fig. 11 shows the effect of the
second order porous drag parameter fie.on T' versusX distributions. Conversely to
Da effects, arise irf's (implying greater inertial drag force contribution) casiserise in
temperature values. The influence of the Schmidt nunfhemn 7" versusX profiles is
shown in Fig. 12. Sc embodies the ratio of the momentum difftyso the mass (species)
diffusivity. Larger Sc fluids will therefore have lower mass diffusion properties i
concentration boundary layers will be thinner than the eigyqhydrodynamic) boundary
layer thickness. This is analagous to higlier fluids for which the thermal boundary
layer will be much thinner than the velocity boundary lay&r][ A rise inSc from 0.1
through0.5, 1, 3 and to5 induces a rise in temperatures. Profiles are in all casestmoico
although they become steeper for higlservalues. Sc of 0.5 approximately represents
water andSc of 1 approximates well to that for Carbon Dioxide. Higher valaes
associated with hydrocarbon working fluids. For exanfple= 2 would represent Ethyl
Benzene. The increase i with Sc has been computed also by Prasad [30], however
they only considered the distribution transverse to thd &l in theY direction for
constantX (X = 1.0). The importance of our numerical calculations may be eiqxidn
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for example controlling temperatures in energy systemaguswer viscosity fluids i.e.
lower Sc fluids.

Figs. 13 to 15 represent the distribution of streamwiseaciioU, with streamwise
distance X, at fixedt andY values, for the effects of's, N and Da respectively. As
expected, an decreasefis induces a substantial increase in transient velobityn the
momentum equation (14), the quadratic drag telcrhl%]U2 is directly proportional
to F's. Consequently ag's increases frond.1, through0.5, 1, 10, 20 to 50, we observe
a dramatic fall inU velocity component which is sustained shortly downstreanmfthe
leading edge X ~ 0.05) throughout the wall length up t& = 1.0. Fig. 14 shows
the distribution ofU againstX for variousN values. As with temperatures, a decrease
in radiation contribution (corresponding to a riseNhvalue) causes a large decrease in
transient velocity[U. Our results concur with those obtained by Prasad [30]. Fg.
reveals that a rise in Darcy number (frand1, through0.1,0.3, 0.5 to 1) accompanying

a decrease in Darcian porous resistance in the momenturtiay () i.e. —[W]U,

0.14

0.12 1 U

0.14

0.08 1

0.06

0.04 I’ —

0.02 | Fs = 50, 20, 10, 1, 0.5, 0.1 Y =125
0 - - - - - - - - - |

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 X 1

Fig. 13. Transient velocity distribution wit for various Forchheimer numbers's)
att = 1andY = 1.25.

0.16 +
014{U
0.12 1
0.1
0.08 -
0.06 -| N= 100, 5, 3, 1, 0.5, 0.1
0041 Y =125
0.02 -
0 : : : : : : : : : |
0 01 02 03 04 05 06 07 08 09X 1

Fig. 14. Transient velocity distribution wittk' for various conduction-radiation
numbers V) att = 1 andY = 1.25.
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Da =1,05,0.3,0.1,0.01

0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 09 X 1

Fig. 15. Transient velocity distribution witRl for various Darcy numberdfa) att = 1
andY = 1.25.

induces a substantial rise in transient velodity,Higher permeability regimes offer less
fiber resistance to the flow and therefore it is acceleratatpaoed with lower permeabili-
ty (i.e. lowerDa) regimes which offer more resistance to the flow causing aldeation
i.e. reduction in velocity[J. This trend is maintained along the plate length i.e. for
0<X <1.

Figs. 16 and 17 show the influence of thermal Grashof numBe) and Stark
conduction-radiation number\) on the spanwise variation in transient concentration
(C) and streamwise variation in transient concentratioh fespectively. A rise irGr
from 0.1 to 500 (Fig. 16) causes a strong decrease in species concenttiatmrghout
the boundary layer regime frodd = 0 (at the wall) toY = 6.0. Profiles decrease
asymptotically from a maximum at the wall to zero in the freeam. Gr is therefore a
useful control parameter i.e. buoyancy can be used to regtila species concentration
distributions. This may be of importance in for example naad far field migration
of heat-generating waste materials in underground geosigpies.  An increase in

0.8 4

Gr=0.1, 10, 20, 50, 100, 250, 500 t=1

0.6 1
04
021
0 = ;
0 1 2 3 4 5 Y 6

Fig. 16. Transient concentration distribution with Y forricus thermal Grashof
numbers Gr) att = 1.
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Fig. 17. Transient concentration distribution with X forieaus conduction-radiation
numbers {V) att = 1 andY = 1.25.

conduction-radiation parameteN{§ (Fig. 17) is seen to decrease slightly the concen-
tration profiles. Thermal radiation indirectly affects thiéusion conservation equation
(16) via the coupling of the momentum equation to the forrirethle termGmC) and the
coupling of the latter to the energy conservation equatid) yia the thermal buoyancy
term, GrT. As a result there is weak effect of thermal radiation exgrered by the
concentration field, explaining the less dramatic influeoicd” on C profiles compared
with Fig. 16.

Finally using expressions (21) to (23) we have computed gs.Fi8 to 20, the
variation of transient local skin friction, local Nusseltmber and local Sherwood number
with streamwise distance for the selected effectévofDa and F's parameter, at fixed
time,t = 1.

Shear stress;x, at the wall ' = 0), as shown in Fig. 18, is illustrated for com-
binations of N and F's. For Darcian flow,F's = 0, which corresponds to Case 1 (dis-
cussed earlier), we observe that the shear stress vakligeare noticeably above those for
Fs = 0.1 for all values of Stark number\) i.e. shear stress at the wall is increased
with a decrease if’'s. For purely Darcian convection, the flow will be accelerated
compared with weakly Darcy-Forchheimer convectiéis (= 0.1) for which it will be
slightly decelerated. Increasing (i.e. decreasing radiation contribution) also causes a
slight increase in wall shear stress, which is understdedike to the indirect effect of
radiation flux on the momentum equation (14) via the thernualylancy coupling with
the energy conservation equation (15). The local Nussetthau, Nux, is seen to be
increased with a rise iva (andF's) as seen in Fig. 19. Hence with higher permeability
media, wall heat transfer rate is enhanced since the regéoenhes increasingly fluid
with a rise inDa allowing a dominance of thermal convection over condugtibe latter
being more significant in loweDa regimes. This behaviour is maintained throughout the
wall length i.e. for allX. We note that there is a minute differenceNm x profiles for
Fs = 0.1 compared with the purely Darcian case. Values are slight/izgér with non-
zero F's owing to the increase in thermal convection and heat tramafe from the wall
caused by the deceleration induced by Forchheimer effactsgver small). A similar
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N =100, 0.5, 0.1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 X 1

Fig. 18. Transient local skin friction distribution wit’X for various conduction-
radiation numbers{) and Forchheimer number§’§) att = 1 andY = 0.
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Fig. 19. Local Nusselt number distribution witti for various Darcy numbersi{a)
and Forchheimer number$§) att = 1 andY = 0.
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Fig. 20. Local Sherwood Number wit for various Darcy numbersfa) and
Forchheimer numberdis) att = 1 andY = 0.
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trend is observed for thg€h x profiles versusX with Da andF's values (Fig. 20)Shy is
maximized at higheDa values i.e. greater species diffusion rate from the wahé&fiuid
takes place for more porous regimes. Such a feature may hatexiin chemical reactor
systems and energy systems where higher diffusion rates thhe wall to the working
fluid are required.

6 Conclusions

A mathematical model has been presented for the radiatimeective flow in a gray
absorbing-emmitting fluid-saturated porous medium adiate a vertical impulsively
started surface. The Rosseland diffusion flux model has bsed to simulate radiative
flux. A Darcy-Forchheimer porous medium drag force modeltikzad with isotropic
permeability. The Network Simulation Method has been usedampute the dimen-
sionless velocity, and concentration profiles. Severabirtgmt special cases of the flow
regime are described. We have studied graphically the infei®f the effects of con-
duction-radiation parametelN(), Forchheimer parametef§), thermal Grashof number
(Gr), species Grashof numbe¥{n), Prandtl number®r), Darcy numberDa), Schmidt
number and also time on the pertinent dependent varialleasIbeen shown that:

1. IncreasingV, Da, Gr, Gm and Pr reduces temperaturé&, whereas a rise itt's
andScincreases temperatures along the wall and transverse teathe

2. A decrease itf's induces a substantial increase in transient velotity,

3. A decrease in radiation contribution (corresponding tsa in NV value) causes a
large reduction in transient velocity,.

4. Arise in Darcy number induces a substantial rise in teartsielocity,U .
5. Arise inGr induces a considerable decrease in species concenti@tion,

6. An increase in conduction-radiation paramefg) Causes a small decrease in con-
centration('.

7. Shear stressy, at the wall is increased with a decreasdin
8. Local Nusselt numbefyu x, is increased with a rise ia (andF's)
9. Shy isincreased with a rise iba values.
The present model is currently being extended to more coorpldiative transfer

models e.g. Schuster-Schwartzchild two-flux model. Thelte®f these investigations
will be communicated in the future.
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