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on the scalar field are quantitatively similar. This indicates
that outside the region where the blockage effect is significant,
the passive scalar is unaffected by the strain regardless of the
magnitude and direction of the strain.

For Ly/D = 0.32 near the stagnation point, vortex stretch-
ing causes an increase in the magnitude of the turbulent axial
heat flux. At the station nearest to the stagnation point, the
distorted axial heat flux is 1.8 times its undistorted value at
the same location and experimental conditions. Due to the
blockage effect, the axial heat flux for L,/D = 3.5 at the
nearest station to the stagnation point is about 40% less than
its undistorted value. The variation in the axial heat flux for
axisymmetric objects for different L,/D ratios is qualitatively
similar to the corresponding results for the two-dimensional
objects. However, since the effect of distortion is less than
that for the two-dimensional objects, the amount of atten-
uation and amplification in the normalized heat flux is less
and occurs closer to the stagnation point than for the two-
dimensional objects.

Figures 2a—c show the variation of the same quantities as
given in Fig. 2 along a line parallel to the edge of the objects
(y = DI2). The increase and decrease in these quantities are
similar but less than the corresponding quantities along the
mean stagnation streamline.
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Nomenclature
= specific heat, J/kg-K
= nondimensional thermal convection parameter,
(hT)/(ed)
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h = thermal convection coefficient, W/m?-K

1 = laser intensity, environmental heat flux, W/cm?

T, = ambient temperature, K

T, = initial temperature, K

T .. = maximum temperature before material
breakdown, K

= time, s

= maximum exposure time before material
breakdown, s

x = depth, m

o = total or spectral normal surface absorptivity

B = semi-infinite wall parameter, K/s? — (2e, )/

(PC,, A7)

8 = wall thickness, m

€ = total hemispherical surface emissivity

n = thin wall parameter, K/s — (a,l)/(pC,8)

6 = maximum nondimensional temperature,
(Tmax - Tl)/Tz

0 = nth-order nondimensional perturbation

temperature, AT, /T,

6, = Oth-order nondimensional temperature,
(T, — T)/T,

= thermal diffusivity, m*s — A/(pC,)

= thermal conductivity, W/m-K

= nondimensional depth, x/(kf)!

density, kg/m?

= Stephan-Boltzmann constant, W/m?-K*

= nondimensional thermal radiation parameter,

(0eTH/(ed)

nondimensional time parameter, (nt/T;), (8£/%/T)

X Qo o> x
il

=
i

Introduction

ATERIAL survivability during constant-heat-flux ir-

radiation is of increasing importance to many defense
and commercial applications. Spacecraft and laser weaponry
design are major defense applications concerned with material
survivability during high-intensity laser irradiation of both
ground-based and space-based systems. Commercial appli-
cations where material survivability is important include, in-
ertial confinement fusion (ICF) reactor design, Tokamak fu-
sion reactor design, many types of laser-driven materials
processing, and thermal protection system (TPS) design in
high-velocity planetary re-entry vehicles.

It is often desirable and necessary to have estimates of
thermal reradiation and convection effects on material tran-
sient thermal response and survivability characteristics during
constant-heat-flux irradiation. Although transient thermal re-
sponse of irradiated materials can be impacted by thermal
reradiation and convection conditions at the material surface,
little analytical work includes thermal reradiation and con-
vection effects in a closed-form analytic solution. Several
references'~* discuss analytic solutions to thin-wall, thick-wall,
and semi-infinite wall analysis cases, assuming no thermal
radiation and convection from the material surface. Abar-
banel,® Bartholomeusz,® and Chen et al.” have investigated
analytic treatment of thermal conduction in finite-thickness
and semi-infinite cooling solids, but not with the combination
of incident irradiation, thermal reradiation, and thermal con-
vection at the surface. Roy et al.,® Modest et al.,>'° Yuen et
al.,'* and Knight'? effectively treated such complexities as
three-dimensional effects, pulsed and moving beams, in-depth
absorbing, emitting, and scattering effects on transient heat-
ing, and vaporization using numerical techniques, but ne-
glected thermal reradiation and convection effects. This work
presents a rapid, accurate analytic methodology to evaluate
first-order thermal reradiation and convection impacts on ma-
terial survivability before breakdown (i.e., ablation, melting)
during constant-heat-flux irradiation.

Many constant-flux thermal response problems can be ef-
fectively analyzed, at least to a first approximation, with a
one-dimensional thermal analysis. This approach is particu-
larly applicable to situations where lateral thermal conduction
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Fig. 1 Uniform laser irradiation to solid surface.

is negligibly small. Figure 1 illustrates the typical one-dimen-
sional thermal model and the pertinent thermal processes
considered in this analysis. Ablation, pyrolysis, and phase-
change processes are not considered here; these analysis re-
sults apply to periods before any kind of material breakdown
occurs. In general, # is a function of time as the surface
temperature increases, but in this analysis % is considered an
“effective” constant value. The radiative absorptivity corre-
sponds to the relevant temperature and irradiation wave-
lengths. The convection coefficient and thermophysical prop-
erties similarly correspond to the appropriate surface/ambient
temperatures. This work assumes an adiabatic back surface
and an initial temperature equal to the ambient temperature.

Mathematical Formulation

Thin-wall and semi-infinite wall transient response cases
represent the important limiting thermal response cases here.
Dimensional analysis of the thin-wali case revealed four non-
dimensional parameters uniquely describing the transient re-
sponse

o = {70 - TVT} = F(¢. x. H) (1)

and dimensional analysis of the semi-infinite wall problem
determined five nondimensional parameters completely de-
scribing the transient response

0x, t) = {{T(x, 1) — TVT} = G, x, H, &)  (2)
_ a,lt _ 2a,1t? _ (oeT}
Y = \peeT, Ve = VpCarT,) X 7 \al

) elm) o

The mathematical development and solution follows the
perturbation and Laplace transform techniques of Hendricks!?
applied to the standard energy-balance differential equations
and surface boundary conditions with thermal reradiation and
convection included. The thin-wall energy-balance and
boundary condition is

aT
pC,,B-a—t~ =ad — oe(T* = T} — W(T — T,)

“4)
T+ =0) = T,

Semi-infinite wall energy-balance and boundary conditions
are given by

92T
Ix?

1. T(x, 1= 0) = T, (5)

ox Kk o’

= o, T — oe[Tig — Td] — h[T.o = Tl

[az] 0
ax |,._.

The resulting thin-wall and semi-infinite wall solutions, re-
spectively, are series solutions of basic Oth-order functions
and correcting nth-order perturbation functions:

8(r) = {[T(t) - T)T} = Oo(4) + 60,(y, x, H)

)
Al —
ax x=0

(6)

+ 6, x, H) + ... (7
6(x, 1) = {[TCc, 1) = TYT} = 6. €)
+ 01(¢2> §7 X H) + 02((/117 §7 X H) + ... (8)

The Oth-order nonradiative/nonconvective solutions, 6,(y)
and 6y(y,, &), are respectively

Ot = {[To(t) — TYT} = (n/THt = Pi(2) )
0oz, €) = {[Tolx, 1) — T)T} = dexp[ — (£%/4)]
+ (Vm2)¢ erfe(£/2)} (10)

First- and second-order perturbation functions, 8, and 6,, in
Egs. (7) and (8) are complex power series in the nondimen-
sional variables, y, H, and ¢, or ¢,. Hendricks?? discusses and
illustrates the mathematical form of these perburbation func-
tions in solutions including thermal reradiation effects.

The perturbation/Laplace transform techniques generated
rapid, approximate analytic solutions which give accurate re-
sults for surface, and in-depth thermal response without the
nodalization, computational stability, and high-gradient grid
refinement considerations associated with computational
techniques often used in these problems. The thin-wall and
semi-finite wall thermal response solutions are exact in the
limit of small y and H. They allow very rapid evaluation of
first-order thermal reradiation and convection impacts on ma-
terial transient thermal performance for a broad range of
conditions and material properties.

Material Thermal Absorption/Survivability Effects

Rohsenow et al.? illustrates that, for negligible surface re-
radiation and convection, the maximum exposure time £,
for any material is related to the surface heat flux, material
properties, material thickness, and a material’s maximum al-
lowable temperature by the nondimensional relation:

{0 IV 10 [VPC M T = T} = f(8/Vty)  (112)

In the thin-wall case, f = 8/Vkl,,,; in the semi-infinite wall
case, f = \V/@/2; while in the finite-thickness wall, fis a more
complex function of 8/\/kt,,,.,. This work disclosed a material’s
thermal absorption capability is uniquely described by the
same parameters relating the maximum exposure time to sur-
face heat flux, material properties, material thickness, and
maximum surface temperature. However, when thermal re-
radiation and convection are considered, the Eq. (11a) ther-
mal absorption relationship is modified to represent the first-
order thermal radiation and convection impacts on material
thermal response. More generally

{0V o IVPC M T — THB = T(xs H) = fI8/\ Kl
(11b)

Close examination of Eq. (11b) for thin-wall analysis and
semi-infinite wall analyses reveals it is a mathematical relation
between the nondimensional parameters discussed here

[nlmax/(]‘lemax)] = (wl,max/emax) = y(X’ H) Z 1 (123)

BV mad (Ta)] = (Yo max/max) = 2(x. H) = 1 (12b)
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for the thin-wall and semi-infinite wall cases, respectively.
Any material’s thermal response capability and maximum ex-
posure time #,,, to a given heat flux for any thermal reradia-
tion and convection condition is uniquely determined by y,
H, and ¢, ., or ¥, ... Equations (12a) and (12b) are eval-
uated directly, for any y and H, from the thin-wall and semi-
infinite wall thermal response solutions given in Egs. (7) and
(8) above, and by Hendricks.??

Figures 2-4 are representative illustrations of the general
thermal absorption capability [Eqs. (12a) and (12b)] of alu-
minum and beryllium as a function of H and y. The impact
of thermal reradiation and convection on thermal absorption
in these materials relative to the nonradiative/nonconvective
(x = 0, H = 0) case is clearly demonstrated. The effect and
significance of thermal convection on absorption performance
is small is all three cases, until H increases to 0.01. Comparing
the Figs. 2 and 3 results for aluminum shows that thermal
reradiation effects are clearly more significant than convection
effects; results for y = 0.001, H = 0 show more impact on
absorption performance than results for y = 0.0001, H =
0.001. Figures 2-4 quantify, relative to a nonradiative/non-
convective case, the exposure time enhancement before ma-
terial breakdown (i.e., ablation, melting) for a given envi-
ronmental heat flux when thermal reradiation and convection
effects are present; both thin-wall and semi-infinite wall re-
sults shift toward increased ¢, when x > 0 and H > 0. Also,
given an exposure time, decreased material thicknesses are
possible due to thermal reradiation and convection cooling
effects; both thin-wall and finite-wall results also shift toward
decreased 8 when y > 0 and H > 0. The arrows on Figs. 2—
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Fig. 4 Beryllium thermal absorption performance, y = 0.0001.

4 indicate the general shift of finite-wall absorption behavior
(i.e., dashed line) as it necessarily follows the thin-wall and
semi-infinite wall absorption behavior shifts; thin wall and
semi-infinite wall cases always bounding the finite-thickness
thermal absorption performance.

Comparing Figs. 2 and 4 illustrates and quantifies the in-
creased enhancement in beryllium thermal absorption capa-
bility relative to aluminum for common y and H. Higher thin
wall performance (i.e., higher slope), and higher semi-infinite
wall performance, of beryllium compared to aluminum re-
flects its higher thermal absorption capability. Beryllium not
only has a higher 6,,,, than aluminum, but its higher temper-
ature capability produces an additional advantage compared
to aluminum from higher thermal radiative and convective
cooling at the increased temperatures achievable during
heat-up.

Each material has different sets of curves (like Figs. 2—-4)
because of different 6,,,, and the fact that the reradiation/
convection solutions are no longer linear in the nondimen-
sional parameters, ¢, and ¢,. When there is no surface re-
radiation or convection, the solutions are linear in the non-
dimensional parameters and the slope of 8 vs ¥, is constant.
Materials with higher 6,,,, (i.e., higher temperature capabil-
ity) gain a survivability benefit (i.e., longer exposure time)
due only to the linear absorption effect. Consequently, all
material thermal absorption performance curves then collapse
into one curve for y = 0, H = 0. However, with surface
reradiation and convection effects included, the nonlinear
thermal response solutions have continuously decreasing 6 vs
i, slopes due to significant reradiative and convective cooling
effects. Thus, materials with higher 6., (e.g., beryllium) gain
an added survivability benefit (i.e., additionally longer ex-
posure time) over and above the simple linear absorption
effect. Therefore, what is one nondimensional curve in Roh-
senow et al.*> expands into a different set of nondimensional
curves for each material with different 6, (as in Figs. 2 and
4). Higher 6,,, necessarily results in higher reradiative and
convective cooling capability. The ultimate magnitude of ther-
mal reradiation and convection effects is therefore material-
dependent because of thermal response nonlinearities, and
must be evaluated separately for different materials. It is not
possible to draw general conclusions about the importance or
unimportance of thermal reradiation/convection effects dur-
ing constant-heat-flux irradiation for a broad range of ma-
terials. Figures 2-4 demonstrate that, for certain combinations
of thermal radiation and convection parameters, the thermal
reradiation and convection effects have a significant impact
on material thermal response and survivability to constant-
heat-flux irradiation.

This work demonstrates that first-order reradiative/con-
vective cooling effects on material survivability, and resulting
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exposure time enhancement and material thickness reduction,
are uniquely and completely quantified by the nondimen-
sional parameters; y, H, and ¢, in thin-wall thermal response,
and y, H, and i, in semi-infinite and finite-wall thermal re-
sponse. Maximum expostre times and minimum material
thickness for various incident irradiation, thermal reradiation,
and thermal convection conditions can be determined directly
from these nondimensional parameters and thermal response
solutions discussed above. Radiative and convective cooling
effects are material-dependent and not necessarily negligible
for some radiative and convective conditions.
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Introduction

WO-PHASE (particle-fluid) suspensions occur in many
industrial processes. Understanding such processes re-
quires the analysis of the basic equations governing multi-
phase flows. These equations are given by Soo' and Marble.?
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Rossow® reported equations governing the flow of an elec-
trically conducting fluid in the presence of a magnetic field.
Aeromagnetic dusty-gas flows*are of interest because they
have many applications in the geophysical and astronomical
sciences.

In a previous paper, Chamkha* reported exact solutions for
hydromagnetic (or more correctly aeromagnetic) flow of a
particulate suspension past an infinite porous plate. In his
work, Chamkha* did not consider the thermal energy trans-
port equations of the suspension. The purpose of this article
is to study the effect of a transverse magnetic field on the
temperature profiles, and the wall heat transfer for flow of a
dusty gas past an infinite porous flat plate. The fluid phase is
assumed to be incompressible and electrically conducting, and
the particle phase is assumed to be incompressible and elec-
trically nonconducting. The volume fraction of suspended par-
ticles is assumed to be small. It is also assumed that there is
no radiative heat transfer from one particle to another and
that the particles do not interact with each other.

Governing Equations

Consider steady laminar particle-fluid flow past an infinite
porous flat plate. The flow is a uniform stream parallel to the
x, y plane with the plate being coincident with the plane y =
0. Far from the plate, both phases are in equilibrium moving
with a velocity V.. and a temperature T in the x direction.
Let uniform fluid-phase suction with velocity V, be imposed
at the plate surface. Since the plate is infinite, the physical
variables will only depend on y (the distance above the plate).

In the present problem, it is assumed following Gupta’ that
no applied voltages exit. This corresponds to the case where
no energy is being added or extracted from the fluid by elec-
trical means. The magnetic effects are confined to retarding
the flow and dissipating kinetic energy into internal energy.
In general, the electrical current flowing in the fluid gives rise
to an induced magnetic field that distorts the applied magnetic
field. This would exist if the fluid were an electrical insulator.
However, since the viscous boundary layer is thin, the induced
magnetic field will be neglected compared to the constant
applied field acting along the y axis and moving past the plate
with the freestream velocity.

The governing equations for the problem under investi-
gation are based on the balance laws of mass, linear momen-
tum, and energy for both phases. These can be written in
dimensional form, taking into account the assumptions men-
tioned earlier, as

—pVou' = pu" + p,(u, — wir, — oBju — V.) (1)

_vaou;,; = ‘“pp(up - u)/7V (2)
—pcVoT' = KT + (') + cop(T, — T)iry
wyty + oBHu — V.)? 3)

—pc(T, ~ Dty O]

where u is the fluid-phase velocity in the x direction, u, is the
particle-phase velocity in the x direction, p is the fluid-phase
density, p, is the particle-phase density, w is the fluid-phase
dynamic viscosity, V|, is the suction velocity, o is the electrical
conductivity, B, is the magnetic induction, 7 is the fluid-phase
temperature, T, is the particle-phase temperature, & is the
fluid-phase thermal conductivity, ¢ is the fluid-phase specific
heat at constant pressure, c, is the particle-phase specific heat,
7, and 7, are the velocity relaxation time and the temperature
relaxation time, respectively, and a prime denotes ordinary
differentiation with respect to y. The minus signs appearing
on the left side of Egs. (1-4) result from the fact that the
suction velocity is acting downward in the opposite direction
of the positive y direction.

The last terms appearing in Eqgs. (1) and (4) are present
due to the presence of the magnetic field. The former rep-

+ p,(u, —

= p,c, VoI, =



