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Fig. 4 Heating of rocket base due to a conical, isothermal, isotropic
scattering, o> = 0.99 plume. Effect of searchlight emission and plume
cone angle for rro = 0.5 and ZQ = 0.

In other words, the temperature of the plume in the nozzle
is the same as the temperature of the exhaust plume. If the
temperature in the nozzle were twice the plume temperature,
the searchlight emission would increase by a factor of 16. The
figures show searchlight emission can be very important. The
percentage of heating due to searchlight emission decreases
as both 8C and R0/r0 increase.

As the plume albedo increases toward one, the plume emis-
sion decreases and the searchlight emission increases. In the
limit of w = 1, the radiation at RQ/r0 will be entirely due to
searchlight effects (see Fig. 2). The general trends are that as
8C increases, radiative heating increases and as ft> increases
radiative heating decreases. Searchlight radiation can become
important for highly scattering, low emitting plumes at small
R0/r0.

The computer run time varies with the number of photons
that are input per grid point on the plume surface and with
the number of grid points. A typical run time to calculate the
radiation at one R0/r0 position is 20 s on an IBM 4381 com-
puter, for 200 photons/(grid point) and 200 grid points (40,000
photons) for the results presented herein.

Conclusions
Backward Monte Carlo calculations work well for radiation

base heating predictions and the predictions agree well with
previously published results for similar problems. For iso-
thermal, gray plumes the radiative base heating increases as
plume cone angles increase. As the plume albedo increases
from zero toward one, the radiative heating decreases.
Searchlight radiative heating becomes important as the plume
albedo increases. It is generally more important at small val-
ues of R0/r0 and decreases as R0/rQ increases. In more realistic,
variable property plumes, the albedo is a local value, but the
same trends will occur. As the scattering becomes more sig-
nificant the average albedo increases and searchlight radiation
will become more important.
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cp = specific heat of fluid
/ = reduced stream function
g = gravitational acceleration
K = permeability of porous medium
km — thermal conductivity of porous medium
n - power index
p = pressure
q = surface heat flux
R(x) = surface shape of needle
ROX = modified local Rayleigh number
T = temperature
u, v = velocity components
a = equivalent thermal diffusivity (a = kml(pCp)f)
13 = coefficient of thermal expansion
\l/ = stream function
17 = similarity variable
fji = fluid's dynamic viscosity
v = fluid's kinematic viscosity
p = density of fluid
6 = dimensionless temperature

Subscripts
f = fluid
w = on the surface
oo = at infinity

Introduction

T HE study of free convection about the outer surface of
a vertical needle embedded in a saturated porous me-

dium has important engineering applications. Minkowycz and
Cheng1 have studied the free convection about a vertical cyl-
inder embedded in a porous medium, where the surface tem-
perature of the cylinder varies as a power function of distance
from the leading edge. Cheng2 also considered mixed con-
vection from a horizontal surface embedded in a porous me-
dium and obtained a similarity solution. Laminar natural con-
vection of a Newtonian fluid from slender needles with axial
power-law wall heat flux variation was studied by Chen.3 Mer-
kin,4 Cheng,5 and Huang and Chen6 investigated the effect
of surface mass transfer on free convection in a porous me-
dium. Vafai and Tien,7 and Nagendra et al.8 have analyzed
boundary and inertia effects on flow aiid heat transfer in
porous media. Recently, Nakayama et al.9 dealt with non-
Darcy free convection flows using the Ergun model. Lee et
al.10 and Heckel et al.11 employed a weighted finite-difference
method to solve the transformed system of equations and
presented the results of free convection along slender vertical
cylinders immersed in a Newtonian fluid with variable surface
temperatures and variable surface heat flux. Recently, Lai et
al.12 presented results for free and mixed convection about
needles in a porous medium with surface temperatures that
vary as a power function of the distance from the leading
edge.

The objective of this paper is to present an analysis of free
convection from slender needles embedded in a saturated
porous medium where axial wall heat flux of the needle varies
as a power-law function of distance from the leading edge.
Similarity velocity and temperature profiles as well as heat
transfer results are obtained by introducing a new transfor-
mation parameter for three different needles.

Mathematic Formulation
Consider the problem of steady free convection about a

vertical needle embedded in a saturated porous medium with
the assumptions that the convection fluid and the porous me-
dium are isotropic, in thermal equilibrium, and have constant
physical properties and that the Boussinesq approximation is
employed. The governing equations from Minkowycz and
Cheng1 are

a(ru) B(n>) _ Q
dx dr

K

v = - Kdp— —JJL dr

P = P4i - p(T - r.)]
The appropriate boundary conditions are

at surface

(2)

(3)

(4)

(5)

r = R(x), v = 0, q = - km — = Cx" (6)

at infinity

u = 0, T = (7)

where C > 0. In Eq. (6), the prescribed wall heat flux is
assumed to be a power function of distance from the leading
edge.

The continuity equation is automatically satisfied by the
stream function t/r as

ru = —L, ri; = - (8)

The governing equations and boundary conditions in terms
of i/r and T are given by

A | ̂  1 1 d2«fr
dr V dr/ * r d*2 dr

dr dx dx dr dr dr

(9)

•*?.« (10)

^ = Cxn

T=

(U)

(12)

If the boundary-layer approximation is applied, Eqs. (9) and
(10) become

d_
dr

/ dV\ p^pgKdT
(r^)=-^-^r

dtl/dT dif/dT d / dT\— — — —- — = a — I r — I
dr dx dx dr dr \ dr /

(13)

(14)

(15)

where R^ = Kgpqx2'/(kmav) is the modified local Rayleigh
number.

The following dimensionless variable is introduced:

r2/*2

.
On the surface, 17 = a, Eq. (15) becomes

,1/2 (16)

(1)

From Eq. (16) we know that the size of the needle is deter-
mined by parameter a; the shape of the body or the relation-
ship between R(x) and x is dependent on n.
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Table 1 Values of 0~l(d)

a
n

e-l(a)
-1.0
2.4390

0.02
0.0

3.0121
1.0

3.4294
-1.0
1.3158

0.10
0.0

1.5625
1.0

1.7243
-1.0
1.0799

0.50
0.0

1.2346
1.0

1.3333

0.5
0.4

V"
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Fig. 1 Dimensionless temperature distribution.

We now introduce the similarity variables:

</<*, r) = axf(ri)

xqlkm

It can be shown that velocity components in terms
new variables are

1
u = 2a- R2/3 • f ' ( r i )x

2n - 2

(17)

(18)

of the

(19)

(20)

and the governing Eqs. (13 and 14) with the boundary con-
ditions (11 and 12) in terms of new variables become

/" = W

2rje" + 20' + fO' - —

(21)

[-f'B = 0 (22)

S'(d) = - 2«"2 (23)

:/•(») = 0, 0(°o) = 0

Results and Discussion
Integrating Eq. (21) from 17 to infinity, we get

(25)

Using Eq. (25), Eq. (22) yields

2r//'" + (2 + /)/" - 2n * l f'2 = 0 (26)

The appropriate boundary conditions at rj = a are

1 1
(27*)-

(27b)

Equations (26), (27), and (24) can be integrated numerically
by means of the Runge-Kutta method incorporated with the
shooting techniques for a systematic guessing of B(a).

Figure 1 shows that the values of 6 or 2/' decrease from 1
to 0 as 17 is increased from zero at different values of a.

The local Nusselt number is defined as

\T _ ̂  — ff^JC _ 3 _l(
U* ~ If ~ If (T T~~\ ~~ <** v*'

&m &m\Lw ~ *«/

where the value of 0~l(d) is tabulated in Table 1.
In Table 1, the parameter n denotes: 1) n = 1.0: a cylinder

with linear wall heat flux distribution; 2) n = 0.0: a blunt-
nosed needle with uniform wall heat flux; and 3) n = —1.0:
a sharp-nosed needle with wall heat flux varying as x~l.

It can be seen from this table that, in addition to R^, the
needle size and shape combined with wall heat flux variation
have significant effects on the surface heat transfer. For a
given shape, the smaller the size, the larger the NU*. Among
the three cases considered, the cylinder with a linear wall heat
flux yields the highest surface heat transfer rate.

Conclusions
1) Free convection from vertical needles embedded in a

saturated porous medium with power-law surface heat flux
can be solved by the similarity method.

2) Needle size and shape have strong effects on both flow
and heat transfer. Thinner needles produce higher surface
heat transfer rate.

3) In the scope of computation, the heat transfer has higher
rate as n increases.

4) The local Nusselt number is proportional to the third
root of Rayleigh number.
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Introduction
N order to simulate the flow conditions around a space
vehicle during its hypersonic atmospheric re-entry, a low

Received Aug. 2, 1991; revision received Sept. 10, 1991; accepted
for publication Sept. 10, 1991. Copyright © 1991 by the American
Institute of Aeronautics and Astronautics, Inc. All rights reserved.

*Maitre de Conferences, Laboratoire de Physique des Gaz et des
Plasmas.

f Charge de Recherches au Centre National de la Recherche Scien-
tifique, Laboratoire de Physique des Gaz et des Plasmas.

^Professor, Universite de Paris 6, Laboratoire d'Aerothermique.
Member AIAA.

§Charge" de Recherches au Centre National de la Recherche Scien-
tifique, Laboratoire d'A6rothermique.

^Graduate Student, Centre National de la Recherche Scientifique,
Laboratoire d'Aerothermique. .

pressure arc jet is used to create high temperature and high
speed flow.1 It is important to know the physical and chemical
conditions of the flow in this jet. The temperatures are im-
portant physical parameters to evaluate the degree of simu-
lation of this ground device and to calculate specific chemical
rates and transport coefficients. The temperatures are about
a few thousands of degrees. We need to design accurate and
nonintrusive diagnostics for high temperature measurements
in these flow conditions.

In the low pressure arc jet, the plasma is not expected to
be in thermal equilibrium. To obtain the jet temperature, gas
flow can be excited with a high energy electron beam in order
to observe the re-emitted light. This technique can be used
for nonionized gas flow.?2 Because plasma jets are luminous,
it is not necessary to excite the flow. In these conditions it is
possible to determine plasma vibrational distributions and
rotational temperatures from optical emission spectroscopy
(QES).3 Using high resolution spectrpscopy, Bacri and Lagreca4

have measured rotational temperatures in an atmospheric ni-
trogen arc. Using the same technique Blackwell et al.5 have
evaluated temperature in a shock layer. They have used a low
resolution mpnpchromator and have recorded mainly vibra-
tional spectra without rotational resolution. This paper pre-
sents a new attempt for optical emission spectroscopy meas-
urement of temperature from high resolution spectra in a low
pressure arc,

Experiment
The nitrogen arc jet is produced in the Aerothermique

Laboratory SRI wind tunnel (Fig. 1), The plasma is produced,
with a vortex stabilized dc arc, between a thoriated 2% tung-
sten cathode and a copper anode used as a nozzle. Typical
flow conditions are: arc discharge current from 50-150 A;
gas flow rate from 5-15 liters/min (Q.I-0,3 g/s); static pres-
sure from 0.1-10 Torr; velocity from 2000-5000 m/s. Inprder
to investigate axial and longitudinal profiles, the plasma gen-
erator can be moved on a Cartesian axis. The plasma jet is
stationary (several tens of hours) and large (length « 1 m and
diameter « 0.5 m at a pressure of 13.3 Pa). The light emitted
from the plasma, observed through a fused silica window, is
focused by the fused silica lens on the entrance slit of a 150-
cm focal length monochromator (Sopra). A 1200 lines/mm
grating was used in this monochromator. In order to increase
the signal over noise ratio, an optical chopper (300 Hz) mod-
ulated the light beam. The photomultiplier (Hamamatsu R928)
output signal was detected by a lock-in amplifier (NF Elec-
tronics Instruments 5610B), tuned on the chopper modulation
frequency, and connected to a microcomputer.

In this paper measurements are presented on the first neg-
ative system of nitrogen: N2+(£22tt, v' = 0) -* N2

+(Jr2Sg, v"
= 0). This band, observed in the plasma jet, is also emitted
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Fig. 1 Schematic of apparatus used for rotational temperature meas-
urements.


