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the present results are in good agreement with those reported
by Ramanathan and Kumar. However, a significant deviation
can be found for the case of A = 1. The main reason is due
to the influence of heat transfer between the fluid inside the
solid enclosure and the enclosure wall, resulting in a lower
maximum dimensionless temperature on the channel surface
in their results.

Induced Reynolds Number

A generalized derivation of the induced mass flow rate for
the fully developed limit of natural convection in a vertical
long channel with asymmetric isoflux heating was presented
by Hung et al.> Accordingly, the fully developed limit of
modified induced Reynolds number in a vertical channel with
symmetrical isoflux heating can be expressed as

Re* = \/%Ra °3 (11)

where Re* is defined as Re* = Q/Gr, with Q denoting the
dimensionless induced flow rate in the channel, i.e.

Q=L1UdY

and Gr as defined in Eq. (1).

From the scale analysis, the modified induced Reynolds
number of a vertical long plate was found to be inversely
proportional to the 0.6 power of Rayleigh number.¢ By check-
ing with the present results, the single plate limit of the mod-
ified induced Reynolds number can be quantitatively ex-
pressed as

Re* = 0.5Ra—°¢ (12)

Similar to the method suggested by Churchill and Usagi’
for correlating a composite Nusselt number, a new composite
Re* correlation for a vertical channel having arbitrary channel
spacing is proposed as

Re* = [(VERa=°5)=% + (0.5Ra—09)=5]-1°  (13)

As indicated in Fig. 3, the data from the present study are
very consistent with the results of the boundary-layer analysis
presented by Miyatake and Fujii,® except for A = 1. This
shows that the vertical heat conduction in the channel and
free space stratification near the channel have a significant
effect on the induced Reynolds number when the channel
aspect ratios are small.
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Fig. 3 Relationship between induced Reynolds number and Rayleigh
number.

Conclusions

The main conclusions from the present results can be sum-
marized as follows: )

1) For small channel aspect ratios and low Rayleigh num-
bers, significant deviations of the Nusselt number and max-
imum temperature distributions exist between the present re-
sults and the predications from the existing long-channel
correlations. This discrepancy is due to the fact that the effects
of vertical thermal diffusion in the channel and free space
stratification near the channel are significant.

2) A new correlation of the induced Reynolds number for
a vertical finite-length isoflux channel is proposed.
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a, = absorption coefficient of species as a function of
wavelength
iy, i,, = intensity and blackbody intensity at a point in
medium as a function of direction and
wavelength
R = radius of nozzle face
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¥ = distance from the sensor to the far end of a
column '

s = length of an elemental gas column

a, B = angles between sensor perpendicular and panel

perpendicular (towards nozzle axis) with the line
joining panel centroid to sensor center

Introduction

NE of the important industrial applications of infrared

radiation from gases is related to the jet from rocket
and aircraft engines as it dictates the vehicle detectability.
This has generated a lot of activity in simulation and analysis
of infrared (IR) signatures of aircraft. Decher' analyzed IR
signatures of a two-dimensional jet, assuming a simple ab-
sorption coefficient model for gas radiation. Gauffre? pre-
sented details of aircraft IR modeling, which also included
the IR intensity from plumes. The physical limitations typical
of solutions in radiative transfer studies were largely removed
by Ludwig et al..” and later extended by others,** who pre-
sented theoretical models for spectral radiance calculation for
nonhomogeneous absorbing, emitting, and scattering media.
Thynell® considered the scattering effect on spectral radiance
and heat flux calculations from homogeneous cylindrical plumes,
while Chui et ‘al.” have presented a finite volume method
compatible with fluid flow solvers.

Radiation from hot jets and plumes differs from the above
in terms of a noncylindrical gas core, unconfined nature and
the consequent mixing processes, and in the sensor location
and orientation. The present work, which presents an ab initio
modeling of plume radiation, goes a little further in the es-
timation of heat flux and intensity from a noncylindrical vol-
ume of potential core on a sensor located and oriented ar-
bitrarily in space, as shown in Fig. la.

Geometric Modeling

The potential core is a homogeneous and isothermal me-
dium of uniform properties with a reducing cross séction along
its axis. The task of geometric modeling is involved, as the
sensor perceives widely different parts, shapes, and regions
of the potential core with respect to its location and orien-
tation. Hence, detailed and exhaustive geometric modeling
has been developed to isolate the part of the potential core
responsible for heat signals perceived by the sensor. It in-
volves the generation of planar grids on the nozzle face and
the outer surface of the potential core. A typical grid pattern
on the nozzle face is shown in the inset of Fig. 1a. The lines
of sight of the centroids of some of these grid panels, from
the sensor center, will form the axes of elemental gas columns
which contribute to the radiation. A typical elemental gas
column bounded by the far end panel and near end panel is
shown in Fig. 1b. The radiation through each of the contrib-
utory elemental gas columns results in the heat flux of radia-
tion, while that gas column, containing the perpendicular to
the sensor (on its active face), accounts for the intensity of
radiation. The isolation of these gas columns requires the
isolation of far end panels like AA and CC shown in Fig. 1a,
for which @ and B are less than 90 deg, and the isolation of
near end panels like DD, for which only « is less than 90 deg.
Panels like BB (also shown in Fig. 1a), for which both or only
a are greater than or equal to 90 deg, are disregarded, as they
do not contribute to the perceived radiation.

Radiation Modeling
The gas mixture is assumed to be a shock-free, absorbing,
emitting, and nonscattering medium containing a maximum
of three species, like CO,, CO, and H,O. A simple band
radiation model has been applied for band radiation which
occurs, because temperatures are not high. The intensity change
in a nonscattering medium given as®

di; o1 =1
?i;)\ = a)\(lAI) - 1)\) (1)
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Fig. 1 Typical configuration: a) sensor location and grids on nezzle
face and potential core and b) gas column radiating onto sensor.

is integrated (as a, is constant in the potential core) to obtain
the intensity attenuation through it, as

iy = iy exp[—ass] + i, (1 — exp[—a,s]) 2)
where i}, the directional spectral intensity at the beginning
of any gas column, is assumed as nil. For a multicomponent
mixture, a, is replaced by the sum of the absorption coeffi-
cients of each species in the mixture. The absorption coeffi-
cient g, is species dependent and spectral resolution of the
data. It is calculated using the exponential band model given
by Sparrow and Cess,’ as

v (@) w2 (7)o

~ where p is the density and T the temperature of the radiating

species, ¢; and n are constants for a particular species, ¢, is
a temperature-based constant for a particular species, v is the
wave number, and v, is the wave number corresponding to
the band center. The constants required for this representa-
tion have been given in Refs. 8, 10, and 11.

Therefore, the radiation through a typical elemental gas
column incident at the sensor location (as shown in Fig. 1b),
given by

(d—A)r%PS—B] [da cos(a)] 4

&0 = i} di [
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Fig. 2 Spectral intensity variations.
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Fig. 3 Radiant heat transfer on the side wall of a cylindrical enclosure
containing an absorbing, emitting, and nonscattering gas.

can be numerically integrated over all bands and appropriate
solid angle to give the total heat flux ¢ (radiation per unit
area) as

¢=L-3 {Z (i ) [d“‘—‘)@] cos(a)} ©)

where d*Q is the heat transfer rate, dA is the elemental wave-
length interval, and dA and da are the elemental areas of the
far end panel and sensor, respectively.

Results and Discussion

Experimental results given by Krishnamoorthy et al.'> have
been used for validation of intensity predictions, which have
been made assuming a species concentration (actually mass
fraction) of 0.0005, 0.185, and 0.088 for the CO, CO,, and
H,O species, respectively. Figure 2 shows highly favorable
agreement with measurements made 1 diameter downstream
of the nozzle exit. The signal is higher for the plume with
lower Mach number, but higher static temperature. The in-
tensity prediction occurs over a wider band width than it
actually is, because of exponential band model. Benchmark-
type test cases provided by Chui et al.” have been used for
validation of heat flux predictions. The present predictions of
q” (defined as the ratio of actual radiative heat flux from the
gray gas column incident on the side wall to that from a
blackbody at the same temperature), have been compared

with exact results and predictions of the finite volume method

(FVM) of Chui et al. in Fig. 3. The present predictions and

the FVM results compare well with the exact results, but the

present predictions have been generated with a significantly -
lesser number of grids (20 x 20 x 100) than the FVM (16

x 30) x (12 x 16).

Conclusions

The present work provides a capability to simulate and
analyze the IR signature of the potential core of an engine
exhaust jet in terms of the intensity and heat flux signals. The
good comparison of the predicted results with the experi-
mental ones, and the flexibility allowed by the formulation
for any arbitrary jet location and sensor orientation and lo-
cation, confirms and enhances its utility.
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