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Exchange Factor Model for Radiative Heat Transfer Analysis
in Rocket Engines

K. J. Hammad* and M. H. N. Naraghit
Manhattan College, Riverdale, New York 10471

Numerical models based on the discrete exchange factor (DEF) and the zonal methods for radiative analysis
of rocket engines containing a gray radiatively participating medium have been developed. These models im-
plement a new technique for calculating the direct exchange factors to account for possible blockage by the
nozzle throat. Given the gas and surface temperature distributions, engine geometry, and radiative properties,
the models compute the wall radiative heat fluxes at different axial positions. The results of sample calculations
for a typical rocket engine (engine 700 at NASA), which uses RP-1 (a kerosene-type propellant), are presented
for a wide range of surface and gas properties. It is found that heat transfer by radiation can reach up to 50%
of that due to convection. The maximum radiative heat flux is at the inner side of the engine, where the gas
temperature is the highest. Although the results of both models are in excellent agreement, the computation
time of the DEF method is found to be much smaller. Dimensionless radiative heat fluxes were calculated via
a nonhomogeneous medium model using the DEF method.
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Nomenclature
area of surface zone /
total exchange factors between
differential gases and/or surfaces
direct exchange factors between
differential gases and/or surfaces
emissive power of surface or gas zone i
total exchange areas in the zone method

direct exchange areas in the zone
method
absorption coefficient
scattering coefficient
extinction coefficient
number of gas zones
number of surface zones
surface heat flux
radius of chamber and nozzle
radial coordinate
distance between two points / and ;
volume of gas zone /
numerical integration weight factor
axial coordinate
absorptivity
angle between a vector normal to dv4,
and axial direction
emissivity
angle between normal to dA,- and
connecting line between / and ;

: reflectivity
: Stefan Boltzman constant
: transmittance along path ru
• angular coordinate
= KJKt, scattering albedo
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Subscripts
g = gas
/, /, k = /th, /th, and fcth surface or gas element
/ = lower limit of integration
5 = designates surface
u = upper limit of integration

Introduction

I N high-pressure spacecraft engines, such as SSME (Space
Shuttle Main Engine), CTV (Chemical Transfer Vehicle),

and H.LLV (Heavy Lift Launch Vehicle), combustion prod-
ucts can reach very high temperatures, and radiation becomes
a significant mode of heat transfer. The existing thermal model
for rocket engines1 considers convection as the only mode of
heat transfer between combustion products, the thrust cham-
ber, and nozzle walls. Two difficulties are involved in incor-
porating radiation into the analysis: the nonlinearity of the
radiation terms, and the fact that radiative heat can travel
long distances from one side of the engine to the other via
multiple reflections and scattering from the surfaces and com-
bustion products. Also, the complex configuration of the rocket
engine, in particular, the blockage due to the throat, intro-
duces more complexity into the analysis.

The existing model for radiative analysis of rocket engines
assumes a transparent propellant.2-3 This assumption is good
for nuclear rockets or when hydrogen is used as a propellant.
However, it is not a valid assumption for hydrocarbon pro-
pellants, in which the combustion products act as an absorb-
ing-emitting and scattering medium. Howell et al.4 7 used the
Monte Carlo method to evaluate wall heat flux in a rocket
engine containing hot gases, taking into account gas nonhom-
ogeneity. In these works, however, the effects of surface re-
flection and surface emission were not considered.

The objective of this work is to present a model for radiative
analysis of rocket engines. This model is based on the discrete
exchange factor (DEF) method.8 1() The DEF method is de-
rived by discretizing the integral equations of the continuous
exchange factor (CEF) method, using a numerical quadrature
scheme. It has been shown that the DEF method provides
accurate results for one-dimensional,s two-dimensional,l> and
three-dimensional10 radiative transfer problems.

The zonal method" I3 is also used to calculate the surface
heat flux in the rocket engine. It should be noted that in the
DEF method the direct exchange factors are between two
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differential volumes and/or surfaces. Evaluating these ex-
change factors requires fewer integrations and less compu-
tational effort than evaluating those of the zonal method.

The major difficulty in evaluating direct exchange factors
in both the DEF and the zonal methods is caused by the
blockage.at the throat area. This problem has been addressed
by Robbins et aL2'3 arid Eddy and Nielsson14 for the case of
nonparticipating medium. The methods presented in these
references cannot be used here because the medium is not
transparent and view factors (direct exchange factors) are
between gases and/or surfaces. In previous works,2-3'14 it has
been shown that the visible portion of a section of engine
from the other side of the throat has a circular shape. This is
true as long as the throat is sharply edged. In most nozzles,
however, the throat has a smooth curvature; it will be shown
that the visible part from the other side of the throat has an
irregular shape.

Analysis
Consider the rocket thrust chamber and nozzle shown in

Fig. i. In the present analysis, the derivations are performed
based on a gray gas model. The gray assumption is valid only
in cases where the spectral properties of combustion gases are
combined with those of the combustion generated particles
(mainly soot). The detailed spectral properties of combustion
gases will be suppressed when they are combined with those
of the particles. Because of this, use of very accurate spectral
properties of gases will result in a marginal enhancement in
the accuracy of the analysis, but would definitely increase the
computational time by some orders of magnitude. For non-
gray cases, however, a liiultiband model can be implemented
to include the effect of spectral gas properties. The chamber
walls are gray and diffuse surfaces. The chamber and nozzle
are subdivided into a number of differential surface and dif-
ferential gas zones in the DEF method (Fig. la), and into a
number of surface and gas zones in the zonal method (Fig.
Ib). The exit of the engine is assumed to be a black surface
at the exit gas temperature; the surface at the left-hand side

a) Differential surface and differential gas zones (DEF method)

SNS-1 SNS

b) Surface and gas zones (zone method)

Fig. 1 Schematic of a rocket nozzle.

of the engine is considered to be at the same temperature as
the first surface segment. In the following two sections, for-
iftulations based on the DEF and the zonal methods are pre-
sented.

DEF Method Formulation
Based on the DEF method

factors dSiS- ds^, d&S, and
the discrete direct exchange

are defined as the differ-
ential fraction of radiative energy that is emitted from a dif-
ferential surface or gas at location i and reaches another dif-
ferential surface or gas at location/ by direct radiation.8 The
direct exchange factors between two differential surfaces
and/or volumes are given by the following equations15 (see
Fig. 2 for notations):

<»

*>« rf- cos0.T (r,-,)

and

(4)

where

rf. - rj cos(</>, - (z, - zy):

cos 0, =

*/(*/)
dz

- 2r,r, (z, -

and

If the throat does not block the view of one section to
another, the limits of integration </>,/, </>7,,, ry / , andr,,, are 0,
2jr, 0, and R^ respectively. If there is blockage, however, the
integration limits are dependent upon the nozzle shape [i.e.,
the limits depend on the fraction of the differential volume/
gas at location j that is visible to a point at location / (points
C, D, and E in Fig. 3a)]. Let (r,., <£,, z;) be coordinates of a
typical point at section / , and (rA., <^, z k ) coordinates of
tangent points on the nozzle (e.g., point F in Fig. 3a). The
dot product of unit vectors i and n yields

cos z, - z.)] j (5)

The argument of cos ' in this equation must be in the range
of [- 1, + 1], requiring zk to satisfy the condition

(6)
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Fig. 2 Schematic of a typical differential surface and gas elements.

When point (r^ fa, zf) is at the centerline (e.g., point E in
Fig. 3a), r, = 0 and inequality (6) reduces to

f ( z k ) - - zk) = 0 (7)

so that the tangent points on the throat are on the contour
of a disk perpendicular to the axis of symmetry at zk. When
point (rt, fa, Zf) is not at the centerline (e.g., points C or D),
an iterative technique is used to estimate the range of zk that
satisfies inequality (6). The contour of the visible portion at
section ; [points (rjf fa, zy)] can be obtained by intersecting
lines connecting (ri9 fa, zt) and (rk, <f>k, zk) with the plane
perpendicular to the axial direction at zy. The resulting fa and
r then become

6 = tan'11 i cos fa + h(rk cos(f>k - rt

rj = ^I[risinfa + h(rksisinfa

where

h =
zk -

Typical visible portions of sections A-A and B-B from points
C, D, and E are shown in Fig. 3. As mentioned in Ref. 14,
the visibility of a finite narrow ring element A-} to a differential
element cL4, can be restricted because of three factors. The
first is the blocking by an intermediate segment (addressed
also by Rabbins2). The second is blocking by the horizon
(when the angle between the local normal to dA, and the line
connecting dAf and dAj is greater than 7r/2). Finally the third,
which is blocking due to orientation of 4, (when the angle
between the line connecting d^l, and dAj and the local normal
to dAj is greater than Tr/2). Eddy and Nielsson also provided
expressions for calculating the visible portion (angle <£) of a
narrow ring element Aj when viewed from a differential ele-
ment dAj. The minimum </> for various types of blocking was
used as the circumferential limit of integration when calcu-
lating radiation shape factors for channels with varying cross

sections. In the process of evaluating <£, they assumed that
the width of the ring element is small, Az, such fhat no vis-
ibility restrictions appear when integrating over Az. Eddy and
Nielsson14 approximated the visible portion as a circle. This
approximation is good in the present application only when
the emitting point / is close to the centerline, but introduces
significant error when emitting points are located away from
the centerline.

Once the contour of the visible portion is determined, the
limits of integration in Eqs. (1-4) (i.e., f a t , f a u , ry/ , and rju)
can be evaluated. The value of ry/ for the cases shown in Fig.
3b is 0, When the visible portion falls below the centerline,
ry/ is the shortest distance (at angle fa) between the centerline
and the visible area. The value of rju is the largest distance
between the visible portion and the centerline (at the same
angle fa). Upper and lower limits of angle fa for the gas
section are its highest and lowest values at the visible area,
respectively. For the surface, however, these limits are the
angles of intersecting points of the visible area contour and
surface of the nozzle. The surface is invisible when the contour
is within the boundaries of the section.

Sinc$ the rocket nozzle has an axisymmetric configuration,
it is easier to perform calculations for blockage treatment in
the cylindrical coordinate system. For more genpal cases,
however, it may be preferable to use the Cartesian coordinates
system, where the equation of a ray emitted frqsrn point (*,,
y ( , z]) and tangent to the surface at po in t ' ( x k , y k , z k ) requires
the solution of the quadratic equation

Axl + Bxk + C = 0 (8)

where

B = -

and
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B — B fjcom D

a) Typical points at location i and sections A-A and B-B of a nozzle

B —B fTcom E

b) Visible portions of sections A-A and B-B from Points C, D, and £

Fig. 3 Blockage due to the throat.

Note, values of zk in this equation must satisfy

B2 - 4AC > 0 (9)

Once xk and zk are determined, yk is calculated using the
function generator of the nozzle surface via the following
equation:

v? + v? = f2(z, } (W\•* k ' jk J \^k) \^y})

The point of intersection of the ray with a section perpen-
dicular to the axial direction at z-s is determined using

X, = Xj + (Zj - Zf.)
(xk - Xj)

= yf + x(n - yf)

The exchange factors calculated from Eqs. (1-4) must sat-
isfy the conservation of energy equations. The discretized
forms of these equations are given by8

+ = 1 (H)

(Techniques to normalize exchange factors were reported in
Refs. 16-18.) In calculating the direct exchange factors be-
tween coincident elements (zt = zy), r/y in Eqs. (1-4) becomes
very small or zero, causing singularity at these elements. To
overcome the singularity, Gaussian quadrature methods with
different orders at element / than those at element/ are used.

Once the discrete direct exchange factors are determined,
the discrete total exchange factors can be evaluated using
explicit matrix formulations presented in Ref. 8. The discrete
total exchange factor between two differential elements Z)Z,Z;
is the fraction of energy that is emitted from a differential
surface or gas at / , and reaches another differential surface
or gas at y by direct radiation and multiple reflection and
scattering from surfaces and gas, respectively. Like the direct
exchange factors, there are also four total exchange factors:
DSfij, D.SfGj, DGiSj,'and DG,Gy, and they satisfy conser-
vation of energy equations.

After calculating the discrete total exchange factors, the
heat flux and emissive powers of the surface can be related
via

(13)

where
and

(12)

These equations imply that the radiative energy emitted
from a surface or volume node will reach another surface or
volume node within the enclosure. The direct exchange fac-
tors calculated from Eqs. (1-4) do not necessarily satisfy
conservation equations (11-12), since Eqs. (1-4) are solved
numerically. This is also encountered in the zonal method.

and

E,, =

are surface and gas zone emissive powers, respectively. The
weight factors w, and WK are used for numerical integration
along the axial direction. Their values are given by {4r/2, Az,
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Az, . . . , Az, Az/2} and {Az/3, 44z/3, 2Az/3, . . . , 24z/3,
4Az/3, Az/3} for trapezoidal and Simpson's methods, respec-
tively. Note that Az = Ll(n - 1), where L is the length of
engine and n is the number of discrete points along axial
direction.

Zonal Method Formulation
_In the zonal method, the direct exchange areas z~z; (s^J,
Igj, gjsj, and gjgj) are defined as the portion of radiative
energy that is emitted from zone z, and reaches zone z- by
direct radiation. The direct exchange areas have dimensions
of area and are given by15

(14)

(15)

(16)

__ fzi [zj ___
SfSj = 2rr \ R^ds^ dzf

Jzi-i Jzj-i

sjj = 277 I I R,
Jzi-l Jzj-i

el^gj dz,

= 4-n- \ I' K.R
Jzi-i Jzj-i

dz,

and

jj = 4irp
Jzi-i JzJzj-l

(17)

Note that the evaluation of direct exchange areas of the
zonal method require two more integrations than that of the
DEF method for the present one-dimensional application.
Provided the medium is gray, the direct exchange areas obey
reciprocity, and energy conservation requires that

and

(18)

Results and Discussion
The numerical models introduced in the previous section

are used to determine the radiative heat flux at the inner
surface of a rocket thrust chamber and nozzle. To study the
effect of different gas and surface properties on the radiation
heat flux, a rocket engine, namely, engine 700, is considered.
This is a high-pressure booster rocket engine; its nozzle radius
vs axial position is given in Table 1. This engine uses RP-1,
which is a kerosene-type propellant, as fuel, and its oxidant
is liquid oxygen. The surface and gas static temperatures at
different axial positions in the engine are determined using
the rocket thermal evaluation code20 and combustion code.21

The resulting surface and gas temperatures at different engine
axial positions for chamber stagnation pressure of 1200 psi
are given in Table 2.

To implement the numerical model, the tabular values of
the nozzle diameters are curve fitted into an algebraic expres-
sion using least square curve fitting. A 25th order polynomial,
whose coefficients are found in Table 3, is found to be the
best fit for the given engine geometry. To avoid inaccurate
results, the curve fitting computation must be performed in
a double precision format. A piece wise curve fitting may be
used to obtain lower order polynomials. The combustion proc-
ess produces combustion gases, such as water vapor, carbon
dioxide, carbon monoxide, and others. These gases don't scat-
ter radiation significantly, but are strong absorbers and emit-
ters of radiant energy. Only liquid droplets in the early stages
of combustion and combustion-generated particles are the
major contributors to radiation scattering among the com-
bustion product species. The combustion gas species mole
fractions are obtained from the combustion code21 containing
17% C02, 30% CO, 33% H20, 6% OH, 2.5% O2, 3% H,
7% H2, 1.5% O. The equilibrium combustion code21 greatly
underestimates the formation of particles (soot). A more re-
alistic prediction or experimental measurement of the volume
fractions, sizes, shapes, and distribution of these particles
along the rocket engine is necessary to include soot radiation
in the present analysis. Since the objective of the current
paper is to present a new model, the details of presenting
results based on real radiative properties of the combustion

2 W + m'< = *K«V, (19)

where

A, = v(R, + /?,_,) [(z, - z,._,)2 + (R, - K,_,)2]"2

and

V, = -(zf - z,._,) [/?? + 2/?,/?,_, + /??_,]

Similar to the DEF method, the direct exchange areas cal-
culated from Eqs. (14-17) do not necessarily satisfy the above
equations. The same procedure that was used in the DEF
method is used to reinforce the conservation equations (18)
and (19).
_In the zonal method, the dimensional total exchange area
ZfZj (S/S,-, SjGj, G,Sy, and G,Gy) is the ratio of the radiation
energy emitted from zone z,, which is absorbed by zone z,
(directly or after reflection and/or scattering from other zones)
to the total hemispherical emissive power of zone z,. The
unified matrix formulation given in Ref. 19 is used to evaluate
the total exchange areas.

Once the total exchange areas are determined, the radiative
heat flux to the surface zone ss is calculated using the following
equation:

(20)

Table 1 Nozzle radii along axial axis, in.

/ Zf RI i Zf Rf
I
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

7.000 3.130
6.380 2.959
5.024 2.600
3.500 2.191
2.000 1.790
1.200 1.575
1.000 1.521
0.500 1.389
0.337 1.344
0.287 1.334
0.237 1.321
0.187 1.315
0.137 1.310
0.087 1.305
0.037 1.302
0.000

-0.050
-0.100
-0.150
-0.200
-0.274
-0.506
-0.706
-0.906
-1.106
-1.306

.300

.302

.305

.310

.316

.328

.374

.418

.462

.503

.546
-1.506 1.586
-1.706 1.630
-1.906 1.672

30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

-2.106
-2.306
-2.506
-2.706
-2.906
-3.106
-3.306
-3.506
-3.706
-3.906
-4.106
-4.306
-4.506
-4.706
-4.906
-5.106
-5.306
-5.506
-5.706
-5.906
-6.106
-6.306
-6.506
-6.706
-6.906
-7.106
-7.306
-7.572

1.714
1.758
1.799
1.843
1.885
1.928
1.970
2.011
2.050
2.085
2.120
2.150
2.180
2.208
2.234
2.260
2.281
2.300
2.318
2.333
2.348
2.360
2.370
2.380
2.387
2.391
2.395
2.400
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Table 2 Surface and gas temperatures along axial axis

r,,°R T^-R
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21

Table 3

n
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

-7.572
-6.843
-6.115
-5.386
-4.658
-3.929
-3.200
-2.472
-1.743
-1.015
-0.286

0.443
1.171
1.900
2.628
3.357
4.086
4.814
5.543
6.271
7.000

Polynomial coefficients

1250.0 6708.6
1244.4 6708.3
1237.1 6707.5
1222.0 6706.0
1208.8 6703.6
1205.1 6699.9
1131.2 6692.6
1062.9 6680.2
1078.1 6660.8
1106.5 6621.9
1105.8 6509.7
908.8 6150.6
896.8 5885.3
926.0 5692.7
871.3 5549.5
803.3 5415.1
736.2 5306.3
669.3 5203.9
579.1 5116.1
479.6 5034.3
380.0 4952.5

for nozzle function generator

an

1.30726493130758
1.0319789326288QE-02
2.68201 115774000E-01
1.59380493498145E-02

-9.41218459080475E-02
-7.83976187762828E-03

2.33987586202858E-02
2.0978009877361 IE-03

-3.56903698798999E-03
-3.34936431843993E-04

3.48788379508638E-04
3.39705538673131E-05

-2.26731304789299E-05
-2.27698235505887E-06

1.00074491870502E-06
1.03100878456710E-07

-3.00977088742926E-08
-3.16884055658690E-09

6.07043667147034E-10
6.51308731982046E-11

-7.85250352024550E-12
-8.56763853404065E-13

5.88574281855297E-14
6.51995292960792E-15

-1.94313794828692E-16
-2.18268086878700E-17

products is left for future reports. The handbook of infrared
radiation from combustion gases22 is used to obtain the gas
absorption coefficient Ka. The properties reported in this
handbook are spectral and temperature-dependent. Hence,
an integrated averaged value for the absorption coefficient is
calculated, and is found to be Ka = 2.5 in."1 This value was
obtained by integrating the spectral or band absorption coef-
ficients from a narrow band model22 over the entire spectrum
for the given composition, temperatures, and at atmospheric
pressure. To examine the effect of absorption coefficient and
scattering albedo on the wall heat flux, the results for different
values of Ka (varying from optically thin to optically thick)
and a)0 are presented.

A comparison between the results of the DEF method and
the zonal method, when e = 0.95 and chamber pressure is
1200 psi for different absorption coefficient values, is pre-
sented in Fig. 4. As shown in this figure, the agreement be-
tween the results of DEF method and those of zone method
is excellent. Figure 4 also demonstrates the effect of the pro-

Tli*.-oat -»- DEF method

___ Ka = 2.5 in-1

__ _ Ka = 0.25 in'1

_ _ _ Ka = 0.025 in'1

• •• Zone method

I s

-8 -& -A -2 O 2 A 6 8

Axial position (in)

Fig. 4 Effect of absorption coefficient on dimensionless radiative heat
fluxes based on both the zone and the DEF methods.
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Fig. 5 Dimensionless convective and radiative surface heat fluxes at
Kt = 2.5 in.~ ! and = 1.

pellant absorption coefficient. The peak heat flux increases
with Ka, due to the increase in the emissive power and ab-
sorption in the optically thick propellant, which traps energy
in the converging part of the nozzle and prevents it from
escaping downstream the nozzle. The heat flux variation in
the nozzle shows a different pattern for optically thin gases.
Figure 5 shows a comparison between the radiative and con-
vective (1 and 20) heat fluxes when the gas is nonscattering
and Ka = 2.5 in. ~ l . These results indicate that the convective
heat flux is consistently greater than the radiative flux, con-
trary to the results presented by Howell et al.,4~7 where a
nuclear rocket engine with a hydrogen propellant was inves-
tigated (using gas temperatures, approximately twice as large
as those for hydrocarbon fuels in the present analysis). Also,
note that the nuclear rockets studied in Refs. 4-7 are radia-
tively cooled, whereas the engine investigated in this work is
regeneratively cooled via channels along its walls. And it should
be noted that the maximum convective heat flux is near the
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throat, whereas the largest radiation flux is close to the engine
inlet.

The effect of scattering albedo on the surface heat flux is
shown in Fig. 6. The gas extinction coefficient is 2.5 in."1,
and the heat flux distribution for all scattering albedo shows
the same trend. Figure 7 shows the effect of surface emissivity.
As expected, the radiative heat flux increases with surface
emissivity. Although the radiative flux can be substantially
reduced by using highly reflective surfaces, carbon deposits
on the walls from combustion products (raising the surface
emissivity to a value of about 0.9) negate this effect after the
first few seconds of engine operation.

To demonstrate the effect of gas nonhomogeneity, the val-
ues of Kt were assumed to vary with gas temperature and
pressure according to the correlation Kt = (aTgs + b)P™,
where a = 0.0002135, b = -0.9326, and m = 0.1. This

correlation and the constants a, b, and m were chosen to give
a rough estimation of the variation of Kt with gas temperature
and pressure; however, a more accurate evaluation of Kt as
a function of combustion gases temperatures, pressures, and
composition is required to demonstrate the actual variation
of radiative heat flux with gas nonhomogeneity. Since Kt val-
ues increase with gas pressure and temperature, the highest
value of Kt was chosen to be at the inner side of engine
chamber, while the lowest value is at the nozzle exit. As shown
in Fig. 8, the peak heat flux increased in the converging part
of the nozzle and a more rapid decrease in the heat flux
occurred in the throat area for the case of a nonhomogeneous
gas, whereas lower values of heat flux in the diverging part
of the nozzle are predicted in comparison with the case of the
homogeneous gas, at Kt = 0.25 in."1.

Finally, the dimensionless radiative heat flux distribution

^
V

- - _ nonhomogeneous

——— homogeneous

Xliroat

-8 -6 -8 -€>

Axial position (in)

Fig. 6 Effect of propellant scattering albedo on dimensionless radia- Fig. 8
tive heat fluxes at Kt = 2.5 in. ~ ! and = 0.95. fluxes.

Axial position (in)

Effect of gas nonhomogeneity on dimensionless radiative heat

. 8

. 7

. 2

. 1

-8 -6 -A -2 O 2 A 6 8

Axial position (in)

Fig. 7 Effect of surface emissivity on dimensionless radiative heat
fluxes at Kt = 2.5 in.'1
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0 0

- 0

Kt = 0.25 in'1
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ooo R = 2f(z)
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was calculated using values of nozzle diameters that are twice
those listed in Table 1. A comparison between calculated heat
fluxes when the engine size was doubled compared to those
calculated earlier at values of Kn which vary from optically
thin to optically thick medium, is shown in Fig. 9. As ex-
pected, the effect of engine size variation on surface heat flux
is very significant for optically thin gases, where an increase
of up to 50% in surface heat flux values was obtained at Kt
= 0.025 in."1. The effect of engine size on surface heat flux
is not noticeable for optically thick gases, where a maximum
increase of only 3% in surface heat flux was obtained at Kt
= 2.5 in.'1. This expected small increase for optically thick
gases is due to the fact that the most significant contribution
to the surface radiative heat flux comes from gas elements
that are very close to the surface, and increasing engine size
will have only marginal effect on surface heat flux. In contrast,
for the case when the medium is optically thin, the radiation
heat transfer from gas elements that are located far away from
the surface contributes significantly to surface radiative heat
flux.

Concluding Remarks
The DEF method was used to analyze the radiative heat

transfer in rocket engines containing a radiatively participat-
ing medium, taking into account gas nonhomogeneity. The
numerical results obtained are in excellent agreement with
those of the zonal method. The computational time for the
DEF method, however, is much less than that of the zonal
method. The computational time for zonal method is ap-
proximately 2n times that of the DEF method, where n is the
order of Gaussian quadrature method used for numerical in-
tegration in Eqs. (14-17).

A new technique to account for blockage by the throat in
calculating the direct exchange factors is presented. It has
been shown that the visible area of a section of engine from
the other side of throat can have a noncircular configuration.
This is contrary to the results in Refs. 2, 3, and 14, where a
circular shape for the visible area is reported. Radiative heat
fluxes to the surface increase significantly with engine size
when the gas is optically thin, compared to a marginal increase
in the case of optically thick gas. This is due to the fact that
the most significant contribution to surface heat flux in op-
tically thick medium comes from gas elements that are very
close to the nozzle surface.

In this work, only gray radiation is considered. For nongray
cases, a band model, in which the range of active wavelength
is subdivided into finite bands, can be employed. At each
band, nongray band properties are assumed; by integrating
over all bands, the nongray solution can be obtained. The gas
temperature and pressure vary along the axial direction, mak-
ing the gas nonhomogeneous. The gas absorption factor as a
function of temperature for some combustion species is pre-
sented in Ref. 22; however, the data for radiative properties
of combustion gases as a function of pressure are incomplete.
More research in evaluating spectral radiative properties of
combustion gases based on different temperatures and pres-
sures is needed for more accurate radiative analysis of rocket
engines.

The existing combustion code for rockets21 is capable of
evaluating all thermodynamic and transport properties of
combustion gas except radiative properties. This code needs
to be modified to incorporate radiative properties of all com-
bustion species. It should be emphasized that reliable results
will be obtained only when accurate properties of the com-
bustion products are used in the analysis.

The present paper and works by Robbins2-3 and Howell et
al.4-7 clearly demonstrate that radiation is an important mode
of heat transfer in rocket engines. More work in the radiation
analysis of rocket engines is needed to incorporate the effects
of spectral properties and anisotropic scattering into the ex-
isting model.
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