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Radiation Convection in a Thermally Developing Duct Flow of
Noncircular Cross Section

G. Yang,* M. A. Ebadian,t and A. Campoi
Florida International University, Miami, Florida 33199

In this paper the interaction of thermal radiation and laminar forced convection in the thermal entrance region
of noncircular ducts is numerically investigated. In particular, because of their complex geometry, the paper
investigates in detail the combined modes of heat transfer in right triangular and semicircular ducts. The velocity
in these geometries is considered fully developed and the temperature of an absorbing-emitting gas is developing
in an isothermal duct with nonblack walls. The method of moments is used to describe the radiation contribution
that circumvents the partial intergro-differential equation typical of this kind of problem. Also, the methodol-
ogy using the method of lines (MOL) involving differential and difference formulations and coarse grids is
applied to these ducts of noncircular cross section. The results based on 36 lines or less are computed numerically
using a Runge-Kutta subroutine. They are presented in terms of axial bulk temperature and mean Nusselt
number and are plotted as a function of the optical thickness, wall emissivity, and radiation-conduction
parameter. The results compare very well with those for pure convection available in the literature. In addition,
it is observed that radiation influences the thermal development of noncircular ducts in a complicated way.

Nomenclature
A = cross-sectional area, m?
b = characteristic length, m
¢ = specific heat, J-kg ~1-K !
D, = hydraulic diameter of duct, m
G = total irradiation, W-m -2
G* = dimensionless value of G, Eq. (5)

K, = total volumetric absorption coefficient, m !
k = thermal conductivity, W-m -~ .K ~!

L = length of duct, m

m = mass flow rate, kg-s !

N = radiation-conduction parameter, Eq. (5)
Nuy = total Nusselt number, Eq. (16)

Pe = Peclet number, RePr

Pr = Prandtl number, v/«

Qiqesr = ideal heat transfer, Eq. (18), W

Or = total heat transfer, Eq. (18), W

qr = thermal radiation heat flux, Eq. (1), W-m~?

Gw = wall heat flux, W-m 2

Re = Reynolds number, (u,,D;/v)

T = absolute temperature, K

u,U = dimensional and dimensionless velocity, Eq. (5)

Up, = mean velocity, m-s ~!

x,X = dimensional and dimensionless axial coordinates,
Eq. (5)

»,Y = dimensional and dimensionless transversal
coordinates, Eq. (5)

z,Z = dimensional and dimensionless transversal
coordinated, Eq. (5)

o* = angle in triangular duct, m?-s !

= thermal diffusivity, m2s~!

= extinction coefficient, m ~!

= wall emissivity

= kinematic viscosity, m?-s ~!

= density, kg-m 3

= Stefan-Boltzmann constant, W-m ~2-K —¢
= optical thickness, Eq. (5)

= dimensionless temperature, Eq. (5)

= heat transfer efficiency, Eq. (18)
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Subscripts

b = mean bulk

C = conduction

e = entrance

R = radiation

ref = reference

T = total

w = wall (circumferential)

Introduction

T is a well-known fact that, at a high temperature, thermal

radiation has a pronounced effect on the heat transfer
characteristics of a participating gas in a duct flow. For such
flows it has been proven that the conventional Nusselt number
is no longer valid and that deviation increases as the magni-
tude of the radiation parameters increases. Additionally, this
information is of paramount interest in the design of compact
heat exchangers, turbines, etc., being used in nuclear power
plants and other energy-related industries.

The study deals with an analytical/numerical solution of
combined convection and radiation in the thermal entry region
of right triangular and semicircular ducts subjected to a uni-
form wall temperature (see Figs. 1 and 2). In fact, literature
surveys by Eckert et al.,»2 Martynenko,? Soloukhin and Mar-
tynenko,* Shah and Bhatti,’ and Shah and London® indicate
that significant work has been published in the area of forced
convection in ducts on noncircular geometry. However, the
investigations cited in these reviews, along with the work of
Wibulswas,” Chandrupatta and Sastri,® Haji-Sheikh et al.,’
Lakshminarayanan and Haji-Sheikh,'® Normua and Haji-
Sheikh,!! Sparrow and Haji-Sheikh,!%!* Hong and Bergles,!4
and Manglik and Bergles,!16 have been restricted to situations
that do not account for the simultaneous effect of forced
convection and radiation in the thermal entrance region of
ducts where the flowing medium is a participating gas.

Some studies related to the present problem, but restricted
to circular pipes under isothermal wall conditions, were car-
ried out by several researchers. Among those, Pearce and
Emery!” and Pearce!® considered. the flow of gas with para-
bolic velocity distributions and solved the descriptive conser-
vation equations employing a numerical scheme. Echigo et
al.’? analyzed the gas flow as a conjugate problem in the fluid
domain, using finite-difference techniques. These authors ex-
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Fig. 1 Coordinate system for coarse grid for right triangular duct.

\J

Fig. 2 Coordinate system for coarse grid for semicircular duct.

amined the energy équation with two-dimensional radiative
heat transfer allowing a propagation upstream from the en-
trance with two-dimensional radiative heat transfer allowing a
propagation upstream from the entrance of the heating sec-
tion. It was necessary in Pedrce and Emery,!” Pearce,!8 and
Echigo et al.”? to evolve an alternative solution procedure in
which the integral term and the differential terms of the energy
equation are solved consecutively and the calculation proce-
dure is repeated until convergence is achieved. Huang and
Lin?® presented a numerical analysis of combined laminar
forced convection and thermal radiation in the thermally de-
veloping flow of tircular cross section. They also considered
both axial conduction and radiation. Included in their study is
an analysis of absorbing, emitting, and isotropically scattering
gray fluid bounded by a hot wall having a sudden change in
temperature. They solved the governing equation nurmerically
by the successive over-relaxation finite-difference method with
an iterative procedure. Thermal radiation is comsidered by

solving the exact integral equations for the source function
and boundary intensity using the nodal approximation tech-
nique. In Yener and Fong?! solution to the energy equation is
developed in the form of a Fourier series, and the radiation
part is analyzed by the Fy method.

Turning attention to the modeling of radiation in a partici-
pating medium, it has been demonstrated that its rigorous
formuilation involves the solution of a nonlinear integral equa-
tion, However, various approximate and accurate differential
methods, for example, the method of moments as described
by Ozisik,?2 model radiation transfer by an elliptic partial
differential equation defining the irradiation distribution in
the medium. Ratzel and Howell?® found that their predicted
results, using the method of moments, deviate by almost 20%
from the real case for an optical thickness of 1 arid black wall
conditions. Also, it has a téndency to break down near the
boundaries. However, for the gray surface (e = 0.5, the com-
mon value for metal ducts), the error decreased to less than
10%. This error will further be reduced as the optical thick-
ness is increased.. Campo and Schuler?* adopted the method of
moments to model thermal radiation in the developing flow in
pipes of circular cross section. Their results are in good agree-
ment with those of Pearce and Emery!” and Echigo et al.!®

In this paper the developing temperature is determined by
solving the three-dimensional energy equation accounting for
a temperature-dependent source term via the method of lines
(cf. Liskovets®). According to this method, the transversal
derivatives in this parabolic partial differential equation ate
replaced by finite-differencé formulations, while the axial
derivatives remain continuous. Correspondingly, the integra-
tion domain is divided into a collection of lines parallel to the
axial coordinate of the duct. Thus, thé partial differential
energy equation is being replaced by a system of nonlinear
ordinary differential equations of first order, where the depén-
dent variable is the temperature along each line, and the
independent variable is the axial coordinate. It should be
added that, for computational purposes, the retention of
equal transversal intérvals in the presence of irregular
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boundaries constitutes a complicatirig feature requiring special
equations for nodes in their néighborhood (cf. Carnahan et
al.?%). To prevent this obstacle, the construction of the grid in
the duct cross section is such that the dividing lines in the grid
itself coincide with the irregular boundaries.

In this paper the resulting coupled system of nonlinear
ordinary differential equations and algebraic equations, based
on relatively coarse grids, has been solved numerically by an
adaptation of a Runge-Kutta algorithm. The results have been
presented in terms of the distribution of the mean bulk tem-
perature and the total Nusselt number.

Formulation

Consider a thermally developing, steady laminar flow of a
radiating fluid in d noncircular duct. The fully developed
laminar gas flow enters the heated section of the duct at the
origin of the axial coordinate x, with a temperature of 7o,
while the surface of the duct is maintained at an isothermal
temperature T, for x >0. Furthermore, the participating gas
in the region of thermal developmeént is assumed to be gray,
emitting, and absorbing. In addition, the physical properties
of the fluid are considered constant. Therefore, the energy
equation, in the absence of viscous dissipation, axial heat
conduction, and axial radiation, can be written in dimension-
less forms as follows:

ua—T— <32—T+82—T>—L’div (1)
ax ay? 9z*  pc, I®

where # = u(y,z) designates the velocity profile determined
from the equation

2 2 '
Fu Fu_1dp (2,
ay? 8z pdx

Also, in Eq. (1), x, y, and z are the axial and transversal

coordinates of the ducts, respectively, and T is the tempera-

ture sought.

The term div g in the second term of the right side of Eq.
(1) corresponds to participating thermal radiation and is re-
tained here in recognition of its importance in high-tempera-
ture gas flows. This contribution is modeled here by an ap-
proximate differential method, such as the method of
moments in two-dimensional form (cf. Ozisik??). Accordingly,
the radiative transfer equation (RTE) is conveniently ex-
pressed in differential form as follows:

div gg = = K,(G — 46T?) 3)
where G is the irradiation given by the equation

PG PG &G
— +— +— = 3BK,(G — 40T* 4
6x2+6y2+622 BK,( oT*) )

In Eq. (4) B represents the extinction coefficient.
Adopting the following dimensionless variables and
parameters as

v 4L
T u, T,
y V4
y=2, z==
b b
- X Re="Ph  po_ Repy ©)
DhPe 14
_40Tv3v G

N Tb=Kab’ G*

TkK,’ T 4oT?

where T,s= T, is defined as a reference temperature, and b
represents the characteristic length of the duct.
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Based on the previously given dimensionless parameters, the
energy equation [Eq. (1)] and the equation of radiative trans-
fer [Eq: (4)] lead to a new system of partial differential equa-
tions described by

3 P 9
— =+ + NTj(G*— ¢* 6
X F) Yz P Z2 Tb( ¢ ) ( )

and

1 #G* PG* PG*
e axz * avr T azz = HOT - 9Y M

Inspection of Eq. (7) reveals that, in general, for gas flows
in small to moderate diameter pipes, Pe > 1. In fact, Echigo et
al.'” conducted a series of numerical experiments for a conju-
gate version of this problem related to circular pipes. Their
results showed that the axial radiation penetrated one or two
diameters in the upstream region of the heat-exchange section.
This conclusion was also verified by Pearce,'® who used a
more formal order-of-magnitude analysis for circular pipes.
Echigo et al.’” proposed a radiative Pe that serves to define the

‘threshold of the axial radiation effects. That is, in terms of the

hydraulic diameter,

,
ReD,,Pr<]T’}> >10 ®)

Therefore, applying the preceding criteria to Eq. (7) indicates
that the axial variation of G* may be dropped, which makes
the outcome a partial differential equation:

3*G* + 3*G*
ay?  az?

=373(G*~¢% ®

Now, the related boundary conditions for Eqgs. (6) and (9)
are expressed in dimensionless form as follows.
At the inlet of the duct,

=, X=0 (10)

On the wall of the duct,

=1, X>1 (11)
aG* 3
P ——Z—xwrb(G:t -1, X>1 12)

where #n indicates the normal direction to the wall, and

Ew
A, = 1
g a3

Thermal Quantities of Interest

The physical quantities of interest for practical applications
of internal forced convection and radiation exposed to isother-
mal wall conditions are the dimensionless bulk temperature

¢b(x)»

{4Ug dA
= 14
65 (X) (,U dA (14)
and the local surface heat flux g,
qwr =4qwc + quwr (15)

where g,c and g,z represent local conductive and local radia-
tive transfer at the duct wall, respectively. These quantities
lead to the definition of the total Nusselt number:

Nup=——"—"-- (16)
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Next, combining Egs. (12), (13), (15), and (16), one can
write

[299 by — 4N NGy — 1)}
on

Nur= Ty an

In this equation the first term of the right side corresponds to
local conductive heat transfer and has been calculated using a
finite-difference formulation for the temperature gradient.
The second term of the right side described the local radiative
heat transfer and has been evaluated by using the method of
moments (cf. Ozisik??).

At this stage, it should be stressed that the calculation of the
total heat transfer involving the-total Nusselt number is more
elaborate, with the sole purpose of comparing our results
against the asymptotic solutions that other investigations have
published in the open literature. However, the total rate of
heat transfer in a duct of length L may be easily determined
from an energy balance between two axial stations x = 0 and
x = L. In fact, it relates the bulk temperature ratios, ¢/,
to the so-called heat transfer efficiency @, defined as

Q = Or/Qigeal 18)

where Qr and Qj4..; represent the total and ideal heat transfer
rates, respectively. Therefore, the heat transfer efficiency is
related to the appropriate local temperatures as follows:

_ ¢e - ¢bL '
Q= ——¢e _— 19

where ¢y = ¢p(L).

Method of Solution

A numerical method is necessary to solve the nonlinear
problem under consideration. Accordingly, the system of Egs.
(6) and (9), subject to the boundary conditions expressed by
Egs. (10-13), was numerically solved by combining the
method of lines (MOL) and the Runge-Kutta algorithm.

The temperature distribution ¢(Y,Z) has been determined
by the hybrid MOL using uniform grids. The MOL has been
described by Liskovets?® as a solution technique that trans-
forms a partial differential equation (PDE) into an appropri-
ate system of ordinary differential equations for a parabolic
PDE involving three independent variables as in Eq. (6). The
region of integration may be divided into lines parallel to the
axial coordinate x. Accordingly, the axial derivative, d¢/dx,

Table 1 Nusselt number results for
laminar forced convection (V=0)

Right triangular duct

15 deg 30 deg 45 deg
Num.T
Present Present Present
1/X - Study Ref. 10 Study Ref. 10 Study Ref. 10
10 2.54 2.60 2.66 2.65 2.61 2.60
20 3.02 3.10 3.04 3.02 2.87 2.83
30 3.41 —_— 3.36 _ 3.11 —
40 3.73 — 3.62 —_ 3.33 e
60 4.27 _ 4.07 _ 3.70 e
80 4.70 —_ 4.42 —_— 4.00  —
100 5.13 5.21 4.77 4.82 4.30 4.21
120 5.39 —_— 4,97 4.48 —_—
160 6.10 —_— 5.54 4.97 —_—
180 6.30 _ 5.69 5.09 —_—
200 6.64 6.59 6.02 5.32 5.28

2000 16.72 16.27 14.21 11.39 11.78

6.09

1000 13.67 12.08 11.20 10.63 9.08 9.17
13.80

10,000  36.33 33.72 29.57 25.29 23.34 20.69
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remains continuous, whereas the transversal derivatives, 3%¢/
Y2 and 3%p/0Z*, are replaced by finite-difference formula-
tions using values of unknown quantities on the same line and
on neighboring lines. Hence, this simple mathematical concept
generates a system of ordinary differential equations of first
order where the dependent variables are described along each
line in terms of a single independent variable, X. It may
therefore be readily solved numerically employing a standard
Runge-Kutta algorithm. Using the finite-difference method,
the partial differential equation for G*, Eq. (9) can be dis-
cretized into an associated system of algebraic equations.
Thus, this system is carried out at each axial station, X, using
an adaptation of the Gaussian elimination algorithm for the
numerical determination of G* at each cross section.

Results and Discussion

The problem considered in this analysis contains a numeri-
cal scheme for solving the simultaneous effect of convection
and radiation in a duct of noncircular cross section, mainly,
the right triangular duct of 15, 30, and 45 deg and semicircular
ducts. These ducts are also subjected to constant wall temper-
ature. Numerical solutions were generated for these ge-
ometries. Because of their complicated cross section, all com-
putations were performed in double precision on the VAX
8800. In addition, this analysis also contains numerous physi-
cal parameters, such as r,, N, €, X, ¢, and Nuy. The ¢,, Eq.
(14), and the Nuy, Eq. (17), have been calculated numerically
in the thermal entrance region of right triangular and semicir-
cular ducts using the MOL. These have been presented graph-
ically in Figs. 4-15.

In order to prove the validity of the proposed methodology,
numerical solutions for a laminar thermal entrance region
absent of radiation (V= 0) have been carried out. The values
of Nu,, from these solutions are listed in Tables 1 and 2 along

Table 2 Nusselt number results for
laminar forced convection (N =0)

Semicircular duct

R Num, T
/X Manglik and Bergles!® Present study
10.27 6.34 6.827
18.73 7.07 7.701
28.01 7.75 8.526
34.25 8.31 9.02
51.28 8.79 10.22
77.52 9.92 11.71
105.26 10.60 12.59
144.93 12.40 14.70
222.22 15.40 17.39
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Fig.3 Comparison of the total Nusselt number for laminar forced
convection (N =0).
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Fig. 4 Effects of wall emissivity on the mean bulk temperature for
right triangular ducts.
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Fig. 5 Effects of wall emissivity on the total Nusselt number for
right triangular duects.

with benchmark solutions of Lakshminarayanan and Haji-
Sheik!® for the right triangular duct and Manglik and
Bergles!®+1¢ for the semicircular duct. Tables 1 and 2 indicate a
very close agreement with the previously mentioned refer-
ences. This agreement further supports the validity of the
proposed methodology. The data in this table were used to
draw the curves in Fig. 3.

Turning attention to the combined forced convection and
radiation, ¢ = 0.5 (the entrance-to-wall temperature ratio) is
used throughout the calculation. Furthermore, in order to
increase the accuracy of the results presented, cubic spline
interpolation has been applied to integrate the velocity and the
mean bulk temperature. This has been accomplished by using
the two-dimensional tensor product BS21N and BS21G in the
IMSL Library Package.?’” The following section is devoted to
the discussion of each geometry.

Right Triangular Duct

The calculation for fluid flow and heat transfer is per-
formed for right triangular ducts with 15-, 30-, and 45-deg
angles, as shown in Fig. 1. The former study by Yang et al.28
showed that CPU time is nearly proportional to the number of
lines, and satisfactory accuracy can be reached by using a
relative coarse grid. Therefore, a system having 36 lines is used
in all cases. The CPU time for solving this problem is 120 s on
a VAX 8800 computer. Figures 4 and 5 represent the axial
variation of the mean bulk temperature and total Nusselt
number with a radiation-conduction parameter of N = 3 and
optical thickness of 7, = 5 for emissivities of ¢ = 0.1, 0.5, and
1.0. Figure 4 indicates that the emissivity has a minimal effect
on the mean bulk temperature of the gas. The fluid tempera-
ture in this region is governed by convection and radiation
transfer in the medium and is weakly affected by wall radia-
tion. It is further observed that the bulk temperature increases
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Fig. 6 Effects of radiation-conduction parameter on the mean bulk
temperature for right triangular ducts.
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Fig. 7 Effects of radiation-conduction parameter on the total Nus-
selt number for right triangular ducts.

with decreases in both wall emissivity and the angle of the
right triangular duct. Figure 5 also indicates that the Nusselt
number is largest at the entrance region of the right triangular
duct with a 45-deg angle. Then it gradually decreases until it
reaches a minimum value. Eventually, it tends to increase
without approaching an asymptotic value. The same behavior
has been observed by other investigators!’-192%2 for circular
ducts. The location of the minimum value shifts to the right
for a 30-deg angle duct. However, for right triangular ducts
with a 15-deg angle, no obvious Nu recovery is observed in this
evaluated region. It is believed that this is due mainly to the
effect of the sharp corner of the duct.

Figures 6 and 7 represent the axial variation of the mean
bulk temperature and the total Nusselt number with e = 1.0
and 7, = 5.0 for conduction-radiation parameters of N =0, 3,
and 10. In Fig. 6 conduction radiation represents the relative
importance of conduction compared to radiation at the wall.
It is seen from this figure that, by increasing N, the mixed
mean temperature of the medium levels more toward the inlet
of the channel. In short, it can be deduced that wall conduc-
tion tends to promote the state of thermal uniformity in the
medium. Figure 7 illustrates that, by increasing N, the posi-
tion of the minimum convective Nusselt number shifts more
toward the inlet of the channel, indicating a faster thermal
development in the fluid.

The axial variations of the mean bulk temperature and
Nusselt numbers with N =3 and e=1.0 for 7, =0.5, 1.0, and
5.0 are shown in Figs. 8 and 9. Figure 8 indicates that the
effect of optical thickness on the fluid and wall temperature
profiles is found to be of considerable significance. It is also
noted that, as a result of the heat transfer augmentation effect
of radiation, the mixed mean temperature of the medium is
highest at the entrance of the duct, and it is possible to level
off near the end of the channel. This is the indication that the
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gas actively participates in the radiative transfer by absorbing
the energy radiated from the walls, which is then redistributed
throughout the gas and back to the walls. On the other hand,
as the optical thickness increases, the temperature of the fluid
rises very rapidly along the channel. Figure 9 indicates that the
variation in optical thickness has a great impact on convective
heat transfer. At the low values of optical thickness, the total
Nusselt number decreases monotonically in the axial direction,
but unlike pure convection for which an asymptotic value is
reached. In this case the total Nusselt number decreases at an
even greater rate as the end of the channel is approached.

Semicircular Duct

For this configuration the calculations for the fluid flow
and heat transfer are performed based on 20 lines, as shown in
Fig. 2.

Figures 10 and 11 represent the variation of the bulk tem-
perature and total Nusselt number with N=3.0 and 7, =5.0

1.0
0.8
@, 06
0.4
0.2

Fig. 8 Effect of optical thickness on the mean bulk temperature for
right triangular ducts.

Fig. 9 Effect of optical thickness on the total Nusselt number for
right triangular ducts.
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Fig. 10 Effect of wall emissivity on the mean bulk temperature for a
semicircular duct.
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fore=0.1, 0.5, and 1.0. Figure 10 illustrates that wall emissiv-
ity has a minimal effect on the mixed mean bulk temperature.
The same behavior with the same conditions was observed in
Fig. 4 for the case of the right triangular duct; however, a
smaller variation is observed here. Figure 11 indicates that the
total Nusselt number increases with increasing wall emissivity.
Furthermore, it is observed that at e=1.0 the Nu,, 7 number
decreases gradually at the entrance region of the semicircular
duct until it reaches a minimum number and dramatically
increases at that point.

Figures 12 and 13 depict the axial variation of the mean bulk
temperature and total Nusselt number with e=1.0and 7, =5.0
for N=0, 1, and 3. Figure 12 indicates that the mixed mean
bulk temperature increases very rapidly with the increase of
N. The curve N=0, in this figure, relates to pure forced
convection. Figure 13 represents the same behavior as was

A
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7 N =
34 | %=

30
Nur 26 _|
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T T
1073 1078 107!
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Fig. 11 Effect of wall emissivity on the total Nusselt number for a
semicircular duct.
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Fig. 12 Effect of radiation-conduction parameter on the mean bulk
temperature for a semicircular duct.
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Fig. 13 Effect of radiation-conduction parameter on the total Nus-
selt number for a semicircular duct. .
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Fig. 14 Effect of optical thickness on the mean bulk temperature for
a semicircular duct.
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Fig. 15 Effect of optical thickness on the total Nusselt number for a
semicircular duct.

discussed earlier. However, it can be observed that an increase
in the conduction-radiation parameter will significantly en-
hance the total Nusselt number.

Figures 14 and 15 represent the variation of the axial mean
bulk temperature and the total Nusselt number with € = 1 and
N =3 for 1, =0.5, 2.0, and 5.0. Figure 14 indicates that the
optical thickness has a pronounced effect on the mixed mean
bulk temperature. At the entrance of the semicircular duct,
there is basically no deviation in the bulk temperature at
different optical thickness. This can be explained by the fact
that the forced convection is dominant at that section. How-
ever, as the gas passes through the duct, a larger deviation is
observed in the bulk temperature with increasing optical thick-
ness. Obviously this is due to the facts that, at the end of the
channel, the dominant term is radiative. Figure 15 depicts the
total Nusselt number for the same conditions, and the same
behavior can be observed in this case, as the optical thickness
enhances the total Nusselt number. In addition to this, the
variation of the Nu,, r number in the presence of strong radia-
tion shows that a state of fully thermal development is never
reached.

Concluding Remarks

In this paper the combination of forced convection and
thermal radiation has been examined for the flow of an ab-
sorbing-emitting gas in isothermal ducts of right triangular
and semicircular cross section. The significant role played by
radiation in the thermal entry region has been successfully
represented by the method of moments. An explicit finite-dif-
ference for laminar gas flows that takes advantage of the
MOL has been adopted in the thermal entrance region of these
ducts. The nodes have been placed carefully along the surfaces
to avoid the usual difficulties associated with the irregular
boundaries. The use of coarse grids in the cross section of the
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ducts yields a relatively small system of first-order ordinary
differential equations. Hence, this system can be readily
solved by either an analytical or a numerical technique. The
numerical scheme was found to be simple, accurate, and effi-
cient. It is ideally suited for a combined mode of heat transfer.
A comparison of these results for pure convection (N = 0)
agrees well with previous investigations. The effects of the
different physical parameters were systematically studies.
From the cases studied the following conclusions were ob-
tained:

1) Interaction of radiation with convection increases the
convective heat flux at the wall and, in general, results in an
augmentation of the heat transfer process.

2) The effect of wall emissivity on the mixed mean bulk
temperature in the medium for these geometries is minimal.

3) At an even moderate optical thickness, the behavior of
the convective Nusselt number is substantially altered.

4) An increase in the conduction-radiation parameter pro-
duces more uniform temperatures in the wall. It also promotes
thermal development of the fluid by producing more uniform
temperatures in the medium.

Acknowledgment

The results presented in this paper were. obtained in the
course of research sponsored by the Department of Energy
under Subcontract 19X-SE133V.

References

IEckert, E. R. G. et al., “Heat Transfer—A Review of the 1986
Literature,’’ International Journal of Heat and Mass Transfer, Vol.
31, No. 12, 1987, pp. 2449-2523.

2Eckert, E. R. G. et al., ‘““Heat Transfer—A Review of the 1986
Literature,”” International Journal of Heat and Mass Transfer, Vol.
32, No. 12, 1988, pp. 2401-2488.

3Martynenko, O. G., “Heat and Mass Transfer Bibliography—So-
viet Literature,”’ International Journal of Heat and Mass Transfer,
Vol. 31, No. 12, 1988, pp. 2489-2503.

4Soloukhin, R. I., and Martynenko, O. G., ‘“‘Heat and Mass Trans-
fer Bibliography—Soviet Literature,”’ International Journal of Heat
and Mass Transfer, Vol. 26, No. 12, 1983, pp. 1771-1781.

5Shah, R. K., and Bhatti, M. S., Laminar Convective Heat Trans-
fer in Ducts: Handbook of Single-Phase Convective Heat Transfer,
edited by S. Kakac, R. K. Shah, and W. Aung, Wiley, New York,
1987.

6Shah, R. K., and London, A. L., Laminar Flow Forced Convec-
tion in Ducts, Academic, New York, 1978.

TWibulswas, P., ‘“‘Laminar Flow Heat Transfer in Non-Circular
Ducts,”” Ph.D. Dissertation, London Univ., London, UK, 1966.

8Chandrupatta, A. R., and Sastri, V. M. K., “Laminar Forced
Convection Heat Transfer of a Non-Newtonian Fluid in a Square
Duct,” International Journal of Heat and Mass Transfer, Vol. 20,
No. 12, 1977, pp. 1315-1324.

9Haji-Sheikh, A., Mashena, M., and Haji-Sheikh, M. J., “Trans-
fer Coefficient in Duct with Constant Wall Temperature,”’ Journal of
Heat Transfer, Vol. 105, No. 4, 1983, pp. 878-883.

10Lakshminarayanan, R., and Haji-Sheikh, A., ‘“A Generalized
Closed-Form Solution to Laminar Thermal Entrance Problems,”’ In-
ternational Heat Transfer Conference, Hemisphere, New York, Vol.
3, 1986, pp. 871-876.

INomura, S., and Haji-Sheikh, A., ‘“Flow and Heat Transfer in
Arbitrary Shaped Ducts Using Symbolic Algebra,”” ASME/WAM
HTD, Winter Annual Meeting, Chicago, Vol. 105, 1988, pp. 75-80.

12Sparrow, E. M., and Haji-Sheikh, A., “‘Laminar Heat Transfer
and Pressure Drop in Isosceles Triangular, Right Triangular, and
Circular Ducts,”” ASME Journal of Heat Transfer, Vol. 87, No. 4,
1965, pp. 426, 427. :

13Sparrow, E. M., and Haji-Sheikh, A., ‘‘Flow and Heat Transfer
in Ducts of Arbitrary Shape with Arbitrary Thermal Boundary Condi-
tions,”’ Journal of Heat Transfer, Vol. 88, No. 4, 1966, pp. 351-358.

l4Hong, S. W., and Bergles, A. E., “Laminar Flow Heat Transfer
in the Entrance Region of Semi-Circular Tubes with Uniform Heat
Flux,”’ International Journal of Heat and Mass Transfer, Vol. 19, No.
1, 1976, pp. 123, 124.

15Manglik, R. M., and Bergles, A. E., “‘Laminar Flow Heat Trans-
fer in a Semi-Circular Tube with Uniform Wall Temperature,”’ Inter-
national Journal of Heat and Mass Transfer, Vol. 30, No. 3, 1988, pp.
625-636.



APRIL-JUNE 1991 RADIATION CONVECTION IN THERMALLY DEVELOPING DUCT FLOW 231

16Manglik, R. M., and Bergles, A. E., ““An Analysis of Laminar
Flow Heat Transfer in Uniform Temperature Circular Tubes with
Tdpe Inserts,”” Heat Transfer Lab., Iowa State Univ., Ames, IA,
Rept. HTL-39, ISU-ERI-AMES-86290, May 1986.

V7Pearce, B. E., and Emery, A., ‘‘Heat Transfer by Thermal Radi-
ation and Laminar Forced Convection to an Absorbing Fluid in the
Entry Region of a Pipe,”’ Jourrial of Heat Transfer, Vol. 92, No. 3,
1970, pp. 221-230. )

18Pearce, B. E., ‘‘Heat Transfer by Thermal Radiation and Forced
Convection in an Absorbing Fluid in the Entrance Region of a Tube,”’
Ph.D. Dissertation, Univ. of Washington, Seattle, 1968.

Echigo, R., Hasegawa, S., and Kinamuto, K., ‘‘Composite Heat
Transfer in a Pipe with Thermal Radiation in a Flowing Medium,””
International Journal of Heat and Mass Transfer, Vol. 18, No. 10,
1975, pp. 1149-1159.

20Huang, J. M., and Lin, J. D., ‘“Numerical Analysis of Graetz
Problem with Inclusion of Radiation Effect,”” Proceedings of the
National Heat Transfer Conference, American Society of Mechanical
Engineers, New York, Vol. 3, 1988, pp. 339-345.

21Yener, Y., and Fong, T. M., ‘‘Radiation and Forced Convection

Interaction in Thermally Developing Laminar Flow Through a Circu-
lar Pipe,”’ Eighth International Heat Transfer Conference, Hemi-
sphere, New York, Vol. 2, 1986, pp. 785-790.

22(0yzisik, N., Radiative Transfer, Wiley, New York; 1973.

23Ratzel, A. C., and Howell, J. R., ‘‘Two-Dimensional Radiation
in Absorbing-Emitting-Scattering Media Using the P-N Approxima-
tion,”” AIAA Paper 82-HT-19, 1982.

24Campo, A., and Schuler, C., “Thermal Radiation and Laminar
Forced Convection.in a Gas Pipe Flow,”” Warme-und Stoffubertra-
gung, Vol. 22, No: 4, 1988, pp. 251-257.

25Liskovets, D."A., ““The Method of Lines,”’ Differential Equa-
tions, Vol. 1, 1965, pp. 1308-1323.

26Carnahan, B., Luther, H. A., and Wilkes, J. O., Applied Numer-
ical Methods, Wiley, New York, 1969.

27IMSL Library Reference Manual, IMSL, Inc., Houston, TX,
1982. .

28Yang, G., Campo, A., and Ebadian, M. A., ““Three-Dimensional
Analysis of Heat and Fluid Flow in Irregular Ducts: Interaction of
Forced Convéction and Radiation,”” ASME Paper HTD 116, 1989,
pp. 79-97.

Recommended Reading from the AIAA o
Progress in Astronautics and Aeronautics Series . . . ‘r—

conductivity measurements.

TO ORDER: Write, Phone or FAX:

American Institute of Aeronautics and Astronautics

clo TASCO .

9 Jay Gould Ct., P.O. Box 753, Waldorf, MD 20604
Phone (301) 645-5643, Dept. 415 » FAX (301) 843-0159

Spacecraft Dielectric Material Properties
and Spacecraft Charging
Arthur R. Frederickson, David B. Cotts, James A. Wall and Frank L. Bouquet, editors

This book treats a confluence of the disciplines of spacecraft charging, polymer
chemistry, and radiation effects to help satellite designers choose dielectrics, esgpe-
cially polymers, that avoid charging problems. It proposes promising conductive
polymer candidates, and indicates by example and by reference to the literatuire how
the conductivity and radiation hardness of dielectrics in general can be tested. The
field of semi-insulating polymers is beginning to blossom and provides most of the
current information. The book surveys a great deal of literature on existing and
potential polymers proposed for noncharging spacecraft applications. Some of the
difficulties of accelerated testing are discussed, and suggestions for their resolution
are made. The discussion includes extensive reference to the literature on

Sales Tax: CA residents, 7%; DC, 6%. For shipping and handling add $4.75 for
1-4 books (call for rates for higher quanties). Orders under $50.00 must be
prepaid. Foreign orders must be prepaid. Please allow 4 weeks for delivery. Prices
are subject to change without notice. Returns wili be accepted within 15 days.

1986 96 pp., ilus. Hardback
ISBN 0-930403-17-7

AlAA Members $29.95
Nonmembers $37.95

Order Number V-107




