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Cooling Panel Optimization for the Active Cooling System
of a Hypersonic Aircraft

B. Youn* and A. F. Mills?
University of California, Los Angeles, Los Angeles, California 90024

Optimization of cooling panels for an active cooling system of a hypersonic aircraft is explored. The flow
passages are of rectangular cross section with one wall heated. An analytical fin-type model for incompressible
flow in smooth-wall rectangular ducts with coupled wall conduction is proposed. Based on this model, the
minimum mass flow rate of coolant for a single cooling panel is obtained by satisfying hydrodynamic, thermal,
and Mach number constraints. Also, the sensitivity of the optimal mass flow rate of coolant to each design
variable is investigated. In addition, numerical solutions for constant property flow in rectangular ducts, with
one side rib-roughened and coupled wall conduction, are obtained using a k-£ and wall function turbulence
model, these results are compared with predictions of the analytical model.

Nomenclature

constant pressure specific heat
hydraulic diameter

objective function for optimization
friction factor, (87,/puz)

constraint function for optimization
height of duct

heat transfer coefficient,

[qw/(Tw - Th)]

rib height

turbulence kinetic energy, thermal
conductivity of fluid

thermal conductivity of duct wall
length of a single cooling panel
Mach number

total mass flow rate for a single cooling
panel

Nusselt number, (4.D,/k)

number of grid points

pressure

laminar Prandtl number

rib pitch

wall heat flux

residual

Reynolds number, (u,D,/v)
temperature

thickness of bottom wall

= half-thickness of side wall

thickness of top wall

velocity component in flow direction
width of rectangular duct

width of a single cooling panel
design variable for optimization
rectangular coordinates

pressure drop

dissipation rate of turbulence energy
laminar kinematic viscosity

density
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wall shear stress

T =
b = dependent variables, P, u, T, k, ¢
Subscripts

b = bulk

h = hydraulic

in = inlet

I = lower limit

opt = optimal

out = outlet

s = solid

u = upper limit

w = wall

Introduction

URING the past decade, a great deal of effort has been

directed toward the development of reusable Earth-to-
orbit hypersonic aircraft powered by air-breathing engines.
In developing such an aircraft, thermal management is one
of the key factors since intense heat is generated from the
combustion of the fuel and by acrodynamic heating.

Most earlier work on thermal protection, e.g., Dukes et
al.,' employed the cold structure concept in which heavy and
costly heat shields are used to protect the inner structure.
However, due to the apparent problems and restrictions of
heat shields indicated by Becker,? the concept of active cool-
ing has become more attractive. Helenbrook et al.* and An-
thony et al.* have shown significant advantages of active cool-
ing over the heat shield concept in weight and cost.

Usually the goal of aircraft structure design is to obtain a
minimum weight, however, for hypersonic aircraft cooled by
the hydrogen fuel the most crucial factor is the required cool-
ant flow rate because of the limited fuel available. From a
simple energy balance analysis it has been found that the
required coolant flow rate exceeds the fuel flow rate for op-
timum engine performance at Mach numbers greater than
about 10.°

Scotti et al.® used an optimization technique to find the
minimum coolant flow rate subject to temperature, pressure
drop, mechanical stress, thermal-fatigue-life, and Mach num-
ber constraints. They considered two types of cooling panel
construction: 1) longitudinal fin (rectangular duct), and 2)
pin-fin cooling jackets. The present work considered only
hydrodynamic, thermal, and Mach number constraints, and
smooth or rectangular rib-roughened duct geometry. The key
objective of active cooling thermal analysis is to maintain the
maximum surface temperature of the aircraft under the limit
set by materials constraints (thermal constraint), and the out-
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Fig. 1 Single cooling panel considered in the present work.
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Fig. 2 Geometry of a single duct of the cooling panel.

let pressure of the hydrogen should be maintained above a
limit value for proper fuel flow and penetration into the air-
stream in the scramjet engine® (hydrodynamic constraint).
Also, a Mach number constraint for the coolant is required
to avoid compressibility effects.

The present work considers a single cooling panel of width
W, and length L,, shown in Fig. 1. It is assumed that the one
side of cooling panel is exposed to a uniform g,,, and the other
side is insulated, and also that there exists no axial diffusion,
the thermophysical properties are constant and the flow is
turbulent. First, an analytical model based on fin-type as-
sumptions and existing correlations for friction and heat trans-
fer for smooth walls is introduced. Based on this model, the
numerical optimization software “CONMIN"7 is used to ob-
tain optimal parameters and investigate the sensitivity of op-
timal coolant mass flow rate to each design variable. Finally,
the Navier-Stokes and energy equations governing incom-
pressible flow in rectangular ducts with the heated side rib-
roughened coupled to the heat conduction equation in the
panelwalls, are solved using the CFD package “PHOENICS.”#

Analytical Model

Consider the rectangular duct geometry shown in Fig. 2.
The model consists of 3 fins and 2 corners, and the convective
heat transfer coefficient inside the duct is /.. The bottom wall
is exposed to a uniform g,,, and heat flux is zero at the left
and right boundaries of the domain because of symmetry. An
analytical model will be developed under the following as-
sumptions:

1) There exists no temperature variation in the cross section
of the duct walls (fin assumption).

2) There exists no temperature variation in the corners.

3) The convection coefficient A, is constant everywhere (all
walls are smooth).

4) Wall-conduction in axial direction is negligible.

5) The flow is fully developed.

T

FIN 3 SO
| z=W/2
eep0” hl(Ts—Th)
tlls
y= Hl' -----
I
FIN 2 ‘ TR(T: - Tv)

FIN 1

z=0

i ; -~ ' — G4
— peeeet
r‘lw tqz
CORNER 1 CORNER 2

Fig. 3 Energy balance on fins and corners of rectangular duct.

The fins and corners are separated, and heat inputs and
outputs are schematically shown in Fig. 3. From energy bal-
ances for fins 1, 2, and 3, we obtain the following ordinary
differential equations, boundary conditions, and solutions (the
coolant T, is taken to be 0 for convenience):

Fin 1
Governing equation

[¥}

a7 > B
dle - BTTI = _—l;(l qw’

By = Vihikt) (1)

Boundary conditions

dr

k= =

' dx x=0 ql (2)
dr

k——‘} =0 (3)
dx x=W/2

Solution

q, cosh{B,(W/2 — x)] qu
T Bk, snh(BW2) | h (4)

P

T, =

Fin 2
Governing equation

d?T,
dy?

- B3T, =0, B=V (h(»/k\»tz) (5)
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Boundary conditions

—k, (:;2 e (6)
*y = ™
Solution
7, = LCOShBH = )] ~ g5 cosh(Byy) )
Bk, sinh(B,H)
Fin 3

Governing equation

d°T; .
dxi - B3l = 0,

Bs = V(hkts;) 9

Boundary conditions

dr,
—k——=1 =4 (10)
dx x=0 !
LY B (11)
dx x=W/2

Solution

q4 cosh[B;(W/2 — x)]

= B+k, sinh(B;W/2)

(12)

Applying energy balances to corners 1 and 2 we obtain the
relations:

gt + g\t = sy (13)

sty = q4ls (14)

respectively, and additional relations can be obtained from
the second assumption implying 7,(x = 0) = Ty(y = 0), and
T.(y = H) = T3(x = 0). From these isothermal corner con-
ditions the following relations are obtained:

4, cosh(B,W/2) i 4 _ 942 cosh(B,H) — g, (15)

Bk, sinh(B,Wi2) "~ h. Bok, sinh(B,H)

4> — g cosh(B.H) g, cosh(8;W/2)
Bsk, sinh(B,H)  Bsk, sinh(B;W/2)

(16)

Solving Egs. (13—16) simultaneously for ¢,, ¢., g, and q,,
we obtain

g, = AzB3 — A3Bz (17)
AzBl - Ale
f
4 = q. + a0 (18)
AB, — A,B;
=130 s 19
T 4B - AB, (19)
L
9 =~ q; (20)
I3

where

1 t,/t,
A, = — coth(B,W/2) + =
' Bk, MBI

coth(B,H)

1
" Bk, sinh(B,H)

1 1
A3 = [Z— — sz COth(B:H)] 4

5

B — t,/t,
' = Bk, sinh(B,H)
B, = ——— coth(B.H) — 2% coth(g,W/2)
P BZkS : BSks !
B3 — qM’

* Buk, sinh(B.H)

Optimization

An optimization problem generally consists of an objective
function F(X,, X,, . . . , X,)) to be minimized for design var-
iables X, fori = 1,2, ..., n. The design variables may have
lower (X,,) or upper (X,,) bounds (side constraints), and
there can be a set of constraint functions such that

G(X, X5 ..., X)<0 for i=1,2,...,m

The design variables for the present optimization problem
are W, H,t,, t,, t;, and u,,. The lower limits for duct dimensions
taken by Scotti et al.®are W, = H, = 0.4 mm, and ¢, , = 1,
= t;, = 0.1 mm. However, Wieting and Guy® considered
offset-plate-fin heat exchangers with the dimensions of H =
1.27- and 0.15-mm fin thickness, and Hemmings and Purmort®
used circular ducts of 3.6 mm i.d. and 0.25-mm wall thickness
in their experiment. The present work takes W, = H, = 2
mm, and £, ;, = t,;, = t;, = 0.2 mm, because the duct di-
mensions used by Scotti et al. are thought to be too small to
manufacture.

Values for fixed parameters include a 1- X 1-m panel, T,
= 50K, P, = 8-34 MPa, and ¢,, = 2--20 MW/m? following
Scotti et al. As mentioned previously, the objective function
is coolant mass flow rate M for a single cooling panel that
can be expressed in terms of the design variables, as

F = M= pu,WH —2 (21)
A TP

P, should be higher than a prescribed limit P, , for a
proper engine operation, and the first constraint (hydrody-
namic constraint) function is

G, =AP - P, + P, ;<0 (22)
AP can be calculated from existing correlations for the friction

factor, for which the following correlation suggested by Kays
and London'" is used:

f = 0.184Re 02 (23)

Using this correlation, Eq. (22) can be rewritten in terms of
the design variables as

G, = 0.04pp"2u (W + H)WH]'2L, — P;, + P, (24)

As mentioned previously, the duct wall temperature should
be maintained under the material limit 7,,,. Intuitively we

ENTM

expect T, to occur on the bottom wall (fin 1), however, it
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Table 1 List of candidate materials for cooling panel Table 2 List of parameters involved in the optimization
and their properties - - -
Design variables Fixed parameters Properties
Nickel Zirconium Titanium
. W, 2 mm W, Im p. 50 kg/m?
201 copper atuminide 7”5 mm Ly 1m v.2 X 1077 ms
T... K 1110 811 1030 t;, 0.2 mm Tin, SOK k., 0.1 W/mK
k,, W/mK 60.6 346 13.8 t,, 0.2 mm P,,, 8-34 MPa cp, 10,000 J/kgK
t:, 0.2 mm G.s 2-20 MW/m? Pr, 1.0
u,, 0-250 m/s Powir S MPa a, 1,000 m/s
5 k,, 60.6 W/mK
nickel 201 copper ti al T... 1,110 K
s
4
P, =8,20,34 MPa
2|
S S 3k
B
s b
%
SFYs
t 5
o
0 1 L I 1 1k
OE+00 SE+06 1E+07 LSE+07 2E+07
Gy (W)
Fig. 4 Comparison of candidate materials for cooling panels. & 55:)6 152)7 1.5é+07 25107
Gy (W/nP)

can be located at either end of fin 1. Thus, the thermal con-
straint gives two constraint functions, G, and G,

G,=T(x=0)+T,, - T

LR

<0 (25)
Gy=T(x=W2) + Toy - T,,<0  (26)

Temperature T, is calculated using Eq. (4), where 4, is ob-
tained from a modified Colburn analogy for internal turbulent
flow

Nu = 0.023Re"*Pro+ (27)

The coolant T, is calculated from an overall energy balance
on the panel

Toul - M + Yvin (28)
pcu,WH

A Mach number constraint for the coolant is required to
avoid compressibility effects. The estimated speed of sound
for hydrogen fuel is about 1000 m/s, and a Mach number limit
M, = 0.25 was used by Scotti et al.® This condition can be
satisfied simply by limiting u, less than 250 m/s, and no con-
straint function is required.

Scotti et al. considered three candidate materials, nickel
201, zirconium copper, and titanium aluminide (properties of
these materials are listed in Table 1). The optimal coolant
flow rate for each material was obtained using the present
model and constraints, and typical results are shown in Fig.
4. Nickel 201 gives the lowest optimal flow rates and, thus,
only nickel 201 was considered for further study.

All the parameters for the optimization, such as design
variables and fixed parameters, and their ranges are listed in
Table 2, and the software CONMIN’ was used for the opti-
mization.

Optimization Results

Figure 5 shows the variation of an; as a function of q,,.
The results for P, = 8, 20, 34 MPa fall on one curve, which
implies that the pressure drop constraint does not have any

influence. It was found that M‘,m occurs at the minimum values

Fig. 5 Variation of M‘,pl as a function of g, (W, = H, = 2 mm).

P;,= 8 Mpa 20 Mpa 34 Mpa
3 b
»
s
o=
1 -
0 1 1 l 'l
O0E+00 SE+06 1E+07 1.5E+07 2E+07

q,, (W/md)

Fig. 6 Variation of Mopl as a function of ¢, (W, = H, = 0.2 mm).

of W and H when the AP constraint has no effect, thus, if the
lower bounds W, and H, are relatively large (2 mm), the AP
constraint does not come into play. The pressure drop is less
than 1 MPa in all the cases, which means that the AP constraint
is always satisfied, provided P,, is higher than 6 MPa. In the
present optimization W, and H,,, are identically equal to W,
(2 mm) and H, (2 mm), respectively. On the contrary, when
W, and H, are relatively small, the AP constraint comes into
play. Figure 6 shows the variation of M“P[ as a function of q,,
for W, = H, = 0.2 mm. By decreasing the allowable duct
size, an‘ has been reduced as much as 20-30%, and the AP
constraint has an influence at high g, and low P,,. When gq,,
is high, the required mass flow rate and resultant pressure
drop increase, and then W and H need to be increased to
satisfy the AP constraint, despite a penalty in heat transfer
efficiency.

The total number of longitudinal fins (fin 2) in Fig. 3 for a
single cooling panel is a crucial factor in determining overall
performance of the panel as a heat exchanger. As more fins
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are installed, the heat transfer efficiency increases, but more
pumping power is required. In Fig. 7, as W increases, the
number of fins per unit width of the cooling panel decreases,
and the overall performance is degraded. In Fig. 8, the overall
performance is degraded as H is increased, because the fin
efficiency decreases as the fin length increases.

As discussed above, the pressure drop constraint does not
play any role in the optimization for the range of parameters
considered here. Also, it has been found that u, is less than
100 m/s for all cases. Thus, hydrodynamic and Mach number
constraints can be put aside.

It is beneficial to know the sensitivity of M, to each design
variable. By analyzing the sensitivity of the objective function
to each design variable we can reduce the number of variables

5
g,=2 10 20MW/m?

4

2’

&

B

= /K/—Q
1F
0 o L 1 > 1 1

0 5 10 15 20

W (mm)
Fig. 7 Sensitivity of M, to W (t, = t, = 0.2 mm).
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Fig. 8 Sensitivity of Mup, toH (t, = t; = 0.2 mm).
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Fig. 9 Sensitivity of M, to t, (f; = £, = 0.2 mm).

to be considered in the full-scale computation. Figures 7 and
8 show the sensitivity of M, to W and H, respectively. As
discussed above, M,,,, monotonically increases as W and H
increase, because the pressure drop constraint has no effect.
If the AP constraint had an effect, there could be infeasible
ranges for W and H, but for the current range of parameters
this does not occur.

It was found that £, has a significant effect on M(,p,, as shown
in Fig. 9, whereas ¢, and #; have negligible effects. As the
thickness of fin 2 increases, the fin efficiency improves and,
thus, M., decreases. However, if fin 2 is too thick, the total
number of such fins for a single cooling panel is reduced, and
this effect offsets the improved fin efficiency. Thus, ll'/lnpt first
decreases with increasing ., but then the trend is reversed.
Notice also that too large a value of 1, invalidates the one-
dimensional fin assumption.

Computational Results

Based on the above optimization results, governing equa-
tions for incompressible turbulent flow in rectangular ducts
with the bottom wall rib-roughened (shown in Fig. 10) were
numerically solved using the CFD package PHOENICS.® The
k-¢ turbulence model, and wall functions for rough surfaces
from Webb et al.,!' were utilized. Two-dimensional coupled
wall conduction was included, although the existence of the
fins was ignored for this purpose. The following duct dimen-
sions were taken as base case values: W = 2 mm, H = 2
mm, {, = 0.2 mm, £ = 0.4 mm, ; = 0.2 mm; roughness
element h,/D, = 0.04, p/h, = 10. Unless otherwise stated,
the above dimensions have been used. Details of the govern-
ing equations, turbulence model, and computational method
may be found in our previous publications.'> '

The numerical scheme used in PHOENICS is first-order-
accurate as a whole. In the present work, a conventional
convergence criterion is applied

"’”_T?HI < 10-* (29)

where the superscript is the iteration counter. This type of
convergence criterion may lead to unconverged solutions when
the convergence rate is extremely slow because of nonlinearity
or under-relaxation, and thus the residuals for the governing
equations need to be checked. (The residual is the sum of
imbalances between the left and right sides of the discretized
equations for each grid point.) A comparison of the residuals
and the total convection rate | pu¢ dA for a typical case is
made in Table 3. The order of the normalized residuals ranges
between 10-4-10"%, and thus the choice of convergence cri-
terion in the present work is considered to be appropriate.
Also, a grid convergence test was performed to ensure con-
vergence of solution as the grid size is refined, and to deter-
mine proper grid size. An exponential grid scheme is used in

LINE OF
SYMMETRY

COOLANT

Fig. 10 Geometry of a single duct of a cooling panel with one side
rib-roughened.
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Table 3 Comparison of residuals and convection rate
for a typical case

Governing
equation R I pug dA RIf pud dA
Mass 9.35 x 107? 0.393 2.38 x 10-%
z momentum 5.45 x 10~ 39.7 1.37 x 10-7
Energy 4,99 x 10°2 2.35 x 10° 1.37 x 1077
k 8.81 x 10~° 10.1 8.72 x 10-°
£ 11.8 7.65 x 10¢ 1.54 x 10~+*
4
Analytical model Computation
(smooth wall) (rough wall)
nooy wa 2
3+
3
=2r
&
]
b
0 I 1 L 4
OE+00 SE+06 16+07 1.5E+07 2E+07
qy, (W/m)

Fig. 11 Comparison of M
merical computation.

.pc between the analytical model and nu-

1000
Analytical model  Computation
(smooth wall) (rough wall)
e —Sg
800 -
= 600 -
-
&
=
=
a
5]
By 400
<
200 |-
L
0 I L 1
OE+00 5SE+06 1E+07 1.5E+07 2E+07
2,
4y (WD)

Fig. 12 Comparison of AP

ot Detween the analytical model and nu-
merical computations.

x and y directions, and number of grids used in the present
work is 33(N,} x 53(N,) x 300(N.). )

Figures 11 and 12 show the comparisons of M, and AP, ,,
respectively, between the analytical model and the numerical
computations. The optimal flow rate for the numerical results
was determined as follows:

1) Geometric parameters were set equal to the base case
values.

2) Several cases with varying u, were run, and T,
were assessed. )

3) Interpolation was used to find the value of M that cor-
responds to T, = T,,; the M thus obtained is M.,

By adding rib roughness to the heated wall, M, is reduced
by about 10%, and AP, increases by about 100%. Even
though the pressure drop is considerably increased, it is still
less than 1 MPa and, thus, the pressure drop constraint does
not play a role. Considering that entrance effects have not
been taken into account in the analytical model, AP, values
will be a little higher in practice.

data

max

nux

_Since at least 10 numerical runs are needed to determine
M, for each case, T, was used instead of M(,p‘ to investigate
the effect of each design variable. T,,,,, is the maximum cooling
panel temperature that occurs on the heated wall at the cool-
ant exit. Figure 13 shows the variation of T, as a function
of W. The trends shown by the numerical results are very
similar to the predictions by the analytical model— T, in-
creases as W increases, whereas AP decreases due to the
reasons discussed previously.

The effect of H on T, is shown in Fig. 14. T, generally
increases as I increases, due to the degraded fin efficiency
as stated previously. The numerical results are more sensitive
than the analytical model to the variation of H, and T, is
even higher for the rough wall than for the smooth wall, for
H =5 mm. If this were true, there would be no gain in panel
performance by introducing ribs, but only a penalty in pres-
sure drop. However, the analytical model assumes . = const
around the periphery of the channel. The definition of heat
transfer coefficient based on fluid bulk temperature presents
a dilemma as the channel aspect ratio increases. The numer-
ical results show that the wall temperature is lower than the
fluid bulk temperature for the upper part of the side wall and
the entire upper wall. On the contrary, for the analytical
model it is implied that the wall temperature is always higher
than the bulk temperature. Thus, the analytical model under-
estimates T, and M.

Figure 15 shows the variation of T, as a function of .
As tyincreases, T, reaches its minimum earlier and increases
more rapidly for the numerical results than for the analytical
model. The adverse effect of too great an increase in 7, has

1600
1500
Analytical model  Computation
1400 | (smooth wali)  (rough wall)
—— — S
~
S
%1300 |
g
B
1200 /
1100 |-
1000 L I I 1
0 5 10 15 20

W (mm)

Fig. 13 Variation of T, as a function of W (M = 2.975 kg/s, q, =
20 MW/m?).

1800
Analytical model Computation
(smooth wall) (rough wall)
e e
1600 -
—~
2
7. 1400 |
g
e
1200
1000 i ) : !
3 2 3 4 5 6

H (mm)

Fig. 14 Variation of T,,,, as a function of H (M = 2.975 kg/s, q,, =
20 MW/m?).
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1600
Analytical mode! Computation
(smooth wall) (rough wall)
1500
:
1400 -
—_ 3
€ ol
51300
o
1200 |-
1100 |
1000 un — 1 I o
0 0.5 1 LS 2
tz(mm)

Fig. 15 Variation of 7,,,, as a functien of ¢, M = 2.975 kg/s, g, =
20 MW/m?).

1200

1180 |

Tmax K)

1140 |-

1120 |

1100 L L | I

h (mm)

Fig. 16 Variation of T ,,,, as a function of &, (computation, M = 2.975
kgls, g, = 20 MW/m?, p = 0.8 mm).

1200

1180 |

Tmax (K)

1120 |

1100 1 I I I I
0.5 1 L5 2 25 3 3.5

p (mm)

Fig. 17 Variation of T, as a function of p (computation, M = 2.975
kg/s, g, = 20 MW/m?, h, = 0.08 mm).

been already discussed for the analytical model, and it is more
severe for the numerical results, since there exists a temper-
ature variation in transverse direction for fin 2 when it is thick.
Thus, as a fin is thickened, the fin efficiency is not improved
as much as indicated by the fin analysis. Most of the design
variables have opposing effects on 7, and AP, that is to say,
if there is a gain in thermal efficiency, a penalty in pumping
power is expected. However, in case of t,, penalties in both
thermal efficiency and pumping power are found for ¢, > t,

Lopt*

COOLING PANEL OPTIMIZATION

Figures 16 and 17 show the effect of roughness size, 4,, and
p, respectively. T, becomes lower and AP becomes higher
as the roughness element height increases and pitch is re-
duced. Notice that in Fig. 17, p/h, > 10 and, thus, the heat
transfer coefficient decreases with increasing p/h,''; the ob-
served increase in T,,,, results.

Summary

An analytical model for incompressible flow in rectangular
ducts with coupled heat conduction based on fintype as-
sumptions was developed. An optimization technique was
applied to this model to find the minimum mass flow rate for
a single cooling panel of 1 X 1 m (nickel 201), accounting
for thermal, hydrodynamic, and Mach number constraints.

Based on the optimization results, full-scale computations
were done with roughness added to the heated wall using
the PHOENICS CFD package, and comparisons were
made. An important result was that the individual duct size
should be as small as possible, provided that the pressure
drop constraint is met. For the range of parameters consid-
ered, the pressure drop for 1 m length of cooling panel is less
than 1 MPa and, thus, is not a critical issue. It was also found
that the side wall thickness is one of the key factors controlling
the heat transfer efficiency of a cooling panel. As this thick-
ness increases, M, decreases because of improved fin effi-
ciency, however, this trend is reversed at a certain point be-
cause the total number of the fins for a single cooling panel
are reduced when each fin is too thick. In reality, the fin
efficiency does not increase as much as predicted by the an-
alytical model because of temperature variation in transverse
direction as £, increases. Inappropriate selection of side wall
thickness results in penalties in both heat transfer efficiency
and pressure drop.

It was also found that the analytical model underestimates
M, because it assumes i, = const with /. defined in terms
of the coolant bulk temperature. However, the numerical
results showed that for a portion of the duct, the wall tem-
perature is below the bulk temperature, and hence, the con-
ventional definition of A, is not applicable. Therefore, the
heat transfer coefficient needs to be redefined for this type
of problem, and appropriate correlations should be derived
based on this new definition of 4.
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