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Table 1 Coefficients and exponents of power functions for Str/Str^ 7/Ao, and [(Srr/5/r,90)/(/5/90)l/3]

(Str/Str,90)/(f/f90)l/3

Case/Angle
7//90

3/90 deg
4/45 deg
5/60 deg
6/±45 deg
T/±60deg
8 /± 120 deg
9 :/±135deg

1.53
2.84
2.33
2.63
3.16
1.22
2.27

-0.0035
-0.0716
-0.0485
-0.0658
-0.0748

0.0129
-0.0521

0.74
1.94
1.04
1.87
1.68
0.47
0.99

0.0784
-0.0640

0.0286
-0.0257

0.0123
0.1148
0.0265

1.69
2.27
2.30
2.14
2.66
1.57
2.28

-0.0297
-0.0503
-0.0580
-0.0573
-0.0789
-0.0254
-0.0609

squares straight lines through experimental data of Lau et
al.3) are included for comparison.

All arrays of discrete ribs in this study enhance more heat
transfer from the ribbed walls than 90 deg full ribs. Discrete
ribs with a = 60 deg, ±60 deg, and ±120 deg (Cases 5, 7,
and 8) generally cause higher heat transfer from the ribbed
walls than discrete ribs with a = 45 deg, ±45 deg, and ± 135
deg (Cases 4, 6, and 9). Among the angled discrete ribs, ± 60
deg discrete ribs have the highest values of St,.. Discrete ribs
with a = 90 deg (Case 3) have the highest values of Str at
large ReD. Angled discrete ribs enhance more heat transfer
from the ribbed walls than the corresponding 60 deg and 45
deg full ribs (Cases 1 and 2). The interactions between sep-
arated flows from the various edges of the discrete ribs, in-
cluding those at the ends, and secondary flows are believed
to cause better mixing in the flow and the generally higher
heat transfer in the discrete rib cases than in the corresponding
full rib cases.

Replacing the full ribs with discrete ribs in Cases 6 and 7
(a = ±45 deg and ± 60 deg) also increases the heat transfer
from the smooth walls. The smooth-wall Stanton numbers for
other angled discrete ribs, however, are generally lower than
those for full ribs with a = 60 deg and 45 deg, respectively.
Discrete ribs with a = 90 deg have by far the lowest values
o f S t s .

Discrete ribs with a = 45 deg and 60 deg (Cases 4 and 5)
cause about the same pressure drop as the 45 deg and 60 deg
full ribs, respectively. Other discrete ribs cause higher pres-
sure drop than corresponding full ribs. Among the discrete
rib cases in this study, 45 deg discrete ribs (Case 4) have the
lowest friction factor and ±60 deg discrete ribs (Case 7) the
highest.

Figure 3 compares the thermal performances of the discrete
ribs with those_of_the angled full ribs. The ratios [(Str/Str90)/
(7//9o)1/3] and [(St/StwMflfw)1'3] for all cases are plotted versus
ReD. Among the cases studied, discrete ribs with a = 45 deg
(Case 4) have the best thermal performance. Their perfor-
mance, however, is lower than those of parallel staggered 3
x 2 discrete-rib arrays with a = 45 deg and 60 deg (Lau et
al.3).

Discrete ribs with a = 90 deg enhance more heat transfer
from the ribbed walls (up to 50%) than 90 deg ribs but cause
much higher pressure drops (up to 75%). On a per unit pump-
ing power basis, 90 deg discrete ribs have high ribbed wall
heat transfer but low overall heat transfer.

The coefficients and exponents of power functions of the
Rejnolds number, a(ReD)b, for StrIStr^JIf9(), and [(StrIStrM))l
(///9o)1/3l are given in Table 1. The power functions are de-
termined by curve fitting least-squares straight lines through
the experimental data.

Concluding Remarks
Discrete ribs with a = ± 60 deg and 90 deg cause very high

heat transfer from the ribbed walls. Discrete ribs with a =
45 deg (Case 4) have the best thermal performance. Replacing
angled full ribs with these discrete ribs in cooling channels in
turbine airfoils improves the thermal performance of the chan-
nels.
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Practical Method for Calculating
Radiation Incident upon a Panel

in Orbit
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Introduction

D ETERMINATION of external radiation incident upon
flat plates or area elements is indispensable for thermal

design practice of a satellite for which temperatures will pas-
sively be controlled. In determining radiant transfer from the
sun or the earth to a specified surface, one needs a precise
knowledge of angle factors showing the rates of radiation
directly intercepted by the surface. Such view factors was first
considered by Katz1 and then by Hrycak,2 and some of them
were calculated by Ballinger et al.3 Cunningham4 3 presented
analytical expressions of earth-reflected solar radiation input
to spherical satellites. Also given by Cunningham6"8 are
expressions for calculating thermal radiation from the earth
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to a flat plate spinning or not and those for evaluating earth-
reflected solar radiation incident upon a spinning one. Then,
Powers9 introduced vector representations which permit com-
putations of total thermal radiation to a flat plate rotating
about an arbitrary axis. For readily making an estimate of the
view factor between the earth and a cylinder or flat plate,
Bannister10 derived polynomial equations expressed in terms
of altitude and attitude angle. Watts11 then proposed to place
the defining coordinate system in the satellite rather than in
the earth for an easier evaluation of radiant heating. Com-
puter programs were also developed by Skladany and Roch-
kind,12 Doenecke,13 and Finch et al.14 with the object of find-
ing net heat input to an earth satellite with a more complex
geometry or to a moon orbiter.

The method for calculating external radiation input was,
thus, well established in 1960s. After that, no special attention
has, therefore, been paid to this subject. However, with a
recent progress in projects on various types of spacecraft,
technical concern is again directed to net thermal energy in-
cident upon a radiator panel which will usually be an oriented
flat plate. From an angle of calculations for radiator panel
sizing, the expressions or equations obtained before2"11 seem
rather sophisticated except those of Bannister10 or Watts.11

Although the method of Bannister10 has widely been em-
ployed until now, one has no more geometry factors than
those shown in the tables.10 Then, even if one employs the
method of Watts,11 there still remains integral expressions
which are quite impossible to give analytical results except
the cases of spherical or hemispherical satellites. In addition,
a simple approximate relation suggested by them10-11 can be
too rough to evaluate albedo geqmetry factors. The programs
mentioned above12"14 and also standard computer codes as
NEVADA15 or TRASYS will make possible a more precise
evaluation of such factors.16 However, the use of them12-16

usually involves complications in data arrangement and a con-
siderable amount of computation time. For that reason, this
paper presents a practical method which facilitates numerical
computations of radiation input to a radiator panel.

General Expressions
Earth- and albedo-radiation incident upon a flat plate in

orbit, 3>e and 3>a, can generally be written as

<&e = leFe (la)

where le is the earth-emitted radiant flux, la the earth-re-
flected solar flux, Fe the earth view factor, and Fa the albedo
view factor. As seen in the literature,2-3-13-14 the fluxes are ex-
pressed as

Ie = /,(! - pJ/4 (2a)

4 = IsPa (2b)
where 75 is the solar constant, and pa the albedo factor (ratio
of earth-reflected to earth-received solar energy). Equation
(2a) can readily be derived from an equation describing ther-
mal balance of the earth. Considering seasonal variations of
the solar irradiance, one has

Is = /,(! + e, cosi/,)2 (3)
where Is is the mean solar constant, 1353W/m2, es the eccen-
tricity of the earth's orbit about the sun, and vs the true anom-
aly of the sun on the ecliptic. Then, according to Skylab data,17

the albedo considerably depends on orbit inclination. The
data is well correlated with the inclination / and may be re-
duced to an empirical expression

Pa = 0.2766 + 0.02066(//90) + 0.2953(//90)2

- 0.1416(//90)3

where / is expressed in degrees.
Figure 1 shows the geometry of the problem in which all

the distances are indicated in dimensionless quantities nor-
malized by the mean earth radius. From the geometrical re-
lationships depicted here, the view factors can be written as

7T JV&S

^if£*dS (V: visible) (5a)

dS

(V&S: visible and sunlit) (5b)

where dS is an area element on the earth surface and * the
distance from a plate, apart r from the earth center, to dS.
Equation (5a) is integrated over a spherical cap V which sees
the plate. As clearly seen from Fig. 1, the integration range
is limited by an angle defined as

= cos-l(l/r) (6)

Equation (5b) is then integrated over a sunlit portion V&S
in the visible region V. From Fig. 1, the quantities associated
with Eqs. (5a, 5b) are

dS = sine de dtp (0 ^ 0 ̂  0m, - TT =i cp =i TT) (7)

*2 = r2 + ! _ 2r cos0 (8)

i cos£ = r cos0 — 1 (9)

* COSTJ = r - cos0 (lOa)

* sinrj = sin0 (lOb)

co$x = cosy COST? + siny sinr/ cos(cp - </>) (11)

cosf = cosi/f5 cos0 + simfc sin0 cos<p (12)

where 0 and <p, respectively, are the colatitudinal angle and
the azimuthal angle defining the position of dS, £ the angle
between % and the normal to dS, TJ the angle between — * and
the counter radius vector E, * the angle between -* and the
plate normal D, f the angle between the solar vector S and
the normal to dS, ife the angle between the radius vector - E
and S, y the angle between E and D, and $ the azimuthal

(4)

K ( i E , L )

- L ( l E , S )

Fig. 1 Geometry of the problem.
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angle showing the direction of D projected on the plane per-
pendicular to E.

For specifying <£, one introduces the vector L perpendicular
to both E and S and defines the outer product of E and L as
the vector K. The angles fa, y, and <f> can now be calculated
from the inner products SE, DE, DK, and DL. The results
are

cos fa = —(sxex + svev + szez} = -w

cosy = dxex + dyey + dzez

siny cos</> = (d^ + d,sv + dzsz — w cosy)A

siny sin<£ = [(dvs2 - dzs^)ex +, (dzsx - d^

(13)

(14)

(15b)

where (sx, sv, sz), (ex, ey, ez), and (4, dv, dz) are the com-
ponents of S, E, and D expressed in the inertia coordinates.

Earth-Oriented Panel
For an earth-oriented panel, the problem can remarkably

be simplified because y = 0, thereby, x ~ i?- In this case,
Eqs.(5a) and (5b) reduce to

77 JV&S

S^ COST? COS£ dS (16b)

As previously mentioned by Cunningham,4-5 there are four
possible relations defining the region V&S: 1) if 0 ̂  fa ̂  77/2
- 0m, the region V is then fully sunlit; 2) if 77/2 - 0m < ifc
< 77/2, two parts in it are then sunlit; 3) if 77/2 ^ fa < 77/2 4-
0m, only one part in it is then sunlit; and 4) if 77/2 + 0W ^
fa, it is then not illuminated by the sun. For cases 1-3 clas-
sified above, the areas of integration are: 1) 0 ̂  0 ̂  0W and
|<p| ^ 77; 2) {9! ^ 77 when 0 ^ 0 ^ = 77/2 - fa while |<p| ^ cpm
when 77/2 - fa ̂  0 ̂  0W; and 3) fa - Tr/2 ^ 0 ̂  0W and |cp|
^ <pm, where 9W = cos'^-cot^ cot0), derived from Eq.
(12) with £ = 77/2.

Upon integration, Eq. (16b) becomes

COS(fr5

8r3

cosfa

2(r3 2) T (r2 - I)2

(j> _ 1)2

°* (rf - l)(r - Qf cos~

2 fsin^ (rf - l)(rC = - ;, •A
TTJ\ir (r- + 1 -

-0
2rr)

-(r2 - I)2 4,

= B + C

= 0

The constants B and C in Eqs. (17b) and (17c) are expressed
in

(18a)

2 v ~in2<^. - r2 dt (18b)

sin 0m sin 0m

Fig. 2 Visible terrestrial portion.

Arbitrarily Oriented Panel
For an arbitrarily oriented panel, the integral calculus in

Eq. (5a) becomes rather complicated but will be written as

= Fefy (19)

A problem set up here is to find an expression of the factor
fy which depends on both y and 0m. As treated before by
Cunningham,6 the problem is divided into three parts. The
first part arises when the panel is so oriented that the earth
appears as a circular disk. The second part occurs when it is
so oriented that the earth looks like a chipped disk. This case
of interest is illustrated with Fig. 2. The third part corresponds
to an occasion where the earth disappears from sight. These
three are therefore, specified as 1) 0 ̂  y ̂  Om; 2) 6m < y <
77 - 6m- and 3) 77 - Om ^ y ^ 77. If 0 ̂  y ̂  6^, Eq. (5a)
is then integrable and results in Fe = cosy/r2 = Fe cosy. It is
also clear that Fe = 0 if 77 - 6m ^ y ̂  77.

In such a configuration as shown in Fig. 2, it is quite difficult
to integrate Eq. (5a) but it should be noticed that Fe is nearly
proportional to the sunlit to total disk area ratio 17^. From
Fig. 2, one easily obtains

- simp< coscp,)/7r (20)

+ B + C

if 0 ̂  & ^ 77/2 - 0/77

if 77/2 - 8m < fa < 77/2

if 77/2 ^ fa < 77/2 + Om

if 77/2 + Om ^ fa ^ 77

(17a)

(17b)

(17c)

(17d)

The angle cp< is derived from a relation, sinfy =
coscp<, to give:

9, = cos-^- sin^/sin0w) if 6m < y < 77/2 (21a)

= 77/2 if y = 77/2 (21b)

if 77/2 < y < 77 - 6ft, (21c)
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where sin0w = \/r2 — IIr. Then, the angle 0, is derived from
another relation, r cosy - cos(y + 0<). This equation yields
a solution of the form:

t = (shr/ - VI - r2 cos2y)/(r + l)|cosy| (22)
where the relation between 0< arid t is

, = 2t/(l + t2) (23)

Judging from a fact that cosy = 1/r and 17, = 1 when y =
0W, the factor fy will naturally be proportional to 1/r in the
region 6m < y < 77— 0W because of continuity. Finally, the
result becomes

fy = cosy if 0 § y § 0m

= 0 if 7 7 — 0 = y =

(24a)
(24b)
(24c)

Then, as seen from Fig. 2, another condition that </>' - cp< ^
9 ^ </>' + 9< holds for a visible region of the circular disk.

All possible combinations of these two conditions are the
following five: 1) 9,-, ^ 9, and 0 ^ <£' ^ 9, - 9^, 2) 9* ^
9< and 0 = </>' ^ 9^ — 9^, 3) 9^ = 9^ and 9^ — 9^ = </>' = 9^
+ 9(, 4) 9A i^ 9^ and 9A, — 9< ^ <^>' ^ 9 .̂ + 9,, and 5) 9 .̂ +
9< ^ (^' ^ 77. After transposition, they turn into: 1) $' -
9< ^ - 9* and 0' + 9, ^ 9*; 2) </>' - 9( ^ - 9* and </>' +
9( ^ 9^.; 3) (/>' — 9< ^ -9^ and </>' + <p< ^ <p*; 4) </>' - 9^
^ - 9^ and <^>' + 9^ ^ 9^; and 5) </>' - 9^ ^ 9^. Figure 3 is
placed here for better understanding of angular relations. It
can be shown from Fig. 3 that all the sunlit portion comes
visible or invisible as the case may be first or fifth, and also
that there exist invisible sunlit regions under other circum-
stances. The factor/^, should, therefore, be defined as a rate
at which the projected sunlit portion is visible; that is, as an
area ratio of a sector hatched in Fig. 3 to the sector 29^. Thus,
one has

/*= 1

= 0

if 9A. =i 9( and 0 = (/>' = 9<

if 9A. ^ 9, and 0 ^ 4>' ^ 9A.

if 9* + 9( ^ </>' = 77

With regards Eq. (5b), there are three possibilities defining
Fa for an arbitrarily oriented panel as well as an earth-oriented
one. They principally depend on angular relations between
fa and 6m and are also classified as 1) 0 ̂  ̂  = ^/2 - 0m; 2)
7T/2 - Om < fa < TT/2 + 0W; and 3) Tr/2 + 0m ^ fa ̂  TT. As
easily understood from the geometry, if 0 ̂  fa ^ ir/2 - 0W,
all the terrestrial portion seen from the plate are then fully
sunlit under any azimuthal direction specified by </>. Then,
under the condition that Tr/2 - 0W < fa < ir/2 + 0m, the
possibly visible terrestrial region forming a chipped disk will
fully or partly be sunlit, or may not be illuminated by the sun.
The factor Fa here depends not only on y but also on 0. In
the case where ir!2 + 6m ̂  fa £i TT, there is no albedo radiation
incident upon the plate because all the sunlit hemisphere is
invisible. Since the angular dependence of Fa on y will again
be evaluated by/y, the factor Fa can eventually be written as

Fa = Fafy if 0 ̂  fa £ TT/2 - Om (25a)

Fa - fjj* if 7T/2 - 9m < fa < 7T/2 + 6m (25b)

= 0 if 7T/2 + 0m ^ l/f, ^ 77 (25c)

where Fa andfy are, respectively, given by Eqs. (17) and (24),
and /^ is a factor showing contributions of </> to Fa.

The problem now arrives at determining /^. Its practical
expression can be obtained with the help of projection ge-
ometry. On the KL plane shown in Fig. 1, the sunlit portion
lies in a fan-shaped area satisfying a condition that - 9^ ^ 9
^ 9^, where 9* is expressed as

9A. = cos~1(-cot(A5cot0m) (26)

Equation (26) is derived from Eq. (12) with 0 = 0W and £ =
77/2. Taking advantage of symmetry of this area with respect
to the reference direction as 9 = 0, one replaces <j> with

= 2 7 7 - 0 if 77 < 0 < 277

(27a)

(lib)

(28a)

(28b)

(28c)

(28d)

Fig. 3 Visible part of projected sunlit region.
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The point-matching method and the least squares approx-
imation method has been applied to analyze the laminar forced
convection in a circular duct with a concentric square core
under the thermal boundary conditions of axially uniform heat
flux and peripherally uniform temperature on the walls.1-2

Recently, Solanki et al.3~6 studied similar problems in which
thermal boundary conditions of axially and peripherally uni-
form heat flux at the inner wall and insulated outer wall with
peripherally constant temperature were used. The Galerkin
finite element method was adopted in their numerical studies,
which provided the flow3 and temperature4 patterns inside the
noncircular annulus. However, only the flowfield was inves-
tigated in their experimental works.5'6 By a square core of
radius ratio 0.6783, an experimental assessment for numerical
result of the/Re factor was made.6 Excellent agreement sub-
stantiated the reliability of the numerical results. Despite the
foregoing discussion, it seems that no results of a circular duct
with an eccentric noncircular inner core are available in the
open literature.

This paper presents a numerical study for thermally de-
veloped laminar forced convection in a heated circular duct
inserted concentrically or vertically eccentrically with a lon-
gitudinal rectangular adiabatic plate. The flow passage is sche-
matically depicted in Fig. 1 where relative geometric quan-
tities are also shown. In addition to the flow and temperature
patterns, effects of aspect ratio of insert (L/H), radius ratio
of the circumscribed circle of insert to duct (RR), and verti-
cally eccentric installation of the insert, on the laminar forced
convection are determined.

Laminar Forced Convection in
Circular Duct Inserted with a

Longitudinal Rectangular Plate
Jun-Dar Chen* and Shou-Shing Hsieht

National Sun Yat-Sen University, Kaohsiung, Taiwan,
Republic of China

I. Introduction

L AMINAR forced convection in circular duct with a lon-
gitudinal arbitrary-shaped inner core is encountered in

a wide variety of engineering situations, such as a double-
pipe heat exchanger, gas-cooled electrical cables, and a tube
with removable insert as a heat transfer augmentative device
in a tubular recuperator. Excellent surveys of laminar forced
convections in circular and noncircular annular ducts have
been presented by Shah and London1 and Shah and Bhatti.2
It was found from these surveys that, while the laminar forced
convection in circular annulus had been thoroughly studied,
it was apparent that very little was known about that in non-
circular annulus. The regular polygon had been extensively
considered as the shape of the inner core in studies of non-
circular annulus.1'2 As one of the tubeside augmentative de-
vices, the rectangularly shaped inner core is frequently used
in practical tubular recuperators. However, it has received
very little attention except with the unity aspect ratio, i.e.,
square shape.
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II. Theoretical Analysis
Consider steady, laminar fully developed flow with constant

fluid properties in the noncircular annulus of Fig. 1 in which
the duct is assumed to be of axially uniform heat flux, q'-n,
with peripherally constant wall temperature. The mathemat-
ical formulation and solution procedure are Outlined in great
detail by Chen and Hsieh7 and only a brief description is
presented lifre. The constant axial temperature rising rate is
related to q'm via overall heat balance. The radius of duct, R0,
( — dp/dz)R2/fji and q'-nRJk are used to scale length, velocity,
and relative temperature (with respect to the constant as EV
= (eJR0)l(l - RK)). Heredp/dz = axial pressure gradient,
ju, = fluid dynamic viscosity, k = fluid thermal conductivity,
and ev = vertical eccentricity. Under the above assumptions,
the dimensionless axial momentum and energy conservation
equations are formulated as

32W 32W

82T
dX2

S2T
dY2

WP0 = 0

(1)
(2)

where P0 and Af are dimensionless outer wall perimeter and
flow area and Wm is dimensionless mean velocity of the pas-

constant axial
heat flux <&

Fig. 1 Noncircular annular duct.


