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Introduction

EPEATED ribs have been used as the promoters of tur-
bulence to enhance the heat transfer to the flow of cool-
ants in channels. Several publications have addressed the com-
prehensive review of turbine blade cooling and the analysis of
heat transfer and friction characteristics of flow in channels
with two opposite rib-roughened walls. The effects of flow
Reynolds number and rib geometry (rib height e, rib spacing
P, rib angle of attack «, and rib orientation) on heat transfer
and pressure drop in the fully developed region of square,
rectangular, and triangular channels have been investigated.' *
Semiempirical correlations over a wide range of rib geometry
for the friction and heat transfer design calculations are derived
from the law-of-the-wall similarity for flow over rough sur-
faces. A detailed analysis of the application of the similarity
laws in the case of rectangular channels is presented by Han."?
Also, studies of the effect of a number of channel-ribbed walls
on heat and friction characteristics have been reported.>®
Experiments with some nonrectangular rib shapes have been
reported.”® The previously mentioned studies were limited in
the number of rib shapes and were for different conditions (rib
height to channel hydraulic diameter ratio e/D,, and Reynolds
number Re). This study focuses on the effect of different rib
profiles on turbulent channel flow heat transfer and friction
characteristics.

Experimental Setup and Procedure

The test channel is a 5.08 X 5.08 cm square cross section
(Fig. 1a) and is 101.6 cm long. The test channel is made of
10 10.16-cm-long sections of 0.64-cm-thick copper plates, sep-
arated by 0.08-cm-thick balsa wood to reduce both the stream-
wise and circumferential heat conduction effects. Copper ribs
with a height of 0.64 cm (e/D, = 0.125), and equally spaced
at 6.4 cm (P/e = 10), are glued with silicone adhesive onto the
two opposite walls of the channel (Fig. 1b). Rib profiles are
shown in Fig. 1c. The walls are heated individually with elec-
tric strip heaters, which are embedded and flatly placed be-
tween the copper and wood plates to ensure good contact.
Heaters are independently controlled by a transformer and pro-
vide a constant heat flux to the walls. Each section of the walls
has a thermocouple in the center. The test section is enclosed
by 3.81-cm-thick styrofoam insulation.
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Fig. 1 a) Cross section of test channel, b) ribbed wall geometry,
and c¢) cases with varying rib profiles.

Temperatures of the air entering and leaving the test channel
are the average values of the readings recorded by a traversing
probe. When thermal steady state is reached and the temper-
ature of the four sections at any cross section of the channel
is about the same, temperature and pressure data are recorded.
Details are available in Refs. 5 and 6. The same procedure is
repeated for the range of Reynolds numbers and for all rib
configurations.

Data Reduction

Reference 6 may be referred to for the equations to calculate
friction factor f, and the local heat transfer coefficient based
on the area of a smooth channel h. The friction factor and
Nusselt number are normalized by the respective values of the
friction factor f,, and Nusselt number Nu,, for fully developed
smooth pipe turbulent flow.

The maximum uncertainties in the heat transfer coefficient
and friction factor are estimated to be =7 and *8%, respec-
tively, using the uncertainty estimation method of Kline and
McClintock.” The maximum heat loss to the atmosphere is
about 6% of the total heat supplied to the channel walls.

For turbulent flow in square channels, f can be expressed as
a weighted average of the four-sided smooth channel friction
factor f,,, and the four-sided ribbed channel friction factor f,,.
On the basis of the previous assumption, the relationship be-
tween three friction factors, f, f.,, and f,,, is given by

f= 0+ 102 (1

The friction roughness function R(e™), and heat transfer
roughness function G(e*), can be experimentally determined
and correlated by f, and the ribbed wall Stanton number St,,
for fully developed turbulent flow in a square channel with
nonrectangular ribbed walls.

According to Han,” the laws of the wall can also be applied
to fully developed turbulent flow in rectangular channels with
repeated-rib rougheners and with different channel aspect ra-
tios. Thus, the friction and heat transfer similarity laws in
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square channels with four-sided ribbed walls can be expressed
by Eqgs. (2-4):

R(e*) = (f,/12)" "> + 2.5 €n(2e/D,) + 2.5 )
G(e') = [(f,12)"?1/St, + 2.5 €n(2e/D,) + 2.5 3)
e" = (e/D)Re(f.12)"> 4)

Results and Discussion

Channel-Average Heat Transfer and Friction

Figure 2 shows the average Nusselt number ratio (heat trans-
fer enhancement) vs Reynolds number for cases A to F. The
ribbed-sided and smooth-sided Nusselt number ratios Nu,/Nu,
and Nu,/Nu,, respectively, are the average values of the sec-
tional ribbed wall smooth wall Nusselt number ratios for the
fully developed flow (X/D, = 6-18; X: axial distance from the
channel entrance). The heat transfer coefficient is based on the
actual wall area exposed to the flow. The channel Nusselt num-
ber ratio decreases as the Reynolds number increases.

Case B, the channel with square ribs, gives the highest Nus-
selt number ratio, and cases C and F, with full-circular and
semicircular ribs, respectively, yielded the lowest Nusselt num-
ber ratios. The channel with square ribs exhibits 24% higher
heat transfer than that with circular ribs. Figure 2 compares
the friction factor ratio for all of the rib shapes studied. The
ratio increases with increasing Reynolds number. Square ribs
create 33% more pressure drop than that created by circular
ribs, whereas triangular ribs are creating more pressure drop
than slant-edged ribs.

These graphs illustrate the well-known concept that turbu-
lators of increasingly rough surface (greater number of sharp
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Fig. 2 Average Nusselt number ratio and friction factor ratio vs
Reynolds number.

corners) yield increasingly higher heat transfer coefficient and
friction factor.

Heat Transfer Performance

Figure 3 shows that the square ribs produce the higher heat
transfer augmentation for a given friction factor than any other
rib profile. This means that the heat transfer performance de-
creases with increasing Reynolds number. There are extremely
small differences in the performances of triangular and slant-
edged ribs and the performances of circular and semicircular
ribs. However, as expected, there is a wide spread between the
two families of rib shapes, with the edged family of ribs nat-
urally performing more closely to square ribs than the curved
family of ribs.

Friction and Heat Transfer Correlations

The wall similarity laws were employed to correlate the fric-
tion and heat transfer data for fully developed turbulent flow.
The plots of R(e*) and G(e™) vs the roughness Reynolds num-
ber ¢, are shown in Fig. 4. The friction roughness function
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correlation for the channel with square ribs (case B), is given
by

R(e*) =323, 2541 >>e¢" >>415 5)

The channel with full circular ribs (case C) yields the highest
R value of 3.9. It is evident that the friction roughness function
is independent of the roughness Reynolds number for all of
the cases studied. From the experimental values of R(e"), f can
be predicted using Eqs. (1), (2), and (4). The correlated value
of the function R(e"), of the present study, is less than 1%
higher than the correlated value of Han” for the channel with
two square ribbed walls and P/e = 10.

The heat transfer roughness function increases with increas-
ing roughness Reynolds number for the rib profiles. The cor-
relation of G(e*) for the case with square ribs of the present
investigation with a deviation of £2% is given by Eq. (6):

G(e') = 1.891(e" )™, 2541 >>e¢" >>415  (6)

These results compare well with Han> for a channel with
square ribs on two ribbed walls, and with Chandra and Cook®
for a similar channel, but P/e = 8. For a given rib configuration
and flow Reynolds number, the heat transfer coefficient can be
predicted from the experimental values of G(e") and Eqs. (1),
(3), and (4).

Conclusions

1) The regionally averaged Nusselt number ratio decreases
with increasing Reynolds number and is almost a constant
value in the fully developed region of the channel.

2) The heat transfer enhancement increases with surface
roughness, 2.53 with square ribs to 2.01 (a 26% decrease) with
semicircular ribs, for Re = 3.6 X 10%

3) The friction factor ratio increases with increasing Reyn-
olds number. The minimum friction occurs with full circular
ribs, and the maximum with square ribs. The heat transfer
performance decreases with increasing Reynolds number.

4) R(e") is independent of ¢, and the value with square ribs
compares well with Han.”

5) G(e") increases with increasing ¢, and decreases for tur-
bulators with sharp corners. The channel with slant-edged ribs
has the lowest heat transfer roughness function. The correla-
tion of the function compares well with Han” and Chandra and
Cook.’

6) The experimental data may be applied to the design of
equipment that require internal cooling channels with two
ribbed walls with nonrectangular rib profiles.
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Introduction

HE need to evaluate radiation view factors often arises in

thermal, illumination, and optical engineering practices.
View factor between two finite surfaces is obtained as the so-
lution of a double area integral. In the case of simple geom-
etries, the solution can be obtained through analytical integra-
tion, and formulas are presented in Refs. 1-4. Howell’
presented a catalog that contains view factors in terms of
closed-form expressions for many geometries. However, com-
plex geometries do not permit an analytical solution and,
hence, the view-factor integral or its contour-integral repre-
sentation should be evaluated by numerical means or statistical
sampling techniques.' * Chung and Kim® demonstrated the ap-
plication of the finite element method (FEM) in the numerical
estimation of view factors. Ambirajan and Venkateshan’ pre-
sented a general method based on a contour-integral repre-
sentation using the trapezoidal rule of numerical integration in
conjunction with the Romberg extrapolation technique to get
an accurate result. Ambirajan and Venkateshan’ also resolved
the problem of logarithmic singularity encountered along the
common edge of two surfaces by analytically evaluating the
integral. In a more recent paper, Rao and Sastri® extended the
contour-integral technique to treat curved surfaces with the
aid of a nonlinear transformation to map the boundaries and
used the Gaussian quadrature for an accurate evaluation of the
integral. This Note describes a method of numerical evaluation
of view factors using the Gaussian quadrature over triangles.
The advantage is that surfaces of more general shape can be
better approximated by a set of triangles rather than by any
other shaped area elements. Moreover, quadrature over trian-
gles is also easier to use.

Radiation View Factor

The radiation view factor between two finite surfaces i and
Jj is defined as the fraction of diffusely radiated energy leaving
surface i that is directly incident on surface j, and is mathe-
matically expressed as

1 cos 6; cos 6, dA; dA;
Fij == 2 (1)
A; a Ja, r

Where 6; and 6, are the angles between the surface normals
and the line connecting two points, respectively, on the two
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