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Abstract—The spatially periodic turbulent heat transfer and friction in a rectangular passage of width-to-
height ratio of 4: 1 with perforated rectangular ribs detached from one wall have been studied using laser
holographic interferometry, smoke-streak flow visualization, and pressure probing for rib-to-duct hydraulic
diameter ratios (H/De) of 0.081, 0.106, and 0.162 and Reynolds number (Re) range of 5 x 10°-5 x 10%, The
rib pitch-to-height ratio and the detached distance-to-rib-height ratio are 10 and 0.38, respectively. The
laser-Doppler velocimetry measurements were performed to illustrate the local Nusselt number distribution.
In contrast to the attached solid-type ribs which provide a monotonic decrease of thermal performance at
a constant pumping power (Nu,/Nuj) with increasing rib height, the detached perforated-type ribs give a
best Nu,/NulFat a moderate rib height H/De = 0.106 for the lower Re range and a Nu,/Nu}independent of
H/De for the higher Re range. In addition, the thermal performance of the detached solid-type ribs is found
to be superior to that of the detached perforated-type ribs and the physical reason for the difference is
addressed. © 1998 Elsevier Science Ltd. All rights reserved.

INTRODUCTION

To remove local heat transfer deterioration around
the rear concave corners of the attached solid ribs
which have been extensively used for augmentation of
heat transfer in many practical applications such as
heat exchangers, gas turbine blades, and cooling
panels used in a scramjet inlet [1-8], attached per-
meable ribs have been proposed and proved to be
effective by researchers. Tanasawa et al. [9] measured
the heat transfer coefficients for turbulent flows in a
channel with perforated plate arrays mounted on two
opposite walls in an in-line fashion by resistance heat-
ing method and thermocouple technique. Their results
showed that surfaces with perforated plate arrays pro-
vided better thermal performance at a constant pump-
ing power than those with slit plate arrays and fence
arrays. Ichimiya and Mitsushiro [10] studied the heat
transfer characteristics in a parallel plate duct with
porous rib array mounted on one insulated wall which
was opposite to the heated smooth wall. The mean
heat transfer coefficient distribution measured by ther-
mocouple technique was found to be two to four times
that of the smooth duct, whereas friction factor
measurements showed a decrease to two thirds to one
fourth of that of the solid rib array. Recently, Hwang
and Liou [11, 12] employed laser holographic inter-
ferometry (LHI) to investigate the effect of permeable
rib arrays in in-line and staggered arrangements on the

+ Author to whom correspondence should be addressed.

periodically fully developed turbulent heat transfer in
a rectangular channel. The effect of rib open-area-
ratio (f) was examined and a criterion of rib per-
meability was proposed. In addition, the permeable
ribbed geometry provided a higher thermal per-
formance than the solid-type ribbed one, and the best
thermal performance occurred at f = 0.44.

In the papers quoted above, no data have been
reported for turbulent heat transfer and friction in a
duct with a detached square-rib array. Liou and Wang
[13] and Liou et al. [14], therefore, performed such a
study using LHI in developing and fully developed
flow regions, respectively, for 5x 10° £ Re £ 5x 10°
and 0=< C/H< 1.5 The significant information
reported by them is that there exists a critical clearance
ratio, C/H = 0.38, above which the heat transfer aug-
mentation is mainly achieved by the enhanced forced
convection and turbulent transport along the heated
wall, whereas below which the heat transfer aug-
mentation is attributable to the extended surfaces pro-
vided by the square ribs and the approaching of the
separated shear layer from the rib top rear corner
toward the heated wall. However, the detached square
ribs investigated by them were solid type. The present
study thus intends to further examine the thermal
performance of a permeable rib array positioned at a
small distance from one wall.

Han [15] studied the effects of solid-rib height on
the heat transfer and friction in a channel with two
opposite rib-roughened walls (ribs attached to the
walls and arranged in an in-line fashion) for rib-to-
duct height ratios (H/De) of 0.021, 0.04, 0.063 and rib
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NOMENCLATURE

A half width of channel T temperature of air
B half height of channel Ty local bulk mean temperature of air
C clearance between rib and wall T air temperature at duct inlet (i.e. room
G, specific heat at constant pressure temperature)
De hydraulic diameter, 4B/(1 + B/A4) T, local wall temperature
f (Darcy) friction factor T, average bulk mean temperature of air
h heat transfer coefficient T, average wall temperature
H rib height U axial mean velocity
ke air conductivity W rib width
m mass flow rate X axial coordinate (X = 0 at inlet reference,
n the number of perforations drilled through Fig. 1)

the rib Xn axial coordinate (X = 0 at rib rear edge,
Nu local Nusselt number Fig. 1)
Nu average Nusselt number Y transverse coordinate, Fig. 1
Nu,  periodic fully developed average Nusselt VA spanwise coordinate, Fig. 1.
_ number for the ribbed duct
Nug average Nusselt number for the smooth Greek Symbols
- duct (at the same mass flow rate) B open-area ratio of the perforated rib,
Nu¥  average Nusselt number for the smooth (nnd?)/(2AH)

duct (at the same pumping power) ¢ the radius of perforation
P pressure A wavelength of laser beam
Pi rib pitch p air density.
Pr Prandtl number
geny  local convective heat transfer flux from the Subscripts

wall b bulk mean
4] quantity of heat given to air from entrance N rib index

to the considered cross section of the duct s smooth
Re Reynolds number w wall.

pitch-to-height ratio (Pi/H) of 10. He found that both
average friction factor and Stanton number increased
with increasing H/De. Liou and Hwang [3] performed
a similar study with H/De = 0.063, 0.081, and 0.106
and reported that both average friction factor and
Nusselt number increased with increasing H/De. Tas-
lim and Wadsworth [8] arranged the attached ribs in
a staggered form for small gas turbine applications
with H/De = 0.13, 0.167, and 0.25. They concluded
that both average friction factor and Nusselt number
increased with increasing H/De and that the thermal
performance at a constant pumping power decreased
with increasing H/De for Pi/H = 10.

For duct flows with a detached rectangular-rib
array, the effect of rib-to-duct height ratio (or rib
height to duct hydraulic diameter ratio) on the ther-
mal performance of permeable ribs has not been
explored in the past and is, therefore, examined in the
present paper to see whether the above trend of the
attached ribs is still valid. In addition, the difference in
the heat transfer characteristics between the detached
solid-type and perforated rib array has not been stud-
ied in open literature and thus is investigated in the
present study. Furthermore, there is lacking of semi-
empirical correlations of spatially periodic heat trans-
fer and friction in terms of rib-to-duct height ratio
and Reynolds number for a rectangular duct disturbed
by an array of detached rectangular permeable ribs.
Such correlations are developed in the present work

and may be helpful for the design of compact heat
exchangers.

EXPERIMENTAL PROGRAM AND CONDITIONS

Test model

Figure 1 shows the coordinate system, construction,
and dimension of the test section. The test duct was
1150 mm long and had a rectangular cross section of
160 x 40 mm (YZ plane). The perforated aluminum
rectangular ribs of 5.2 mm in width investigated were
positioned at a distance C from the bottom wall and
at an angle-of-attack of 90°. The rib open-area ratio
was defined as

B =(nnd)/(24H) )

where n was the number of the holes drilled through
the perforated ribs, ¢ the radius of the hole, A the half
width of the duct, and H the rib height. The top and
bottom walls (stainless-steel sheet, 0.3-mm in thick-
ness) were conductively heated by 0.18-mm-thick
thermofoils which have adhesive surfaces and were
inserted between the stainless steel plates and 30-mm
thick Bakelite plates. The degree of heating was con-
trolled electrically by a 60 W d.c. power supply. The
Bakelite plates were used to prevent heat loss from
the back sides of the heated stainless steel plates. A
thin layer of glue (0.13-mm thick or less) served at
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Fig. 1. Coordinate system, construction, and dimension of test model.

each of the above-mentioned interfaces to ensure good
contact. The thermal resistance of the glue may be
neglected (less than 1%). The side walls of the entire
heated test duct were made of plexiglass plates to
provide optical access for LHI measurements. The
construction of the detached-ribbed wall is displayed
in detail in Fig. 1.

Flow circuit

The flow system was set up in an open-loop airflow
circuit, as shown schematically in Fig. 2. The airflow
was drawn from temperature controlled room into the
test section through a settling chamber and a nozzle-
like contraction o provide a fairly uniform flow with
turbulence intensity less than 1 percent in the test
section inlet. The uniformity of the flow and tur-
bulence level were checked by LDV measurements [5).
After traversing the test section, air flowed through
a flow straightener and a flowmeter, and was then
exhausted by a 3 hp centrifugal blower.

LHI and pressure measurements

The real-time LHI system in the present work is
depicted in Fig. 2 and is similar to that described in
Liou et al. [14]. Please refer to this earlier paper for
more detail. A 3-W argon-ion laser with 514.5 nm
(green) line provided the coherent light source. A
module consisting of a holographic film plate holder

and a liquid gate was used to attain in-place devel-
opment of the film plate as required for real-time
holographic interferometry. The photographic emul-
sion 8E56, made by Agfa-Gevaert Ltd, was found
to be a suitable recording material for reaching a
compromise between light sensitivity and resolution.
The instantaneous interference field was digitized by
a CCD camera, which allows 512 pixel resolution with
256 gray levels per pixel, and recorded on a VHS
videocassette recorder for storage and further image
processing. As shown in Fig. 1, the interferograms
were taken at the region of 10 < X/De < 15. The
region of optical view was equipped with 30 copper—
constantan thermocouples along the center line
(Z =0) of the heated bottom wall for wall tem-
perature measurements. The junction-beads (0.15-mm
in diameter) were carefully embedded into the wall,
and then ground flat to ensure that they were flush
with surfaces. The wall temperature signals were
transferred to a Yokogawa DA-2500 hybrid recorder,
and then set to a PC-AT for data storage and further
processing. Two Pitot tubes inserted from the side
wall at X/De = 9.8 and 13.1 were used to measure
the centerline static pressure drop for the spatially
periodic regions.

Experimental conditions

In the present work, the pitch to rib height ratio is
fixed at Pi/H = 10 to facilitate the comparison with
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Fig. 2. Schematic drawing of overall experimental system.

previous results. The rib open-area-ratio and the clear-
ance between the detached ribs and the bottom wall
are fixed at f = 0.44 and C/H = (.38, respectively,
since the previous studies indicated the maximum heat
transfer and thermal performance enhancement
attained by the permeable ribs and solid-type ribs
at these f and C/H values [11, 14]. The parameters
investigated include the rib height to duct hydraulic
diameter (De = 64 mm) ratio, H/De = 0.081, 0.106,
and 0.162 (or rib-to-duct height ratio, H/2B = 0.13,
0.17, and 0.26), and the Reynolds number (Re) (based
on the hydraulic diameter and cross-sectional bulk
mean velocity of the ribbed duct) from 5 x 10°-5 x 10*
Notice that the three rib heights examined are possibly
used in small aircraft engines [8]. Since the present
study is concerned with periodic fully developed heat
and friction characteristics in ribbed ducts, the tem-
perature and pressure drop data are taken in the range
10 < X/De < 15and 9.8 < X/De < 13.1, respectively.
The spatially hydrodynamic and thermal periodicity
in these regions has been verified in our previous work
[13, 14], and thus is not elaborated on in the present
work.

Two dimensionality

A check of two dimensionality of the temperature
distributions across the test section width (Z direc-
tion) is necessary because the LHI is based on the

integral of the change in spanwise refractive index.
Examples of wall temperature distribution in the Z
direction at various Reynolds numbers have been pre-
sented in some previous works [3]. The scatter in span-
wise direction is typically less than 5.7 percent of the
duct spanwise average temperature. Another source
of error is the presence of density gradients normal to
light beam. By using the interferometry error analysis
suggested in Goldstein [16], the resulting errors in the
fringe (or temperature) shift due to the end effect
associated with deviation from two-dimensionality
and refraction effect associated with normal density
gradient are 8 and 4.2%, respectively. Two dimen-
sionality can also be checked in terms of spanwise
distributions of the axial pressure different at various
Reynolds numbers. Figure 3 shows that the maximum
scatter in spanwise direction is typically within 4.2%.

Data processing
The Darcy friction factor of the periodically fully
developed flow is expressed as:
f=I[(=AP/AX)-DJ/(p* U*/2) (0]
where p is the air density, U is the axial mean velocity,

and AP/AX is evaluated by calculating the ratio of
the pressure difference to the distance between two
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Fig. 3. Spanwise distribution of axial pressure drop at various Reynolds numbers.

successive Pitot tubes. A maximum 7.3% uncertainty
of f'is estimated.

The air temperature field 7(X, Y) can be obtained
from LHI interferograms through the following
expression for a two-dimensional incompressible flow
17

Si—S;_1 = T, p,* G4 24(1/T, — /T, )i (3

where S;,— S;_, is the fringe shift, S;is the fringe order,
G, is the Gladstcne—Dale constant, and p, is the air
density evaluated at reference temperature T,.

The local Nusselt number Nu of the heated surface
is defined by

Nu= —(@AT/dY),* Do/(To—Ty) )

where (d7/dY),, is determined by curve fitting, based
on a least-squares method through the near-wall
values for temperature and fringe shift; 7., (local wall
temperature) is obtained from the thermocouple out-
put; and T, (local bulk mean air temperature) is cal-
culated from an energy balance, T, = T, +Q/(m" C,),
where m is air mass flow rate, T}, air temperature at
duct inlet, C, specific-heat at constant pressure, and
Q the quantity of heat given to air from the entrance
to the cross section under consideration of the duct
and can be obtained by the integration of
[§Tke+(AT/dY),, - 24] - dX. Note that both wall’s nor-
mal temperature gradients are included in performing
the integration. The maximum uncertainty of the local
Nusselt number owing to T, is estimated to be less
than 8.1% for all of the cases by the uncertainty esti-
mation method of Kline and McClintock [18].

The average Nusselt number for the spatially per-
iodic region is evaluated by

Nty = Geony * De/Tec (T, — T)] (5)

where ¢, is the convective heat flux from the wall
and is estimated by subtracting the heat loss from
the supplied electrical input, T, is the average wall
temperature along the lower ribbed wall in one rib
pitch, and T, is the average bulk mean temperature of
air. The maximum uncertainty of Nu, is estimated to
be less than 9.8%. The average Nusselt number for
fully developed turbulent flow in smooth circular
tubes correlated by Dittus and Boelter [19], Ny, =
0.023 - Re®® - Pr**, is used to normalize the local and
average Nusselt number in the present study.

RESULTS AND DISCUSSION

Interference patterns

Figure 4 shows typical examples of the holographic
interferograms around the perforated rib at two
different Reynolds numbers. The mean flow direction
is from left to right. The selected gap between the
perforated rib and the bottom wall, C/H = 0.38, is
working appropriately as a nozzle, as evidenced by
the contraction and expansion of the interference
fringes in front of, beneath, and behind the rib, result-
ing in increased number of thin fringes and narrow
fringe spacings and, in turn, the steeper temperature
gradients around the rib base and near the heated
wall. A large amount of heat conducted from the
heated wall thus is convected by the fluid which is
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Fig. 4. Holographic interferograms at two different Re for
C/H = 0.38, Pi/H = 10, H/De = 0.081, and § = 44%.

accelerated through the gap between the rib base and
the heated wall. There is a reduction of heat transfer
rate on the rib top and rib rear face where the fringes
are thick and the fringe spacings are relatively wide.
As the Reynolds number increases from 5x 10° to
5 x 10%, Fig. 4 further shows that the number of fringes
between the rib and the bottom heated wall decreases
due to the reduction in the difference between the T,
and T, in the spatially periodic fully developed flow
regimes with increasing Re [3]. Also note that the saw-
shaped fringes behind the rib can only be observed for
the case of Re = 5x 10* since the perforated rib is
permeable for Re = 2 x 10%.

Local heat transfer coefficient

From the interferograms the distributions of local
Nusselt number ratio Nu/Nu, along the duct wall with
detached perforated ribs in one pitch module can be
calculated. Figure 5 depicts one example for
H/De = 0.081, f = 44%, C/H = 0.38, Pi/H = 10, and
Re from 5x10* to 5x 10%. For the reason inferred
from the variation of fringe patterns with Re, as
addressed in the last section, and the fact that Nu,
increases with increasing Re according to the Dittus—
Boelter correlation [19] for a smooth duct flow, the
level of Nu/Nu,, is expected to decrease with increasing
Re. For a fixed Re Fig. 5 shows that higher values of
Nu/Nu, generally appear in the region around the rib
(9 £ X\/H < 10, subscript N = rib index), which can

T.-M. LIOU and S.-H. CHEN

be illustrated by the mean-velocity vector field of Fig.
6 obtained from the complementary Laser-Doppler
velocimetry (LDV) measurements and is due to the
core fluids’ curving down and flowing around rib’s
bottom corner and to the flow acceleration through
the gap. The LDV setup is the same as that described
in Liou et al. [5] except for the replacement of the
attached solid ribs by the present detached perforated
ribs. For Re = 2 x 10, there exists a local maximum
Nu/Nu, near X/H = 0 due to turbulence generated
by the interaction of multi-jets emitting from rib’s rear
face since the rib is now permeable. For the Re range
tested Fig. 5 depicts that Nu is larger than Nu, in the
entire pitch module, a result different from that of duct
flows with attached solid ribs which usually reveal
Nu < Nu, in the region around the juncture
(Xn/H = 0) of rib’s rear edge and duct wall due to
nearly stagnant fluid flow around there.

Figure 7 shows a comparison of Nu/Nu, dis-
tributions between duct flows with detached
(C/H = 0.38) ribs of perforated-type (§ = 44%) and
solid-type (f=0%) for H/De=0.81 and
Re = 2 x 10*. As one can see, the local level of Nu/Nu,
is lower for the case of detached perforated ribs
(empty circle) than for the case of detached solid ribs
(empty triangle), although both cases attain heat
transfer augmentation (Nu/Nu, > 1) in the entire pitch
module. The reason for the above difference in Nu/Nu;
level is that there exists vortex shedding, as revealed
from Fig. 8, behind the detached solid-type ribs. The
vortex shedding enhances heat transfer between the
core fluids and near-wall fluids, and hence gives higher
level of Nu/Nu,. Owing to the permeability, Fig. 4, of
the detached perforated ribs, vortex shedding
phenomenon is not observed for the case of f = 44%.
It should be mentioned here that the smoke flow vis-
ualization photograph presented in Fig. 8 was taken
at Re =2.3x10° Using the feature of the flow at
Re = 2.3 x 10° to explain the feature of Nusselt num-
ber at Re = 2x 10* (Fig. 7) is not strictly sound. A
further evidence of vortex shedding behind the
detached solid-type ribs (C/H = 0.38) at a Reynolds
number close to Re = 2 x 10* would be valuable. To
achieve this goal, an oil-film technique was carried
out at Re = 2 x 10*; however, the photo visibility was
poor. A recent work performed by Bosch et al. [20]
for the flow past a solid square cylinder placed near a
wall provided the useful information. They performed
dye-injection flow visualization in a water tunnel at
Re = 2.2 x 10*. Their results showed the presence of
periodic vortex shedding over the range of C/H = 0.35
to 0.5. Below this range, the shedding motion was
completely suppressed.

Another interesting comparison between the
detached (C/H = 0.38) and attached (C/H = 0) per-
forated ribs (f = 44%) can be made from Fig. 7. Over
most of the pitch range, except in the region two rib
heights ahead of rib, the attached perforated ribs
(solid circle) give higher Nu/Nu, level than the
detached perforated ribs (empty circle). To explain
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the above result near-wall transverse mean velocity
evolutions for the two cases compared are plotted in
Fig. 9, where d is the distance from measured points
to the duct wall. For 7 < X/H < 9 both Fig. 9 and
Fig. 6 indicate the cold core fluids’ curving down for
the case of detached perforated ribs, thinning the
boundary layer, enhancing forced convection, and
thus resulting in a higher Nu/Nu, level than the case
of attached perforated ribs which causes the fluids
gradually moving upward in this region (Fig. 9). For
2 < X/H <7 the attached perforated ribs give a
higher Nu/Nu, level than the detached perforated ribs

since the effective flow reattachment occurs around
X/H =5 for the case of attached perforated ribs. At
short distances downstream of the perforated ribs,
0 < X/H < 2, the attached perforated ribs can play
the role of thermal-active ribs and conduct heat away
from the hot duct wall in this region. In addition, the
perforations further increase the heat transfer area of
the thermal active perforated ribs. In contrast, the
detached perforated ribs play as thermal-nonactive
ribs whose perforations do not effectively increase the
heat transfer area. As a result, the attached perforated
ribs provide a higher Nu/Nu, level than the detached
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perforated ribs in the region of 0 < X/H < 2. The
effects of rib height on the heat transfer and friction
for the case of detached perforated ribs will be pre-
sented in the following sections.

Effects of rib height on heat transfer and friction
Figure 10 depicts the distributions of Nu/Nu, in one
pitch module for three rib heights and Re = 2 x 10*
In general, the local level of heat transfer aug-
mentation for the duct flow with a detached perforated
rectangular rib array increases with increasing rib
height H/2B, although the increase is not linear. The
average Nusselt number ratio for the detached per-
forated-type ribbed duct flows with three values of
H/2B is plotted in Fig. 11 as a function of Reynolds
number. Similar to the attached solid-type ribbed duct

flows [3, 15], Fig. 11 shows that the H/De dependence
of Nuy/Nu, becomes weak as Re gets higher and
Nu,/Nu, decreases with increasing Re for the detached
perforated-type ribbed duct flows due to the increase
of Nu, with increasing Re being faster than that of
Na,

As far as the rib-height effect is concerned, Fig. 11
depicts that the H/De = 0.106 case has a slightly
higher Nu,/Nu, for most of the Re range tested, a result
different from that mentioned in the introduction for
the attached solid-type ribbed duct flows which typi-
cally reveal an increase of average heat transfer
coefficient with increasing H/De [3, 8, 15]. The ration-
ale responsible for the main difference in the H/De
dependence of Nu,/Nu, between the above two types
of ribs can be extracted from the discussion of local
heat transfer coefficient presented earlier. For
detached perforated ribs with C/H = 0.38, a large
amount of heat conducted from the heated wall is
convected by the accelerating fluids through the gap
between the rib base and the heated wall and trans-
ported by the turbulence associated with the con-
traction and expansion of the flow around the gap
region. Hence, there is a reduction of heat transfer
rate on the rib top and rib rear face. These factors
lead to the fact that for the detached perforated-type
ribs the rib heat transfer surface area does not effec-
tively increase with increasing H/De. In addition,
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although overall blockage increases to accelerate flow
as H increases, the gap C also increases to offset that
acceleration since C/H is fixed. Consequently, the
average Nusselt number ratio in the present study
does not monotonically increase with increasing
H|De. With the values presented in Fig. 11 the depen-
dence of the average Nusselt number on the dimen-
sionless rib height and Reynolds number for the duct
flows with detached perforated (f = 44%) ribs can be
further correlated by an equation of the following
form

Nu,/Nu, = 30.04- Re=°2° -(H/2B)**!

(5x10° € Re < 5x10%) (6)
where the constants are obtained by curve fitting,
based on a least-squares method through the measured
data. The average deviations of the experimental data
from the above equation are +3.5, 1.7, and 3.1% for
H/De = 0.083, 0.106, and 0.162, respectively. -

Figure 11 also shows a comparison of Nu,/Nu,
between the duct flows with detached perforated-type
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Fig. 11. Average Nusselt number ratio vs. Reynolds number for various H/De.

(f=44%) and solid-type (B8 =0%) ribs for
H/De = 0.081. The presence of vortex shedding for
the latter, as addressed previously, results in a higher
Nu,/Nu, than the former. Quantitatively, the levels of
heat transfer augmentation of the detached per-
forated-type and solid-type ribbed ducts are approxi-
mately 1.7-2.5 and 2.5-3.5 times Nu,, respectively, for
the test range of Re and H/De = 0.081.

The effects of H/2B on the Reynolds number depen-
dence of the average friction factor for periodic fully
developed duct flows with detached perforated-type
ribs is shown in Fig. 12, where the result of detached
solid-type ribs with H/De = 0.081 is also included for
comparison. As expected, all the curves show an
increase of fwith increasing rib height and a decrease
of f with increasing f and Re for the range of par-
ameters tested. For H/De = 0.081, the detached per-
forated-type and solid-type ribs increase the friction
loss to approximately 1.3-2.6 and 3.5-4.9 times that
of the smooth-wall case, respectively, for the range of
parameters tested. A correlation for the effects of the
dimensionless rib height and Reynolds number on
the average friction factor of the present detached
perforated-type ribs can be put in the following form :

f=23.34+ Re="4% -(H/2B)*4

(5x10° K Re < 5x10%)  (7)
The average deviations of the measured data from the
correlation are +12.6, 9.4, and 54% for

H/De = 0.081, 0.106, and 0.162, respectively.

Thermal performance

Since the detached ribs disturb the core flow sig-
nificantly, the detached-rib heat transfer augmentor
also increases the friction loss. A thermal performance
analysis at a constant pumping power is, therefore,
worthwhile. In addition, the effect of rib height on the
thermal performance of a duct flow with detached
rectangular perforate-type ribs has not been studied
in the past. Figure 13 shows such a study by com-
paring the average heat transfer coefficient for a duct
with detached perforated-type of various heights with
that for a smooth duct at a constant pumping power
which is proportional to '+ Re. In Fig. 13 Nu* is the
average Nusselt number for a smooth duct with the
flow rate at which the pumping power is the same as
that required in the ribbed duct and its correlation has
been described in detail by Liou and Hwang [3]. It is
found from Fig. 13 that the improvement in Nu, of
the duct flows with detached (C/H = 0.38) perforated-
type ribs is 1.3—-1.9 times that of Nu* and the lower
the pumping power parameter the higher the Nﬁp/N_us*
is for the ranges of Re and H/De tested. For
S+ Re <3x10* the rib height to duct hydraulic
diameter ratio of H/De = 0.106 attains the best ther-
mal performance at a constant pumping power among
three values of H/De investigated; however, for
S'P+ Re > 3x10* the Nu,/Nu¥is nearly independent
of H/De since the effects of H/De on the heat transfer
rate and friction factor are approximately comparable
at this range of Reynolds number. The above trend of
the present work is unlike that of the attached solid-
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rib case which usually shows a monotonic decrease of
Nu,/Nu*with increasing H/De [8].

For a fixed H/De it is interesting to compare the
thermal performances at a constant pumping power
between duct flows with the present detached per-
forated-type ribs and previous detached solid-type
ribs. Figure 13 provides such a comparison for
H/De = 0.081. Tt is clear that Nu,/Nu performance
augmentation is less pronounced for a detached per-
forated-type ribbed duct, Nu, = 1.3-1.6 Nu than for
a detached solid-type ribbed duct, Ny, = 1.8-2.0 Nuf.

CONCLUSIONS

The effects of rib height (H/De) on the spatially
periodic turbulent heat transfer and friction in a rec-
tangular passage with a rectangular perforated-type
rib array detached from one wall have been studied
with laser holographic interferometry and pressure
measurements for the conditions tested in the present
work. Compact correlations for the dependencies of
the average Nusselt number and friction factor on the
Reynolds number and H/De are obtained. For the
ranges of Reynolds number and H/De examined the
thermal performance (Nu,) attained by the present
detached perforated-type ribbed duct is as high as 1.3~
1.9 times that attained by a smooth duct (Nu¥) at the
same pumping power. Unlike the attached solid-type
ribs, the detached perforated-type ribs do not give a
monotonic decrease of Nu,/Nu¥ with increasing
H/De. They provide a maximum Nu,/Nu* for the
middle values of H/De = 0.106 in the lower Reynolds
number range tested and a Nu,/Nu?* independent of
H/De in the higher Reynolds number range tested.

For a fixed rib height it is found that the thermal
performance of a detached perforated-type ribbed
duct flow is less pronounced than that of a detached
solid-type ribbed duct flow. As revealed from smoke-
streak flow visualization, the reason is that the per-
meability of the former case break up the vortex roll-
up and shedding phenomenon appearing in the latter
case and useful for enhancing the heat transfer
between the core fluids and near-wall fluids. Never-
theless, the interaction of multi-jets behind the
detached permeable rib gives rise to a local maximum
Nusselt number near the rib’s rear face.
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