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Abstract

Augmenting the heat transfer rates in the internal ¯ow passages of several components of a gas turbine, such as the turbine

blades, vanes and combustor walls is an important pre-requisite for maintaining their structural integrity. This is particularly

paramount when higher turbine inlet temperatures and pressure ratios are utilised for enhancing the thermal e�ciencies of the gas

turbine plant. In this study, the heat transfer enhancement, which can be achieved by longitudinal ribs in a variable geometry duct,

has been examined. With the base of the ribs maintained at a constant temperature, it was observed that the optimal rib spacing,

which corresponded to the maximum heat transfer from the ribs, was a strong function of the rib height to length ratio and the

Reynolds number but relatively insensitive to the amount of clearance above the ribs. A design correlation is proposed which shows

the distribution of this optimal rib spacing for a wide range of rib geometrical and operational conditions. Comparisons of the

longitudinal ribs with pin ®n arrays indicated that at rib height to length ratios of P 0:24, higher heat transfers can be achieved with

the longitudinal ribs. The frictional characteristics of the longitudinal ribs is comparable to those of circular pin ®ns. Measurements

of the local heat transfer coe�cient for the rib surfaces indicate that it is highly non-uniform along the rib height and length and also

signi®cantly in¯uenced by the amount of clearance above the ribs. For all the cases examined, it was observed that developing ¯ow

conditions (thermally and hydrodynamically) were prevalent within the longitudinal rib channels. Ó 1999 Elsevier Science Inc. All

rights reserved.
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Notation

A array base area
Aff free-¯ow area
As total surface area of ribs and spacer bars
C vertical clearance between rib tips and horizontal

shroud
De hydraulic diameter based on free ¯ow area and

wetted perimeter of the ribs, spacer bars and the
enclosed duct

Dh hydraulic diameter based on free ¯ow area and
heated perimeter of ribs and spacer bars

f Darcy friction factor
h local rib heat transfer coe�cient
hav average rib array heat transfer coe�cient (based

on As)
H rib height
k thermal conductivity of air
L rib length

m air mass ¯owrate
NuH average Nusselt number based on rib height
Nud average Nusselt number based on hydraulic

diameter
NuDH Nusselt number based on hydraulic diameter of

an equivalent empty duct
P perimeter of ribs, spacer bars and enclosing duct
Ph perimeter of heated ribs and spacer bars
Pr Prandtl number
DP total pressure drop of rib array
Q total heat transfer rate from ribbed array
Re Reynolds number
s rib spacing
sopt optimal rib spacing
t rib thickness
T � non-dimensionalised temperature
T local ¯uid temperature within rib channels
TB temperature at the base of the ribs
Tbulk bulk ¯uid temperature
Vbulk bulk ¯uid velocity
V local ¯uid velocity within rib channels
V0 mean ¯uid velocity in test duct upstream of the rib

array
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1. Introduction

The augmentation of the rate of heat transfer in single-
phase internal ¯ow systems has received extensive interest over
the years due to the wide range of its application in industrial
¯ows. Some of the speci®c applications include gas turbine
blade cooling, compact heat exchangers and more recently
electronic cooling. Usually, heat transfer augmentation in
these applications is achieved by the utilisation of several de-
vices ranging from blu� body con®gurations for promoting
local turbulence levels to various shapes and sizes of extended
surfaces. In gas turbine applications, the heat removal from
several components of the unit, such as turbine blades,
combustor walls and turbine discs, is an important pre-requi-
site for maintaining their structural integrity. This has become
more paramount in recent years as higher turbine inlet tem-
peratures and pressure ratios are utilised for enhancing the
overall thermal e�ciency of the gas turbine. Unfortunately, the
use of higher inlet temperatures also poses cooling problems,
in that the available temperature gradient between the coolant
and the component is also reduced.

Pin ®ns, as turbulence promoters, are commonly employed
for the cooling of turbine blades and vanes with which rela-
tively high heat transfer augmentation can be achieved, Van-
Fossen (1982), Brigham and VanFossen (1984), Metzger et al.
(1984), Chyu (1990), Minakami et al. (1994) and Babas'haq
et al. (1995). Recently Chyu et al. (1996), examined the e�ect of
using in-line and staggered cubic and diamond pin ®ns. From
measurements of the local and average thermal-hydraulic
characteristics of such pins, it was found that staggered cubic
pins gave much higher heat transfer enhancement compared to
the circular pins. However, correspondingly higher pressure
losses also ensued with the cubic and diamond pins.

When cooling the central section of the blades, small
transverse ribs are commonly employed. Heat transfer in such
con®gurations is achieved by turbulence promotion. The ef-
fects of rib spacing and height and the corresponding distri-
bution of the local and average heat transfer coe�cients have
also been widely reported, e.g. Hishida (1996), Rau et al.
(1996), Han and Zhang (1992), and Han et al. (1985).

The present investigation di�ers from these previous in-
vestigations in that the array employed in this study consists of
longitudinal, rectangular ribs (i.e. parallel to the mean ¯ow)
whose base is at a constant temperature. The rib array is
surrounded by a variable geometry adiabatic duct. Previous
studies by Naik et al., 1987a, 1988 have shown that for such
con®gurations thermal optimisation (corresponding to the
maximum heat transfer rate from the rib array) can be
achieved at a speci®c rib spacing (i.e. the optimal spacing),
which is a function of the rib height, length, the amount of
clearance above the ribs and the Reynolds number. Optimal
rib spacings have also been observed when only natural con-
vection heat transfer occurs from the longitudinal ribs and
when they are mounted on a horizontal base, Naik et al.

(1987b) or a vertical base Leung et al. (1987). Maximum heat
transfer and corresponding optimal rib spacings have also been
determined analytically by Bejan and Scuibba (1992) for par-
allel plates with laminar fully developed ¯ows and by Knight
et al. (1991) for longitudinal microchannel ribs. More recently
shrouded longitudinal ribs have been examined by Thombre
and Sukhatme (1995) and previously by Sparrow et al. (1978),
Kadle and Sparrow (1986) and Sparrow and Beckley (1981).
The latter studies considered a very limited range of geomet-
rical conditions and thermal optimisation of the rib arrays was
not observed.

2. Experimental investigation

2.1. Test facility and instrumentation

The experimental tests with the longitudinal ribs were
conducted in a purpose built heat exchanger test facility shown
by Fig. 1 for the range of parameters indicated by Table 1. The
width of the wind tunnel was 0.24 m and the height of the
tunnel was adjustable to a height (C + H), with C being a
variable such that 0 < C < 90 mm and H is the rib height.
This variability in the tunnel height was achieved by a verti-
cally movable roof section, which was supported externally by
two U-beam column sections. A linear traversing mechanism
was incorporated into the support columns which allowed
vertical displacements of the roof to within 1 mm. Rubber
sealing was used between the roof section and the vertical walls
of the tunnel to minimise air leakages.

The wind tunnel, which was operated in the suction mode,
supplied atmospheric air to the test section by a single-stage
centrifugal fan. Air exhausting from the test section is then
passed through an insulated mixing chamber, which consisted
of two resin-impregnated cardboard honeycombes (65% and
85% porosity) mounted transverse to the mean ¯ow. A number
of vertically traversable hypodermic thermocouple probes were
located at the outlet of the mixing chamber, where a complete
cross-sectional outlet temperature traverse was undertaken for
each test. At the same locations, the mean outlet velocities
were also measured with several vertically traversable ®ne
pitot-static tubes. These measurements facilitated the evalua-
tion of the bulk mean outlet temperature. A similar procedure
was adopted at the inlet to the test section for the evaluation of
the mean inlet velocities and the bulk mean inlet temperatures.

The pressure drop within the test section was measured by
16 brass static-pressure tapps, which were installed in the roof
of the test section as shown by Fig. 2(b). Details of the pres-
sure drop measurements are indicated by Naik et al. (1988).

The tested longitudinal ribs (Fig. 2(b)) were constructed
from a combination of 3 mm thick duralumin ribs and spacer
bars, of thermal conductivity 164 W/mK, which are appro-
priately bolted together so as to form a rigid sandwich. The
array was mounted on a duralumin base-plate, 20 mm thick at
the rear of which several heating elements, each rated at 400 W
for 240 V a.c. are ®xed.

Each of the heating elements could be independently con-
trolled, so that either a constant temperature or a constant
heat ¯ux boundary condition could be utilised. In this study a
constant temperature boundary condition was adopted. A
heat-sink compound, of high thermal conductivity, was used to
ensure good thermal contact ensued between the ribs, the
heating elements and the base plate. This combination pro-
duced a temperature di�erence between the upper surface of
the base plate and the roots of the ribs of less than 0.2°C, and a
base-temperature which could be maintained constant to
within �0.5°C. The steady-state temperatures of the rib base
were indicated by means of 12 thermojunctions, which were

Vvol volume occupied by pins or ribs
V 0

vol volume occupied by an equivalent empty duct
x distance from rib surface parallel to rib spacing
y distance from rib base parallel to rib height
z streamwise distance parallel to rib length
q ¯uid density
l ¯uid dynamic viscosity
g� non-dimensionalised normal distance from rib

wall �� xqVbulk

��������
f 8=

p
=l�
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embedded in the base-plate and located 1 mm below the base
of the ribs. An additional 15 thermocouples were located in 2
mm wide by 1.5 mm deep horizontal slotted grooves, (i.e.
along anticipated isotherms) within the ribs and held in posi-
tion by the grooves being packed with a cold-casting alumi-
num cement, the excess of which when hard was machined o�
and the surfaces polished ¯at. The rib embedded thermocou-
ples are not exposed to the air stream as shown by Fig. 2(c).

2.2. Local temperature and velocity measurements

The local velocity distributions within the longitudinal rib
passages were measured with a DISA hot-wire anemometer
consisting of a 1.25 mm prong width and a 5 lm platinum
plated tungsten wire sensor. The local air temperatures were
determined with a 0.25 mm copper-constantan hypodermic
thermocouple probe. All local mean air-velocity measurements
were undertaken within one of the central rib channels and
when no heat transfers occurred from the ®n-array, so that the
hot-wire system could be operated in the constant temperature
mode. A schematic diagram of the hot-wire system, its asso-
ciated instrumentation and the experimental set-up is shown in
Fig. 3. The local mean velocities and temperatures were mea-
sured at a constant Reynolds number of 1.38 ´ 104 (as de®ned
by Eq. (2)) and for two rib con®gurations at s/t� 1.67 and 3.33
when H/L� 0.13 and C/H � 0 or 0.5. Within the central sec-

tion of the rib channel, measurements were undertaken at
several intervals across the width of the channel (i.e. parallel to
the rib spacing). These measurements were repeated at several
locations along the rib height and at streamwise locations of
z/L� 0.5 and 0.97 along the rib channel length for the 250 mm
long ribs.

2.3. Experimental error analysis

Uncertainty and sensitivity analysis has been used for all
the average and local measurements of velocities, temperatures
and heat ¯uxes and in the determination of the Reynolds and
Nusselt numbers and friction factors. The method used is that
recommended by Kline and McClintock (1958) and Mo�at
(1988). The uncertainty of these parameters are represented in
percentages and for the local heat transfer coe�cient mea-
surements, error bars are indicated in the appropriate ®gures.

3. Average thermal-hydraulic characteristics

3.1. Optimal rib spacings

For all the geometrical and operational cases shown in
Table 1, previous tests on the ribs considered in this study have
shown that maximisation of the steady rate of heat transfer
was achievable with respect to variations in the rib spacing,
(Naik et al., 1987a, 1988 and Fig. 4). Qualitatively similar
graphs to Fig. 4 were obtained for the whole range of geo-
metrical conditions shown in Table 1 and are indicated by
Naik et al. (1988). In general it was observed that increasing
the rib length results in a reduction of the heat transfer but an
increase in the optimal spacing, whereas increasing the rib
height increases both the optimal spacing and the heat trans-
fer. The C/H ratio had little or no e�ect on the optimal spacing
but lower heat transfer rates were obtained from the rib con-
®gurations when the C/H ratio is increased from zero to unity.

Fig. 1. Experimental test facility and instrumentation.

Table 1

Ranges of values employed for the experimental parameters

Parameter Value

Rib spacing to height ratio, s/H 0.039 ® 0.6

Rib length to spacing ratio, L/s 13 ® 107

Rib clearance to height ratio, C/H 0 ® 1

Rib height to length ratio, H/L 0.085 ® 0.36
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Fig. 2. Experimental details of (i) ribs and heater arrangement, (ii) pressure tapp locations, and (iii) locations of rib thermocouples.

Fig. 3. Experimental set-up for local measurements.
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Although the e�ect of increasing the Reynolds number in-
creased the heat transfer rate, this corresponded with only a
small marginal reduction in the optimal spacing.

In this study, the optimal rib spacings obtained by Naik
et al. (1988) have been correlated by regression analysis and for
the geometrical conditions indicated in Table 1, it was found
that the distribution of this optimal rib spacing can be
expressed by,

sopt

H

� �
� 0:0359

H
L

� �ÿ0:642

Re0:023; �1�
which has a correlation coe�cient of 0.9813 and is valid
for 0:0856H=L6 0:36; 0:0396 s=H 6 0:6; 136 L=s6 107;
06C=H 6 1 and 3.1´1036Re6 3.4´104 when the Reynolds
number is de®ned by,

Re � m=Aff� �De

l
: �2�

The hydraulic diameter, De� 4Aff /P, is based on the free-¯ow
area and the wetted perimeter of the ribs, spacer bars and the
enclosing duct. The distribution of sopt described by Eq. (1) is

shown by Fig. 5 from which it is evident that the optimal rib
spacing is independent of the C/H ratio and only weakly de-
pendent on the Reynolds number.

The occurrence of the optimal rib spacing and the corre-
sponding maximum rates of heat transfer from the rib array
is attributed to con¯icting processes which ensue between the
heat transfer surface area of the array, the heat-transfer co-
e�cient, the thermal boundary-layer formation on the heat-
transfer surfaces, and the distribution of the bulk mean
temperature within the rib spacings. For a constant mass ¯ow
through the test section, the e�ect of utilising narrow spacings
will increase the number of ribs per unit width and hence
augment the heat transfer surface area. Additionally lower
bulk ¯uid temperatures also ensue within the rib channels.
However, with higher rib spacings, higher bulk ¯uid
temperatures and lower heat transfer surface areas result.
Due to these interacting e�ects, the net result is a maximum
in the value of the heat transfer from the ribs with respect to
variations in s.

3.2. Comparison with pin ®n turbulence promoters

In order to compare the level of heat transfer augmentation
which can be achieved with longitudinal ribs, their average
experimental Nusselt numbers have been compared with the
heat transfer characteristics of an equivalent empty duct, cir-
cular pins, Metzger et al. (1984), and cubic and diamond pins,
Chyu et al. (1996). For the empty equivalent duct, it has been
assumed that the heat transfer can be described by the Dittus±
Boettler correlation, Dittus and Boelter (1930), i.e

NuDh
� 0:023Re0:8 Pr0:4; �3�

in which Re is based on the hydraulic diameter of an equiva-
lent empty duct and is valid for 6000 < Re < 107. The heat
transfers from cubic and diamond pins are represented by the
correlations determined by Chyu et al. (1996) for a pin diam-
eter to height ratio of unity, and center line to center line pin
streamwise and transverse spacings of 2.5, i.e.

Fig. 4. Variation of heat transfer from longitudinal ribs with respect to

rib spacing (Naik et al., 1988).

Fig. 5. Variation of optimal separation of longitudinal ribs corre-

sponding to the maximum rate of heat transfer.
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NuH � 0:138Re0:704
H Pr0:4 �Staggered Cube Pins�; �4�

NuH � 0:084Re0:732
H Pr0:4 �Staggered Diamond Pins�: �5�

The heat transfer from circular pins, with pin diameter to
height ratio of unity, and center line to center line pin
streamwise and transverse spacings of 2.5, are represented by
the experimental data of Metzger et al. (1984). The average
heat transfer in longitudinal ribs, for the range of parameters
indicated by Table 1 can be described by the correlation pre-
viously determined by Naik et al. (1988), i.e.

Nud � 0:273�Re�0:775�s=L�0:680�C=H �0:033
; �6�

which is valid for 3.1 ´ 1036Re6 3.4 ´ 104, 9.33 ´ 10ÿ36
s/L6 7.6 ´ 10ÿ2 and 06C/H6 1. This correlation is accurate
to within �15%, when the Nusselt number is de®ned by,

Nud � havDh=k; �7�
where the hydraulic diameter, Dh� 4Aff / Ph, and Ph is the
heated perimeter of the ribs and spacer bars surfaces. The ¯uid
properties are based on the bulk ¯uid temperatures and the
average heat transfer coe�cient in Eq. (7) is based on the total
heat transfer surface area, As, with the Reynolds number being
described by Eq. (2). The average heat transfer characteristics
of the longitudinal ribs described by Eq. (6) is illustrated in
Fig. 6 with the measured experimental data. This shows that
although Re and s/L strongly in¯uence Nud, the C/H ratio
exhibits only a weak e�ect. The latter is due to the interaction
between the reduced heat transfer coe�cient and increased
hydraulic diameter as the C/H ratio is increased. And because
Nud is directly proportional to the product havDh, the above
two e�ects tend to diminish the in¯uence of the C/H ratio on
Nud.

As the Nusselt and Reynolds numbers for the pin ®ns
(Chyu et al., 1996; Metzger et al., 1984) are based on the pin
diameter, for pin height/diameter ratio of unity, the Nusselt
and Reynolds numbers for the longitudinal ribs have been re-
evaluated and are based on the rib height in order to maintain
consistent length scales. The thermal performances of all the
considered pin ®ns and some of the longitudinal ribs are in-
dicated by Fig. 7. It is evident from this ®gure, that at H/L
ratios of 0.24 and 0.36, the Nusselt numbers are much higher
for the longitudinal ribs compared to the staggered cubic and

diamond pins examined by Chyu et al. (1996). These higher
Nusselt number are achieved for the whole range for rib
spacings examined, i.e. from 1:56 s=t6 6:7. Fig. 7 also shows
that although the heat transfer performances of the longitu-
dinal ribs decreases as the H/L ratio reduces to 0.13 and 0.08,
they are still comparable to the pin ®n turbulence promoters.

The thermal comparisons in Fig. 7 are only valid for pin
height/diameter ratios of unity. However, Brigham and Van-
Fossen (1984) have shown that variations in the pin ®n Nusselt
numbers are negligible for pin height/diameter ratios ranging
from 1±2, whereas for 2 < pin height/diameter 6 8, the pin ®n
Nusselt numbers increase signi®cantly and are dependant on
both the Reynolds number and the pin height/diameter ratio.

The frictional characteristics of the pin ®ns and the longi-
tudinal ribs, are shown by Fig. 8 with respect to the Reynolds
number. The Darcy friction factor is represented by,

f � 2qDP

L De=� � m Aff=� �2 ; �8�

in which DP is the total pressure drop across the whole rib
array. For the above longitudinal ribs, friction factor corre-
lations have been proposed by Naik et al. (1988), when
C/H� 0 and C/H� 0.5. These correlations are, however, based
only on the `frictional' pressure drop within the ribbed array
and do not account for the pressure drop at the rib array en-
trance and the pressure rise at the array exit.

The frictional characteristics of the smooth equivalent
empty duct in Fig. 8 are represented for 3 ´ 1036Re6 3 ´ 106

by the Karman±Nikuradse correlation (Kays and Crawford,
1980),

f ÿ1=2 � 2 log�Re f 1=2� ÿ 0:8; �9�

and the frictional losses for the pin ®ns are those based on the
experimental data of Chyu et al. (1996) and Metzger et al.
(1984). It is evident from Fig. 8 that the friction factors for the
cubic and diamond pins are signi®cantly higher than that of
the circular pins, longitudinal ribs and the smooth equivalent
duct. The frictional losses for the longitudinal ribs are, how-
ever, similar to that of the circular pins.

In addition to the average thermal-hydraulic performance
comparisons between the pin ®ns and the longitudinal ribs, the
volume and surface area requirements of the various heat

Fig. 6. Average thermal characteristics of longitudinal ribs (Naik et al., 1988).
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transfer augmentation devices, have also been compared.
Table 2 shows the variations of the volume (Vvol) and surface
area (As) of the pin ®ns and the longitudinal ribs with respect
to the volume (V 0

vol) and surface area (A0) of an equivalent
empty duct. The thickness of the longitudinal ribs used in the
present study is 3 mm, whereas the diameter (or width) of the
pin ®ns used by Chyu et al. (1996) is 12.5 mm. It is clear from
Table 2, that, at low rib spacings, the volume (and hence
weight) requirements for the ribs are, as expected, more than
twice that of the pins, which is a considerable disadvantage for
gas turbine applications despite the higher heat transfer rates.
However, at high rib spacings, e.g. s/t� 6.7, the volume oc-
cupied by the ribs drops signi®cantly, due to the lower number

of ribs required per unit width of the duct, and attains values
lower than those associated with the in-line and staggered pin
®ns. At these high rib spacings, Table 2 also shows that the
surface area of the ribs is also more than nine times that of the
pins. As indicated by Fig. 7, the Nusselt numbers of the ribs at
these larger spacings are also higher than that associated with
the pin ®ns.

For gas turbine blade cooling applications, it is clear from
Figs. 7 and 8 and Table 2, that under conditions of high rib
spacings and H=L P 0:24, the longitudinal ribs can o�er better
advantages in terms of both thermal-hydraulic performances
and weight considerations, when compared with the cubic and
diamond pin ®n arrays.

Fig. 7. Comparisons of the thermal characteristics of the longitudinal ribs and pin ®ns at C/H� 0.

Fig. 8. Comparisons of the frictional characteristics of the longitudinal ribs and pin ®ns at C/H� 0.
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4. Local thermal-hydraulic characteristics

4.1. Local velocity pro®les

The local velocity pro®les within the rib channels were
measured for two rib spacings, i.e. when s� 10 mm (s/t � 3.33)
and s� 5 mm (s/t � 1.67) and when C/H is zero and 0.5. The
rib height and length were 32 mm and 250 mm, respectively.
The measured velocities are the time-averaged mean values
and the maximum error of all the measured values was �5%.
The distributions are indicated by Figs. 9 and 10. For all the
cases examined the Reynolds number (as de®ned by Eq. (2))
was maintained constant at 1.38 ´ 104.

When C/H� 0, Fig. 9 shows the typical turbulent ¯ow
pro®le within the channel, and as expected, lower velocities
ensue at the rib walls due to the wall friction, which then in-
crease in magnitude as the channel center-line is approached.
Comparisons of the velocity distribution in the streamwise
direction from z/L� 0.5±0.97 show that the mean velocities at
every transverse location are varying in the streamwise direc-
tion, indicating hydrodynamic developing ¯ow conditions
within the rib channels

When C/H� 0.5, Fig. 10 shows that most of ¯ow is con-
®ned in the clearance gap above the ribs especially in the vi-
cinity of rib walls. This is to be expected, as the clearance gap is
the ¯ow path of least resistance as the ¯ow progresses through
the test section. Along the rib height, the velocity increases
quite signi®cantly from the base of the ribs to its tip, partic-
ularly at locations very near the rib wall. However along the
center-line of the channel the velocity pro®le is fairly constant
within the rib channel and in the clearance gap. It is also clear
from Fig. 10, that when C/H� 0.5, the changes in the pro®le
and magnitude of the mean velocity which ensue in the stream

wise direction from z/L� 0.5±0.97, are indicative that hydro-
dynamic developing ¯ow conditions are present within the rib
channels.

4.2. Local heat-transfer coe�cients

In order to evaluate the local heat transfer coe�cients along
the rib height and length, the local ¯uid temperatures were
measured within the complete cross-sectional area of the
channel at streamwise locations z/L� 0.5 and z/L� 0.97. The
temperature of the solid rib surfaces were measured with em-
bedded thermocouples within the high conductivity duralumin
ribs. Special care was taken to determine the local ¯uid tem-
peratures in the vicinity of the rib walls where ¯uid temperature
measurements were made within the expected thickness of the
laminar sub-layer zone. In this study, it has been assumed that
the temperature distribution within this conduction sublayer
can be described empirically (Kays and Crawford, 1980) by

T� � Prg� when g�6 13:2; �10�
which is based on Prandtl's mixing length hypothesis and in
which the normal non-dimensionalised distance from the wall
de®ning the conduction sub-layer is g�6 13:2. Under this as-
sumption, the normal distance corresponding to the conduc-
tion sub-layer in the present study would be 0.25 mm for the
considered ranges of the Reynolds number.

Initially the temperature gradient dT/dx within the con-
duction sub-layer was determined from measurements of the
local ¯uid temperature at normal distances of 0.15 mm and
0.25 mm from the rib wall (i.e. along the x-coordinates in
Fig. 2 (iii) with the probe inserted as indicated in Fig. 3) and at
several locations along the rib height (ranging from 0.156
y/H6 0.85) when z/L� 0.5. It was found that, for all the test

Fig. 9. Local velocities in rib channel when C/H� 0, s/t� 3.3, H/L � 0.13, Re� 1.38 ´ 104 at (a) z/L� 0.5, (b) z/L� 0.97.

Table 2

Variations in volume and surface areas of longitudinal ribs and pin ®ns

Longitudinal ribs Cubic/Diamond Pin Fins (Chyu et al., 1996)

H/L� 0.36 H/L� 0.24

s/t 1.5 6.7 1.5 6.7 In-Line Staggered

Vvol=V 0
vol 0.41 0.143 0.41 0.143 0.172 0.157

As/A0 8.56 3.0 6.37 2.23 0.318 0.292
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undertaken, the di�erences in the temperature gradient at these
two normal locations were less than 5% and in the regions
halfway along the rib height, these di�erences diminished to
less than 2%. The temperature gradient within the sub-layer
was hence based on the air temperature measurements un-
dertaken at a normal distance of 0.15 mm from the wall and
the local heat transfer coe�cient then determined from,

h�y� �
K dT

dx

� �
x6 g� ;y

Tb ÿ Tbulk� � ; �11�
where,

Tbulk � 1

Vbulk s� t� � C � H� � ÿ Ht� �
Z Z

TV dxdy �12�
and,

Vbulk � 1

s� t� � C � H� � ÿ Ht� �
Z Z

V dxdy: �13�
The temperature di�erential, dT, in Eq. (11) is that corre-

sponding to the di�erence between the solid rib surface and the
¯uid temperatures within the conduction sub-layer, and the
local heat transfer coe�cient is based on the rib base tem-
perature, Tb. The errors in the measurements of h are indicated

Fig. 10. Local velocities in rib channel when C/H � 0.5, s/t� 3.33, H/L� 0.13, Re� 1.38 ´ 104 at (a) z/L� 0.5, (b) z/L� 0.97.

Fig. 11. Variation of the rib local Nusselt numbers at s/t� 1.67, H/L� 0.13 and Re� 1.38 ´ 104.
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in Figs. 11 and 12 and are primarily associated in the mea-
surement of dT/dx.

The distributions of the local Nusselt numbers (based on rib
height and h) along the rib height for the two rib spacings
considered are shown by Figs. 11 and 12. In general, it was
observed that the local Nusselt number is non-uniform along
the rib height for all the cases considered. At C/H� 0, this
non-uniform distribution of Nu is due to a combination of
factors which include, the variation in the velocity pro®le at
the rib wall, the di�erent thermal boundary conditions at the
base of the ribs and that at the roof of the duct and the tem-
perature gradient in the solid rib along its height. The variation
in the velocity pro®le results in parts of the rib adjacent to the
base and the shroud to be washed by a relatively low-velocity
air. This results in higher air temperatures in these regions
compared with those prevailing within the central region of the
rib height, which is subjected to a higher velocity ¯uid. The
e�ect of a constant temperature boundary condition at the
base of the ribs also results in higher ¯uid temperatures in the
conduction sub-layer and thereby lower heat transfer coe�-
cients. And, at the roof of the duct, which is adiabatic, the ¯uid
temperature in the conduction sub-layer near the rib tip are
much lower than that at its base resulting in relatively higher
values of the local heat transfer coe�cient.

Figs. 11 and 12 also show that there are no signi®cant
di�erences in the local Nu due to changes in the rib spacing,
particularly at C/H� 0. Although at constant Reynolds num-
ber, lower bulk ¯uid temperatures and higher temperature
gradients ensue within the conduction sub-layer with the nar-
rowly spaced ribs, the bulk ¯uid temperatures are higher at the
higher rib spacing with correspondingly lower temperature
gradients in the boundary layers. Due to these e�ects Figs. 11
and 12 indicate relatively modest variations in Nu due to
changes in the rib spacing. Figs. 11 and 12 also show that Nu
reduces in the streamwise direction along the rib channel for
both the rib spacings considered, indicating that thermally
developing ¯ow conditions are prevalent.

When there is a clearance gap above the ribs, Figs. 11
and 12 illustrate that the local Nusselt numbers along most
of the rib height are much smaller than that corresponding

to C/H� 0. This is because the local velocities within the rib
channels are lower when compared to C/H � 0. This con-
sequently result in higher bulk ¯uid temperatures and lower
temperature gradients within the boundary layers at the rib
surfaces. However, as the tip of the rib is approached, the
local Nu begins to increase and attains its highest value at
the rib tip. This is to be expected, because very high veloc-
ities ensue in this region which results in lower air temper-
atures at the rib tip. Although there is also a decreasing
temperature gradient within the solid rib along the rib
height, its in¯uence on the local heat transfer coe�cient is
relatively small compared with that due to the lower bulk
¯uid temperatures within the rib channels.

When C/H� 0.5, Figs. 11 and 12 also show that the local
Nusselt numbers reduce as the ¯ow progresses down the length
of the rib channel. This is indicative that thermally developing
¯ow conditions also exist within the rib channels at C/H� 0.5.

5. Conclusions

The optimal separation of longitudinal ribs which corre-
sponded to the maximum rate of heat transfer from longitu-
dinal rib arrays were collated from a previous study, for a
range of rib heights, lengths and the magnitude of the clear-
ance gap above them. In this study it has been found that this
optimal rib separation can be described empirically by

sopt

H

� �
� 0:0359

H
L

� �ÿ0:642

Re0:023;

which has a correlation coe�cient of 0.9813 and is valid
for 0:0856H=L6 0:36; 0:0396 s=H 6 0:6; 136 L=s6 107;
06C=H 6 1 and 3:1� 1036Re6 3:4� 104. Overall, the tall
ribs yielded greater rates of heat transfer and higher optimal
rib spacings, whereas the long ribs resulted in smaller heat
transfer rates but higher optimal rib spacings.

Comparisons of the thermal performances of longitudinal
ribs with those of circular, cubic and diamond pins indicate
that under certain geometrical conditions, longitudinal ribs
can provide higher heat transfer rates and lower volume

Fig. 12. Variation of the rib local Nusselt numbers when s/t� 3.33, H/L� 0.13 and Re� 1.38 ´ 104.
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requirements compared with pin ®n con®gurations. The hy-
draulic performance of the longitudinal ribs was found to be
similar to that of the circular pin ®ns considered in this in-
vestigation.

Detailed local measurements of mean velocities and tem-
peratures within the rib channels indicated that developing
¯ow conditions existed within the rib con®gurations consid-
ered in this study. The e�ect of introducing clearance gaps
above the ribs, forced most the incoming ¯ow to be within this
clearance particularly in the vicinity of the ribs. However,
within the central symmetrical section of the channels, a near
uniform velocity pro®le results along the height of the ribs and
within the clearance gap.

The local heat transfer coe�cient distribution along the
height of the ribs for a limited range of geometries indicated
that its magnitude and pro®le was highly in¯uenced by the
amount of clearance above the ribs. Lower heat transfer co-
e�cients ensue when a clearance gap is introduced above the
ribs which varies from an almost constant value along most of
the rib height to a maximum value at the tip of the rib.
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