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Abstract

An experimental investigation on heat and fluid flow characteristics of fully developed turbulent flow in a rectangular duct having
repeated integral transverse chamfered rib-groove roughness on one broad wall has been carried out. Experiments encompassed the
Reynolds number range of 3000–21,000; relative roughness pitch of 4.5–10, chamfer angle of 5�–30�, relative groove position of 0.3–0.6
and relative roughness height of 0.022–0.04. The effect of roughness parameters on Nusselt number and friction factor have been discussed
and the results are compared with the results of square rib-grooved and smooth duct under similar flow conditions. The conditions for the
best performance have been determined. Correlations for the Nusselt number and friction factor have been developed as a function of
roughness parameters and flow Reynolds number.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Use of artificial roughness in the form of repeated ribs
has been found to be an efficient method of enhancing
the heat transfer to fluid flowing in the duct. The applica-
tion of artificial roughness in the form of fine wires and ribs
of different shapes has been recommended to enhance the
heat transfer coefficient by several investigators [3–
5,7,8,10,13,14]. It has been found that the main thermal
resistance to the convective heat transfer is due to the pres-
ence of laminar sub-layer on the heat-transferring surface.
The ribs break the laminar sub-layer and create local wall
turbulence due to flow separation and reattachment
between consecutive ribs, which reduce the thermal resis-
tance and greatly enhance the heat transfer. However, the
use of artificial roughness results in higher friction and
hence higher pumping power requirements. Therefore, it
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is desirable that the turbulence should be created in the
vicinity of the wall, i.e. only in the laminar sub-layer
region, which is responsible for thermal resistance. Hence,
the efforts of researchers have been directed towards find-
ing the roughness shape and arrangement, which break
the laminar sub-layer, enhance the heat transfer coefficient
most with minimum pumping power penalty. Nikuradse
[9], Dipprey and Sabersky [1] developed a friction similarity
law and a heat momentum transfer analogy for flow in
rough tubes. Webb and Eckert [13] developed the heat
transfer and friction factor correlations for turbulent air
flow in tubes having repeated rib roughness. Han [4] car-
ried out an experimental study for the fully developed tur-
bulent airflow in square ducts with two opposite rib
roughened walls. Liou and Hwang [7,8] utilized a real time
Laser Holographic Interferometry [LHI] to measure the
local as well as average heat transfer coefficient and com-
pared the performance of square, triangular and semi-cir-
cular ribs and showed that the square ribs give best heat
transfer performance among them. Zhang et al. [14]
reported that the addition of grooves in between adjacent
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Nomenclature

Ap absorber plate area (m2)
Cp specific heat of air (J/kg K)
Dh hydraulic diameter (m)
e rib height, groove depth (m)
e=Dh relative roughness height
f fanning friction factor
fc fanning friction factor for circular duct
G mass velocity of air (kg/s m2)
g groove distance from rib centre line (m)
g/P groove relative distance
H duct depth (m)
h heat transfer coefficient (W/m2)
k thermal conductivity of air (W/m K)
Lf pressure taps distance (m)
_m mass flow rate (kg/s)
Nu Nusselt number, =hDh/k
P rib pitch
P/e relative roughness pitch

Qu heat transfer rate (W)
Re Reynolds number, =GDh/l
Tfm bulk mean air temperature = T o � T iÞ/2 (�C)
Ti inlet air temperature (�C)
To outlet air temperature (�C)
Tpm mean plate temperature (�C)
W width of the duct (m)
W/H duct aspect ratio
dp pressure drop through duct (Pa)
q density of air (kg/m3)
l dynamic viscosity of air (Pa s)
/ chamfer angle (�)
b ratio of orifice diameter to pipe diameter

Subscript

s smooth duct
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square ribs enhance the heat transfer capability of the sur-
face considerably with nearly same pressure drop penalty.
Most of these investigations have been conducted for a tur-
bine blade cooling design to optimize the ridge geometry in
order to obtain the best heat transfer coefficients for either
a given cooling rate or an available pressure drop across
the cooling passage. It has recently been proposed by sev-
eral investigators that providing artificial roughness on
the underside of its absorber plate could substantially
enhance the heat transfer capability of a solar air heater.
Prasad et al. [10] and Gupta et al. [3] carried out studies
on rectangular duct with protrusion of circular wire rough-
ness on the heated wall. Karwa et al. [5] experimented on
integral chamfered rib-roughness on the heated wall. They
reported that chamfer angle of 15� gives maximum heat
transfer. It is reported by Webb and Eckert [13] that square
ribbed surface having relative roughness pitch (P/e) less
than 8 does not reattaches the free shear layer. While
Zhang et al. [14] observed that deploying of groove in
between the ribs enhances the turbulences as well as
reattaches the free shear layer nearer to the rib. Chamfering
the rib top also makes the reattachment of the flow further
closer to the rib. It appears that it will be fruitful to
investigate an artificially roughened surface with optimally
chamfered rib combined with grooves present between two
ribs in order to achieve further decrease in relative rough-
ness pitch and enhancement of heat transfer rate from such
a surface. In view of the above an experimental investiga-
tion has been planned to investigate the heat and fluid flow
characteristics of artificially roughened surface with cham-
fered rib-grooved roughness. The details of the experimen-
tal set-up, data collection and processing and the results are
being presented in the following sections.
2. Roughness geometry and range of parameters

Fig. 1 shows the general geometry of the roughened
plate having artificial roughened in the form of chamfered
repeated ribs with grooves in between the ribs. The cross
section of roughness can be described by the values of rib
height, e, rib pitch, P, chamfer angle, / and groove posi-
tion between the ribs, g. In this study the rib height equals
the groove depth for the entire roughened surfaces. These
parameters have been expressed in the form of the follow-
ing dimensionless roughness parameters:

(i) Relative roughness pitch, P/e.
(ii) Relative roughness height, e/Dh.

(iii) Relative groove position, g/P.

The range of parameters for this study has been decided
on the basis of practical considerations of the system and
operating conditions of the solar air heater and is given
in Table 1. The minimum rib height was chosen such that
the laminar sub-layer would be of the same order as rough-
ness height at the lower flow Reynolds number. The max-
imum rib height was 2 mm so that the flow passage
blockage effects are negligible.

3. Experimental program

3.1. Experimental apparatus

The schematic diagram of the experimental set-up
including the test section is shown in Fig. 2. The flow sys-
tem consists of an entry section, an exit section, a flow
meter and a centrifugal blower. The duct is 2600 mm long,



Table 1
Range of parameters

Reynolds number, Re 3000–21,000
Relative roughness height, e=Dh 0.022–0.04
Relative roughness pitch, P=e 4.5–10
Groove position to pitch ratio, g=P 0.3–0.6
Chamfer angle, / 5–30�

Fig. 1. Rib geometry.
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150 mm wide and 30 mm deep and is fabricated from ply-
wood panels of 19 mm thickness. The test section is
1200 mm long and has a cross section of 150 mm
width � 30 mm depth. The entry and exit lengths were
800 mm and 600 mm, respectively. It may be noted that
ASHRAE Standard 93–77 recommends minimum entry
and exit length of 5

ffiffiffiffiffiffiffiffiffi
WH
p

and 2.5
ffiffiffiffiffiffiffiffiffi
WH
p

, i.e. 336 mm and
168 mm, respectively. Consequently, the flow can be
assumed to be fully hydraulically developed in almost the
Fig. 2. Experim
entire test section. An electric heater having a size of
1200 mm � 150 mm was fabricated by combining series
and parallel loops of heating wire wound on asbestos sheet,
to provide constant surface heat flux. The backside of the
heater is insulated with 50 mm glass wool and 19 mm ply-
wood panels to minimize the heat losses. The absorber
plate is 6 mm thick aluminum plate with integral rib rough-
ness prepared on its bottom side by machining (i.e. on top
broad side of the air flow rectangular duct) as shown in
Fig. 2. The topside of the entry and exit section of the duct
is covered with smooth commercial available 12 mm ply-
wood panels. The mass flow rate of air through the duct
is measured by means of a calibrated orifice meter (cali-
brated against a standard Pitot tube) in the flow line con-
nected with an inclined manometer, and the control valve
provided to regulate the flow. The coefficient of discharge
of the orifice plate having the mean value of 0.612 with
ental set-up.



Fig. 3. Location of thermocouples on the absorber plate.
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standard deviation of r = ±0.005 have been used during
computation. The copper-constantan of 0.3 mm diameter
(24 SWG) thermocouples have been used to measure the
average air and absorber plate temperatures at different
locations as shown in Fig. 3. The thermocouples output
is fed to a digital voltmeter through a selector switch and
is used to indicate the output of the thermocouples in �C.
The temperature measurement system is calibrated to yield
temperature value within ±0.1 �C. The pressure drops
across a 1000 mm length of test section is measured by a
micro-manometer of ACIN–Betz type, having a least count
of 0.1 Pa.

3.2. Experimental procedure

The test runs to collect relevant heat transfer and flow
friction data under steady state conditions were conducted.
Sixty-one numbers roughened surfaces of varying geome-
tries have been used for the study in addition to a smooth
duct for which data under similar conditions have been col-
lected for the purpose of comparison with roughened
ducts. Eight values of flow rates were used for each rough-
ened surface at a fixed heat flux. It takes about 2–3 h to
attain a steady state before the data were recorded. The fol-
lowing parameters were measured:

(i) Temperatures of the heated plate at 16 points (12
along axial direction and four in span wise direction).
0

5

10

15

20

25

30

35

40

45

50

55

60

0 4 8 12 16 20 24

X/Dh

T
em

pe
ra

tu
re

 (
  o C

)

Plate temperature

Air temperature

P/e = 6
g/P = 0.4
e/Dh = 0.03

=18o
Re = 10000 Φ

Fig. 4. Plate and air temperature profile along the length of the test duct.
(ii) Inlet air temperature.
(iii) Outlet air temperature at five points in the span wise

direction of the duct (Fig. 3).
(iv) Pressure drop across the test section recorded under

adiabatic (without heating) condition.
(v) Pressure difference across the orifice meter.

Fig. 4 shows the typical variations of plate and air tem-
peratures along the length of the roughened test duct. As
the heater maintains constant surface heat flux, the longitu-
dinal distribution of the air temperature has been repre-
sented as a straight line connecting the measured mean
values of temperatures at the inlet and the exit of the duct.
For all the plates, the span wise plate temperature has been
found to be nearly uniform with a deviation of ±0.5 �C.
After a downstream distance, ranging from 5 to 6 hydraulic
diameters, the gradient of plate temperature has been
found to be nearly constant as can be seen from Fig. 4,
indicates establishment of the thermally fully developed
flow. It has been found that the departure of plate temper-
ature from fully developed constant gradient line is small
and its effect on the average value of mean plate and mean
bulk air temperature difference that is Tpm � Tfm, can be
neglected. The drop in the plate temperature near the end
section appears to be due to the end effect. This effect
observed here is similar to that observed by Gupta [3]
and Karwa et al. [5].
4. Data processing

Mass flow rate, _m of air has been determined from the
pressure drop DPo (measured across the orifice plate, hav-
ing area of cross section of the orifice plate Ao) using the
following relation.

_m ¼ CdAo
2qðDP Þo
1� b4

� �0:5

ð1Þ

The heat transfer coefficient for the test section is calcu-
lated from:

h ¼ Qu=ApðT pm � T fmÞ ð2Þ

where, the heat transfer rate Qu, to the air is given by:

Qu ¼ _mCpðT o � T iÞ ð3Þ
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Ap is the heat transfer area, assumed to be the correspond-
ing smooth plate area. Since, the plate temperature changes
along the stream-wise direction, the mean plate tempera-
ture designated as Tpm, the area weighted mean value of
the experimentally obtained plate temperatures has been
employed and Tfm is the bulk mean air temperature. The
heat transfer coefficient, h, has been used to determine
the Nusselt number as, (Nu = hDh/k). The friction factor
was determined from the measured values of pressure drop,
dp across the test length (Lf) of 1.0 m (between two points
at 640 mm and 1640 mm from inlet) using the equation:

f ¼ 2ðdpÞqDh=4Lf G
2 ð4Þ

where G ¼ _m/WH is the mass velocity of air.
The thermo-physical properties of air employed in the

calculation of heat transfer and friction parameters were
picked up from available tables in Duffie and Beckman
[2] corresponding to average air temperature. Further, the
effect of humidity on thermo-physical properties has been
neglected since the relative humidity values during the
experimentation were low and variation was small, ranging
between 20% and 35%.

The uncertainties [6] of the values of the Reynolds num-
ber, Nusselt number and Friction factor are estimated to be
±1.05, ±2.56 and ±7.97%, respectively for Re = 3000 and
those for Re = 20,000 are ±0.97, ±6.18 and ±1.76%,
respectively.
5. Validity test

Experimentation on roughened plates was preceded by
data collection on smooth rectangular duct. The values of
Nusselt number and friction factor obtained from this
experiment on smooth rectangular duct have been com-
pared in Fig. 5a and b with corresponding values obtained
from correlation given by Dittus and Boelter [11] and by
Kakac and Shah [12] for Nusselt number and friction fac-
tor, respectively.

These correlations are given below for ready reference,

Nu ¼ 0:023 Re0:8Pr0:4 ð5Þ

for 104
6 Re 6 1:24� 105 and
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where, fc is the friction factor for circular duct and is given
by Prandtl–Karman–Nikuradse equation [12] as

1=
ffiffiffiffi
fc

p
¼ 1:7372 lnðRe

ffiffiffiffi
fc

p
Þ � 0:3946 ð7Þ

for 4000 < Re < 107 and the Blasius relation, for fc in the
Reynolds number range of 4000 6 Re 6 105 is

fc ¼ 0:0791 Re�0:25 ð8Þ

The average absolute deviations of the experimental values
of Nusselt number and friction factor from those predicted
by correlation has been found to be are 2.49% and 2.32%,
respectively, while the maximum deviation for Nusselt
number and friction factor are 3.29% and 3.43%, respec-
tively. Thus, a good agreement between the predicted and
experimental values ensures the accuracy of the experimen-
tal data collected with the present set-up.

6. Results and discussion

The effects of various flow and roughness parameters on
the heat transfer and friction characteristics for flow of air
in a rectangular duct are presented below. Results have
also been compared with those of the smooth duct under
similar flow and thermal boundary conditions to determine
the enhancement in the heat transfer coefficient and friction
factor.

Fig. 6a and b show the variation of Nusselt number and
friction factor as a function of relative roughness pitch with
fixed values of relative roughness height, chamfer angle and
relative groove position. It can be seen that the Nusselt
number increases with an increase in Reynolds number in
all cases as expected, whereas the friction factor decreases
with the increase in Reynolds number. Chamfered rib-
groove duct can be seen to yield higher Nusselt number
as compared to the square rib-groove duct as is evident
from the comparison of such plots with that of square
rib-groove roughness having relative roughness pitch of
10. Smooth conventional surface have also been plotted
in this figure for the purpose of comparison. The increase
in the Nusselt number and friction factor can be attributed
to the more frequent shedding of vortices with the chamfer-
Smooth duct
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Fig. 6. (a) Nusselt number and (b) Friction factor as a function of
Reynolds number.
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ing of the ribs and an additional vortices created by the
grooves causing greater heat removal from the surface as
well as higher frictional loss.

The results presented in Fig. 6a and b are re-plotted in
Fig. 7a and b to bring out the effect of relative roughness
pitch on Nusselt number and friction factor. In these plots,
the Nusselt number and friction factor has been plotted as
a function of relative roughness pitch at few selected
Reynolds numbers namely 5000, 10,000, 15,000 and
20,000. It is seen that for each Reynolds numbers Nusselt
number increases with an increase of relative roughness
pitch attains a maxima for relative roughness pitch of
about 6 and it decreases with further increase in relative
roughness pitch whereas the maxima for friction factor
appears at a relative roughness pitch of about 7.

Fig. 8a and b shows the effect of relative groove position
(g/P) on Nusselt number and friction factor. It can be seen
that the Nusselt number and friction factor both increase
with the relative groove position attains a maxima at rela-
tive groove position of about 0.4 and decrease with further
increase in relative groove position.

Fig. 9a and b shows the effect of chamfer angle on
Nusselt number and friction factor. It can be seen that
the Nusselt number increases with increase in chamfer
angle attains its maxima at about chamfer angle of 18�
and it decreases with further increase in chamfer angle.
While the friction factor increases with increase in chamfer
angle and becomes nearly asymptotic at higher Reynolds
number range. Thus, the increase in Nusselt number and
friction factor with the increase in the chamfer angle from
0� to 18� can be attributed to that the increase in chamfer
angle deflects streamlines towards the wall reattach earlier
and causes more frequent shedding of vortices as well as
greater turbulence and heat removal from the surface and
more frictional loss. The observation reveals that at around
18� chamfer angle the turbulence due to the shedding of
vortices reaches its maximum and further increase in cham-
fer angle may separate flow from the rib top surface and
generates boundary layer which decreases the heat transfer
and the friction factor increases monotonously due to the
creation of vortices, caused by separation of flow.
Fig. 10a and b shows the effect of relative roughness height
(e/Dh) on Nusselt number and friction factor. It reveals
that both the Nusselt number and the friction factor
increase monotonously with increase in relative roughness
height for all the Reynolds number, but the rise in Nusselt
number is less than that of the friction factor.
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Fig. 11a and b has been drawn to depict the effect of
chamfered rib-groove roughness on Nusselt number and
friction factor as a function of chamfer angle for fixed
values of relative roughness pitch (P/e = 10), relative
groove position (g/P = 0.4) and relative roughness height
(e/Dh = 0.03). It can be seen that there is a substantial
enhancement caused as a result of providing artificial
roughness in the form of chamfered groove roughness.
The Nusselt number ratio enhancement achieved varies
from 2.0 to 2.6 for the entire data collected from this inves-
tigation revealed that the chamfered rib-groove roughness
with relative roughness pitch of 6, groove position to pitch
ratio of 0.4, chamfer angle of / = 18� and relative rough-
ness height of 0.04 yields the maximum Nusselt number
enhancement, in the order of 3.24 times that of smooth sur-
face at Reynolds number 21,000, while the friction factor is
of 3.78 times that of smooth surface.
7. Correlation for Nusselt number and friction factor

It is observed in previous discussion that the average
Nusselt number and friction factor are strong functions
of flow and roughness characteristics, namely flow Rey-
nolds number (Re) and the roughness dimensions of rela-
tive roughness pitch (P/e), relative groove position (g/P)
chamfer angle (/) and relative roughness height (e/Dh).
The functional relationship for Nusselt number and fric-
tion factor can therefore be written as:

Nu ¼ NuðRe; P=e; g=P ;/ and e=DhÞ
f ¼ f ðRe; P=e; g=P ;/ and e=DhÞ

ð9Þ

A statistical correlation is developed on the basis of regres-
sion analysis of the experimental data obtained in this
work. The Nusselt number as a function of Reynolds num-
ber for the entire data corresponding to all 61 roughened
plates (in all, 488 data points) of chamfered rib-groove
roughened surface are plotted on log–log scale and the
regression analysis to fit the straight line through these data
points yields the relation between the Nusselt number and
Reynolds number as:

Nu ¼ A0Re0:92 ð10Þ
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The coefficient A0 in Eq. (10) is dependent on other
influencing parameters e.g. relative roughness height
(e/Dh), relative roughness pitch (P/e), chamfer angle (/)
and relative groove position (g/P). Now in order to find
out the dependence on relative roughness height of the
rib, the value of Nu/Re0.92 is plotted as a function of e/
Dh on log–log scale. A regression analysis to fit a straight
line through data point’s yields;

Nu=Re0:92 ¼ B0ðe=DhÞ0:52 ð11Þ
The coefficient B0 in Eq. (11) is a function of other influ-

encing parameters e.g. P=e;/ and g/P. In order to get the
dependence of Nusselt number on chamfer angle /, has
been plotted as a function of chamfer angle /, on log–log
scale. The regression analysis to fit a quadratic curve
through the data points yields the relation in the form,

ln½Nu=Re0:92ðe=DhÞ0:52� ¼ ln C0 þ C1 ln /þ C2ðln /Þ2

Using the coefficients of C1 and C2 obtain from regression
and rearranging the relation yields;

Nu=fRe0:92ðe=DhÞ0:52g ¼ C0/
1:24 exp½�0:22ðln /Þ2� ð12Þ
where C0 in Eq. (12) is dependent on the parameters P/e
and g/P. In order to incorporate the effect of P/e on
Nusselt number, the value of Nu/{Re0.92(e/Dh)0.52/1.24

exp[�0.22(ln/)2]} is plotted as a function of relative rough-
ness pitch, (P/e). A regression analysis to fit a second order
polynomial on log–log scale through these data points
yields the relation as:

Nu=fRe0:92ðe=DhÞ0:52/1:24 exp½�0:22ðln /Þ2�g

¼ D0ðP=eÞ1:72 exp½�0:46flnðP=eÞg2� ð13Þ

where D0 is a function of the left out parameter, g/P and in
similar way the dependence on g/P is obtained which yields
the final correlation for Nusselt number as:

Nu ¼ 0:00225Re0:92 e
Dh
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� �1:72 g
P

� ��1:21

/1:24

� ½expf�0:22ðln /Þ2g� exp �0:46 ln
P
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� �2
( )" #

� exp �0:74 ln
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Fig. 12. Comparison of predicted vs. experimental values of Nusselt
number.

A. Layek et al. / International Journal of Heat and Mass Transfer 50 (2007) 4845–4854 4853
The comparison between the Nusselt number obtained
from experimental observation and those predicted by the
correlating Eq. (14) has been plotted in Fig. 12, which
shows that about 93% (456 out of 488) of the predicted
data points lie within ±5% deviation lines of the experi-
mental results. Thus, the correlation can predict the values
of Nusselt number quite satisfactorily in the range of
parameters investigated (viz. Re, e=Dh; P=e; g=P and /)
during the present work as shown in Table 1. The regres-
sion data for the correlation has the average absolute per-
centage deviation of 2.8% and the regression coefficient of
0.98. A similar procedure has been employed to develop a
statistical correlation for friction factor on the basis of
regression analysis of the experimental data obtained in
this work corresponding to all 61 roughened plates (in
all, 488 data points) having chamfered rib-groove rough-
ness. Final correlation for friction factor that has been
developed can be written as:
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Fig. 13. Comparison of predicted vs. experimental values of friction
factor.
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Fig. 13 shows the comparison of experimental values of
friction factor and those predicted by the correlating Eq.
(15), about 93% (455 out of 488) of the predicted data
points lie within ±5% deviation lines of the experimental
results. Thus, the present correlation for friction factor
can predict the values quite satisfactorily in the range of
parameters investigated (viz. Re, e=Dh; P=e; g=P and /)
during the present work as given in Table 1. The regression
data of this correlation has the average absolute percentage
deviation of 2.4% and the regression coefficient of 0.98.

8. Conclusions

Based on the experimental results of heat and fluid flow
in rectangular duct with transverse chamfered rib-groove
roughness on one broad wall, which is subjected to uniform
heat flux the main findings are:

1. As compared to smooth surface the roughened surface
can yields a maximum of about 3.24-fold and 3.78-fold
increase in the Nusselt number and friction factor,
respectively in the range of parameters investigated.

2. The maximum heat transfer enhancement occurs for the
relative roughness pitch of 6 and relative groove posi-
tion of 0.4.

3. The highest Nusselt number occurs for chamfer angle of
18� but the friction factor increase monotonously with
an increase in chamfer angle.

4. Statistical correlations have been developed for Nusselt
number and friction factor as a function of roughness
and flow parameters. These correlations have been
found to predict the Nusselt number and friction factor
values with average absolute percentage deviation of
2.8% and 2.4%, respectively in the range of parameters
investigated.
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