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Abstract

This paper presents the results of an experimental investigation of heat transfer to the airflow in the rectangular duct of an aspect ratio
10:1. The top wall surface is made rough with metal ribs of circular cross section in staggered manner to form defined grid. The rough-
ened wall is uniformly heated and the other walls are insulated. This geometry of duct closely corresponds to that used in solar air heat-
ers. The effect of grit geometry [i.e., relative roughness height of grid (e/Dh), relative roughness pitch of grit (p/e), relative length of grit
(l/s)] on the heat transfer coefficient and friction factor is investigated. The range of variation of system parameters and operating para-
meters is investigated within the limits, as e/Dh: 0.035 to 0.044, p/e: 12.5–36 and l/s: 1.72–1, against variation of Reynolds number: 4000–
17,000. It is observed that the plate of roughness parameters l/s = 1.72, e/Dh = 0.044, p/e = 17.5 shows optimum performance.
Correlations for Nusselt number and friction factor in terms of above parameters are developed which reasonably correlate the experi-
mental data.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The use of artificial roughness or turbulence promoters
on a surface is an effective technique to enhance the rate
of heat transfer to the fluid flowing in a duct [1]. However,
it would result in an increase in frictional losses leading to
more power required by fan or blower. In order to keep the
friction losses at a minimum level, the turbulence must be
created only in the region very close to the duct surface
i.e., in laminar sub layer. The surface roughness can be pro-
duced by several methods, such as sand blasting, machin-
ing, casting, forming, welding or fixing ribs of small
diameter wires to form a grid.
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A number of investigations have been carried out on
the heat transfer characteristics of channels or pipes with
roughness elements on the surface. Nikuradse [2], Nunner
[3] and Dipprey and Sabersky [4] have developed a fric-
tion similarity law and a heat momentum transfer anal-
ogy, for a flow in pipe with internal roughness. Han [5]
carried out an experimental study for a fully developed
turbulent airflow in square duct with two opposite walls
roughened by ribs. Webb and Eckert [6] developed the
heat transfer and friction factor correlations for turbulent
air flow in tubes internally roughened by rib. Han and
Zhang [7] investigated the effect of broken rib orientation
on local heat transfer distribution and pressure drop in a
square channel with two opposite walls roughened by ribs.
Liou and Hwang [8] have investigated experimentally, the
turbulent heat transfer and friction factor in a channel
with ridges of various shapes mounted on two opposite
walls.
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Nomenclature

Ac smooth plate heat transfer area, WLf (m2)
Ao orifice area, pr2 (m2)
Cd coefficient of discharge
Cp specific heat of air (J/kg k)
Dh hydraulic diameter of duct (m)
e metal grid roughness height (mm)
e/Dh relative roughness height
f fanning friction factor
H heat transfer coefficient (W/m2 k)
H air flow duct depth (mm)
K thermal conductivity of air
Lf length of test section (m)
l projected length of metal grit perpendicular to

direction of flow
s projected length of metal grit parallel to direc-

tion of flow
l/s relative length of metal grid
m mass flow rate (kg/s)
Nu Nusselt number
p metal grid rib pitch (mm)
p/e relative roughness pitch

Pr Prandtl number
DPo pressure drop in orifice (Pa)
DPd pressure drop in duct (Pa)
Q heat transfer rate (W)
Re Reynolds number
St Stanton number
Ta ambient temperature (�C)
Ti air inlet temperature (�C)
Tfm bulk mean temperature (�C)
To air outlet temperature (�C)
Tpm mean plate temperature (�C)
T1–T5 plat temperatures (�C)
v velocity of air (m/s) (m)
W width of duct (m)
W/H aspect ratio of duct (m)

Greek symbols

q density of air (kg/m3)
h rib angle of attack (deg)
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Prasad and Mullick [9] adopted artificial roughness in a
solar air heater. The roughness was promoted by fixing
small wires to increase the heat transfer surface. Prasad
and Saini [10] investigated fully developed turbulent flow
in a solar air heater duct with a small diameter profusion
wire on the absorber plate. However, it is observed that
the fixing of small wires on the absorber plate is a cumber-
some task and may not be economically feasible [11]. A
suitable geometry of roughness elements therefore needs
to be selected, which is easily available and easy to fix on
the absorber plate.

The literature survey reveals that no serious efforts have
been made to investigate the possibility of reduction in fric-
tional loss while increase in heat transfer. This paper pre-
sents experimental investigation of effect of increased
roughness on heat transfer and frictional loss in a rectangu-
lar duct. One broad wall surface is roughened with ribs in
defined grid geometry, which is exposed to uniform heat
flux. The correlations for Nusselt number and friction fac-
tor in terms of roughness parameters are developed. The
effect of system parameters [relative roughness height of
grid (e/Dh), relative roughness pitch of grid (p/e), relative
length of grid (l/s)] and operating parameter [Re] on fric-
tion factor and heat transfer is evaluated.
2. Experimental program

2.1. Experimental setup and procedure

The schematic layout of experimental setup is shown in
Fig. 1. While preparing this setup norms recommended by
ASHRAE Standards [12] are followed. The setup consist-
ing of collector with necessary duct of aspect ratio 10
(250 mm � 25 mm) is provided with centrifugal blower to
draw the air. Necessary measuring equipment and sensors
are provided at appropriate locations (Thermocouple loca-
tions on the plate are shown in Fig. 2). To maintain length
to hydraulic diameter ratio of more than 30 the proper test
section length for collector is selected as 1.5 m [13]. Collec-
tor plates of aluminium with 1 mm thickness are selected
on which artificial roughness is generated by fixing small
diameter aluminum wires in pre-defined geometry. As an
example, the geometry of plate no. 04 is shown in Fig. 3.
Table 1 gives details of roughness parameters used for dif-
ferent collector plates.

For indoor testing the collector plate is provided with a
nichrome wire heater of proper configuration to generate
uniform heat flux on 1.5 m � 0.25 m. The whole test sec-
tion is insulated after mounting the thermocouples at
appropriate locations.

The test was conducted by keeping heat input constant
and varying airflow such that the Reynolds number is
maintained in the range of 4000–17,000 and required read-
ings were recorded. All the readings are noted under steady
state conditions. The steady state for each run was found to
reach after about 1.5–2 h. This procedure was repeated for
different plates.
2.2. Data reduction

Steady state value of the plate and air temperatures in
the duct, at various locations for a given heat flux and mass
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Fig. 2. Thermocouple locations on collector plate.

Fig. 1. The schematic layout of experimental setup.
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flow rate of air, is used to determine the values of perfor-
mance parameters. Mass flow rate (m), heat transfer to
the air (q), heat transfer coefficient (h), Stanton number
St, and Nusselt number (Nu) in the duct are calculated as:

m ¼ CdAo

LfqDP 0

1� b4

� �0:5

ð1Þ

q ¼ mCpðT 0 � T iÞ ð2Þ
h ¼ q=AcðT pm � T fmÞ ð3Þ

Ac is the heat transfer area of the collector plate without
ribs. The electric heating gives a constant heat-flux. The
plate temperature varies in the direction of the airflow. In
all the calculations, a mean plate temperature, Tpm is used.
The mean plate temperature is calculated as an integral of
the mean value of the experimentally measured plate tem-
peratures. Tfm is the average fluid temperature.

The Nusselt number and Stanton number are calculated
as:

St ¼ h=qmCp ð4Þ
Nu ¼ St Re Pr ð5Þ
The friction factor is determined from the measured
value of pressure drop (DPd) across the test section length
(Lf),

f ¼ 2DP dDh

4qLfV 2

� �
ð6Þ

The thermo-physical properties of the air, employed in the
calculation of heat transfer and friction factors, are picked
up from available standard data tables, which correspond
to the average fluid temperature, Tfm. The effect of humid-
ity has been neglected since the relative humidity values
during experimentation were found to be low and variation
was small, ranging between 20% and 32%.

From the analysis of uncertainties in the measurements
by various instruments [14], the uncertainties in the calcu-
lated values of various parameters are given below.

Reynolds number = ±3.52%.
Friction factor = ±6.12%.
Nusselt number = ±6.36%.
Stanton number = ±7.48%.
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Fig. 3. Geometry of roughened surface collector plate no. 04.

Table 1
Details of the roughened plates

Plate
no.

Pitch of metal
grids, mm

Diameter
of metal
grids, mm

Rib angle of
attack, �h

p/e e/Dh l/s

02 72 2.0 60 36.0 0.044 1.72
03 48 2.0 60 24.0 0.044 1.72
04 30 2.0 60 15.0 0.044 1.72
05 25 2.0 60 12.5 0.044 1.72
06 35 2.0 60 17.5 0.044 1.72
07 28 1.6 60 17.5 0.035 1.72
08 30 1.7 60 17.5 0.038 1.72
09 26 1.4 50 17.5 0.038 1.23
10 30 1.7 45 17.5 0.038 1.00
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Fig. 4a. Nusselt number by Experimental, Gnielinski, Dittus and Boetler
equation vs Reynolds number for smooth duct.
2.3. Validity test and experimental results for smooth duct

Experimental values of Nusselt number and friction
factor of smooth duct, are compared with the values given
in the literature and are shown in Figs. 4a and 4b [15,16].
The Nusselt number correlations of Gnielinski [15] and
Dittus and Boelter [16] are given by Eqs. (7) and (8),
respectively.

Nu ¼ 0:0214ðRe0:8 � 100Þf1þ ðDh=LÞ0:66gðT fm=T pmÞ0:45Pr0:4;

for 2300 < Re < 106 ð7Þ
Nu ¼ 0:024Re0:8Pr0:4 ðfor heating of fluidÞ;

for 104
6 Re 6 1:24� 105 ð8Þ
The friction factor for a smooth rectangular duct, given by
Bhatti and Shah [16], is as below,

f ¼ ð1:0875� 0:1125H=W Þfc ð9Þ

where, fc = friction factor for the circular duct

¼ 0:0054þ 2:3� 10�8Re1:5 for 2300 < Re < 4000

¼ 1:28� 0�3 þ 0:1143Re�0:311 for 4000 < Re < 107

and the Blasius relation is

fc ¼ 0:0791Re�0:25 for 4000 6 Re 6 105 ð10Þ
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Fig. 4b. Friction factor by experimental, Blkasius and Bhatti and Shah
correlation vs Reynolds number for smooth duct.
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Fig. 5. Plate temperature distributions along the length of the test duct.
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The maximum deviation of Nusselt number is found to be
6.5% of the values predicted by Eqs. (7) and (8). The stan-
dard deviation of present experimental friction data is
found to be ±5.2% for the duct aspect ratio of 10, from
the values predicted by Eqs. (9) and (10). Thus, there is a
reasonably good agreement between the predicted values,
from Eqs. (7) to (10), and the experimental values of the
Nusselt number and friction factor. This ensures the accu-
racy of the experimental data obtained from the present
setup.
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Fig. 6a. Nusselt numbers as a function of Reynolds number for different
value of p/e and for fixed value of e/Dh and l/s.
3. Results and discussion

Fig. 5 shows the variation of temperature of plate and
air along the length of roughened test duct. The straight
line represents the longitudinal distribution of air temper-
ature. This pattern of temperature variation is similar to
that of Han [5] and Karwa et al. [13]. Similar pattern is
observed for all collector plates with minor variation of
±0.5 �C. The temperature difference between air and col-
lector plate is observed to be constant from length of 6–8
times hydraulic diameter on downstream side of test sec-
tion. This indicates that, after 6–8 times hydraulic diam-
eter length, the fully developed temperature profile is
established. Thus the entrance region is quite short and
the entrance length provided in the present experimental
setup is sufficient. It is seen that the (Tpm � Tfm) in the
developing region is slightly higher (3 �C) than developed
region (30 �C). Thus, heat transfer coefficient in the
developing region is 10% higher than that of developed
region.

Figs. 6, 7 and 8 show the variation of Nusselt number
and friction factor with Reynolds number. Nusselt number
and friction factor are the functions of system geometry
and operating parameters. The trend shows that Nusselt
number increases with Reynolds number, whereas the fric-
tion factor decreases and approaches nearly a constant
value. It is also observed that the Nusselt number increases
with the Reynolds number for the roughened as well as for
smooth surfaces, but the rate of increase is more for the
roughened surface as compared to the smooth surface.
Also, it is observed that the Nusselt number increases with
increase in surface roughness. At low Reynolds number,
the Nusselt number for all types of surface approach
almost same value, which might be due to less disturbance
of laminar sub-layer. The laminar sub-layer acts as the
major component of resistance for heat transfer. This layer
is disturbed by roughened surface at higher Reynolds num-
ber; hence the boundary layer thickness reduces. This
reduction in the boundary layer thickness increases the
heat transfer rate. In addition to this, local contribution
to the heat removal by the vortices is originated from the
roughness element. The shedding of vortices also causes
additional loss of energy resulting in increased friction fac-
tor. Thus, the Nusselt number and friction factor for
roughened surfaces deviate from that of the smooth
surface.
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Figs. 6a and 6b depict the Nusselt number and the fric-
tion factor as a function of Reynolds number for different
values of relative roughness pitch (p/e): 12.5, 17.5, 19, 24,
36 and for fixed value of relative roughness height (e/Dh)
0.044 and relative length of metal grid (l/s) 1.72. Fig. 6a
shows that the Nusselt number increases with decrease in
relative roughness pitch of metal grid ribs. But at a low rel-
ative roughness pitch (p/e = 12.5) of metal grit ribs, the
rate of increase of Nusselt number decreases. The eddies
formed at low value of relative roughness pitch (i.e.,
p/e = 12.5) offer higher degree of disturbance to the lami-
nar sub layer as compared to the roughened surfaces with
higher value of p/e and hence the rate of increase of Nusselt
number starts decreasing above these roughness values.

The variation of friction factor with Reynolds number is
shown in Fig. 6b for different values of relative roughness
pitch. The nature of variation is similar for all type of sur-
faces, but they differ appreciably. It is observed that the
surface with roughness parameter p/e = 12.5 has maximum
roughness factor. However, the surface with roughness



0

0.5

1

1.5

2

2.5

3

3.5

0 5000 10000 15000 20000
Re

Plate 4

Plate 5

Plate 8

Plate No  07

Plate No  05

Plate No  08

   
   

 (S
t r

/ S
t s)

 / 
(f r

/f s
)1.

3

Fig. 10. Thermohydraulic performance vs Reynolds number.

4348 S.V. Karmare, A.N. Tikekar / International Journal of Heat and Mass Transfer 50 (2007) 4342–4351
parameter p/e = 17.5 has shown maximum heat transfer
rate. It mains that, within the boundaries of the experimen-
tal work, the surface with roughness parameter p/e = 17.5
gives the best performance.

Similarly, Figs. 7a and 7b shows the plots of Nu and f as
function of Re for relative roughness height, e/Dh values of
0.035, 0.038, 0.044, and at a fixed value of l/s = 1.72 and
p/e = 17.5. From this plot, it can be observed that the Nus-
selt number increases with e/Dh, which may be attributed
to the increase in roughness height leading to the penetra-
tion of roughness elements in the laminar sub-layer, caus-
ing increase in Nu.

Figs. 8a and 8b show the similar trend of Nusselt num-
ber and friction factor for the roughness parameters (l/s):
1.00, 1.23, 1.72 at a fixed (e/Dh): 0.38 and (p/e): 17.5. These
results are in good agreement with those reported by Pra-
sad and Saini [11].

In general, it can be said that the enhancement of heat
transfer for any type of rib roughness on the plate surface
is caused due to the increased turbulence at adjacent wall.
The additional enhancement observed might be due to the
contribution of the secondary flow of air along the ribs,
which carry the heated air away from the plate surface.

In case of different configurations like inclined, discrete,
continuous and V-arrangement of roughened surfaces, the
secondary air flows towards the sidewalls of duct. The tem-
peratures are higher on the leading edge side of the ribs
than the trailing edge side because of the secondary airflow
near the rib side due to the inclinations of the ribs [17].
Such variation in outlet air temperature in transverse direc-
tion for continuously inclined, discrete and V-arrange-
ments are found by Karwa et al. [17]. In the present
work it is observed that, the temperature variation, in the
transverse direction is appreciably low, as shown in
Fig. 9. This is caused due to the short distance movement
of the secondary airflow. The discrete ribs arrangement
causes better mixing of the secondary and primary flows,
which results in higher heat transfer rate.
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Fig. 10 represents the thermo-hydraulic performance
ratio as a function of Reynolds number for the plate
numbers 05, 07 and 08, for the search of optimum perfor-
mance. It is seen that plate number 05 yields higher
thermo-hydraulic performance as compared to that of
plate number 07 and 08. Hence, parameters of plate num-
ber 05 can be used to yield optimum performance for heat
transfer and friction characteristics.
4. Correlations for Nusselt number and friction factor

It is seen that Nusselt number and friction factor are
effective functions of flow and roughness characteristics,
viz., flow Reynolds number (Re) and roughness dimensions
of relative length (l/s), relative roughness height (e/Dh) and
relative roughness pitch (p/e). The functional relationships
for Nusselt number and friction factor can therefore be
written as:

Nu ¼ f1ðRe; l=s; e=Dh; p=eÞ ð11Þ
f ¼ f2ðRe; l=s; e=Dh; p=eÞ ð12Þ
4.1. Correlation for Nusselt number

Fig. 11 depicts the experimental data points represented
by Nusselt number vs Reynolds numbers plot. A regression
analysis to fit a straight line through data points yields

Nu ¼ A0ReA1 ð13Þ

It is seen that the constant A0 is the function of other influ-
encing parameters. Now taking the relative roughness
height of metal grids (e/Dh) as a parameter into consider-
ation, the value of Nu/ReA1 (=A0) corresponding to all val-
ues of e/Dh is plotted against e/Dh, as shown in Fig. 12.
Regression analysis to a straight line through these points
yields

Nu=ReA1 ¼ B0ðe=DhÞB1 ð14Þ
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Such a relationship indicates a group of plots of Nusselt
number as a function of relative roughness height of metal
grid (e/Dh), each plot being drawn for a given value of flow
and all other roughness parameters. Here H0 is a function
of other influencing parameters.

Now, considering the relative length of metal grids (l/s)
as a parameter, the value of Nu/[ReA1(e/Dh)B1](=H0) is
plotted against l/s in Fig. 13.

The regression analysis to fit a straight line through
these points yields

Nu=½ReA1ðe=DhÞB1� ¼ C0ðl=sÞC1 ð15Þ
This can be written as

Nu=½ReA1ðe=DhÞB1ðl=sÞC1�ð¼C0Þ
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Fig. 12. Plot of Nu/Re1.3 vs e/Dh.
where, C0 is a function of parameter p/e. Such a relation-
ship indicates the Nusselt number plots, presented as a
function of l/s for given values of other parameters.

Finally, a plot of Nu/[ReA1(e/Dh)B1(l/s)C1](=C0) as a
function of parameter p/e, as shown in Fig. 14 used to fit
a straight line through data points, yields,

Nu=½ReA1ðe=DhÞB1ðl=sÞC1� ¼ D0ðp=eÞD1
: ð16Þ

This can be written as Nu/[ReA1(e/Dh)B1(l/s)C1(p/e)D1]�
(=D0).

The values of constants A1, B1, C1, D1 and D0 are indi-
cated in Figs. 11–14.

These values result in the following relationship for
Nusselt number:
Nu= 2.4x 10-3(Re1.3)(e/Dh
0.42)( l/s-0.146)(p/e-0.27)
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Nu¼ 2:4�10�3�ðReÞ1:3�ðe=DhÞ0:42�ðl=sÞ�0:146�ðp=eÞ�0::27

ð17Þ
1
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l / s 
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R
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Fig. 17. Plot of f=½ðRe�0:26Þðe=D0:91
h Þ� vs l/s.
4.2. Correlation for friction factor

A similar procedure is employed and a correlation is
developed for friction factor. Figs. 15–18 depict the steps
of obtaining such a relationship in the following form:

f ¼ 15:55� ðReÞ�0:26 � ðe=DhÞ0:91 � ðl=sÞ�0:27 � ðp=eÞ�0:51

ð18Þ

Figs. 19 and 20 show the comparison of Nusselt number
and friction factor between the experimental values and
those predicted by the respective correlations (17) and
(18). The average absolute percentage deviation between
the experimental and predicted values is found to be within
2% and 7%.
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Fig. 15. Plot of friction factor vs Reynolds number.
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5. Conclusion

This paper presents an experimental investigation of
heat transfer performance of a rectangular duct with metal
grit ribs as roughness elements employed on one broad
wall, transferring heat to the air flowing through it. The
broad wall is subjected to uniform heat flux. The effect of
relative length, height and pitch of metal grid ribs on the
heat transfer and friction factor studied for the flow range
of Reynolds numbers 4000–17,000. The main findings of
the study are:

1. The presence of metal grit ribs on collector surface of
the duct yields up to two-fold enhancement in the Nus-
selt number and three-fold enhancement in the friction
factor, for the range of Re (4000–17,000), l/s (1.00–
1.72), e/Dh (0.035–0.044) and p/e (12.5–36).

2. Plate no. 05 [roughness parameters: l/s = 1.72, e/Dh =
0.044, p/e = 17.5] shows the highest heat transfer perfor-
mance yielding highest heat transfer coefficient, where as
Plate No. 06 [roughness parameters: l/s = 1.72, e/Dh =
0.044, p/e = 12.5] yielded highest friction factor.

3. Optimum performance is observed for the Plate no. 05
having roughness parameters l/s = 1.72, e/Dh = 0.044,
p/e = 17.5 for the range of parameters studied.
(Enhancement in Nusselt number was found to be
187% and the friction factor increased by 213%).

4. Based on the experimental data, correlations are devel-
oped for Nusselt number and friction factor. These are
fairly in agreement with the experimental and predicted
values.
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