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The use of artificial roughness in a solar air heater duct has been proposed to be an excellent option to
enhance the heat transfer from absorber plate to the air. This paper presents an experimental investiga-
tion on heat transfer and friction characteristics of solar air heater ducts with integral repeated discrete
square ribs on the absorber plate. The effect of geometrical parameters, especially, the gap width and gap
position has been investigated. The roughened duct has a width to height ratio (W/H) of 5.83. The relative
gap position (d/W) and relative gap width (g/e) has been varied from 0.16 to 0.5 and 0.5–2.0, respectively.
Experiments have been carried out for the range of Reynolds number from 3000 to 18,000 with the rel-
ative roughness pitch (P/e) range of 4–10; relative roughness height (e/D) range of 0.018–0.037; and angle
of attack (a) range of 30–90�. The optimum values of parameters for rib arrangement have been obtained
and discussed. For Nusselt number, the maximum enhancement of the order of 2.83 times of the corre-
sponding value of the smooth duct has been obtained, however, the friction factor has also been seen to
increase by 3.60 times of that of the smooth duct. The maximum enhancement is observed at a relative
gap position of 0.25 for relative gap width of 1.0, relative roughness pitch of 8.0, angle of attack of 60� and
relative roughness height of 0.037. Based on the experimental data, correlations for Nusselt number and
friction factor have been developed as function of roughness parameters of inclined discrete square ribs
and flow Reynolds number.

� 2009 Published by Elsevier Ltd.
1. Introduction Analytical methods for predicting the heat transfer coefficient
Thermal performance of a conventional solar air heater has
been observed to be poor because of the low value of convective
heat transfer coefficient between the absorber plate and the work-
ing fluid even for turbulent flow. It was reported that the thermal
resistance for the convective heat transfer is mainly caused by the
viscous sub-layer developed at the heat-transferring surface.
Therefore, efforts have been generally made to destroy or break
this sub-layer. The use of artificial roughness, in addition to
enhancing heat transfer coefficient considerably, results in higher
frictional losses leading to the excessive power requirement for
flow of the working fluid (air) through the duct. It is therefore
essential to optimize the geometrical parameters of the artificial
roughness in order to achieve the maximum possible gain in heat
transfer with minimum penalty in terms of increased frictional
losses.
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(or Nusselt number) and friction factor in channels with various
types of roughness geometries are not available, as a complete
understanding of turbulent flow is still lacking. The flow structure
over the roughened surface is quite complex and depends on the
angle of attack, duct aspect ratio, rib shape and rib height to pitch
ratio. Attempts have been made by many investigators [5–10] to
develop correlations based on the rib configuration and flow Rey-
nolds number for predicting the heat transfer coefficient and fric-
tion factor using two different techniques. In one technique, the
investigators have developed semi-empirical correlations for heat
transfer and friction factor in terms of heat transfer function G
and roughness function Re (e+), respectively, and in the second
technique, semi-empirical correlations for heat transfer coefficient
and friction factor have been developed in terms of Nusselt num-
ber and friction factor, respectively. Nikuradse [1] was probably
the first one to develop the friction similarity law for the sand–
grain roughened surface as follows:

uþ ¼ 2:5 lnðy=eÞ þ RðeþÞ ð1Þ

where u+ is dimensionless velocity (m/s), y is distance from the wall
(m), e is rib height (m), and R(e+) momentum transfer roughness
function.
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The momentum transfer roughness function R(e+) attains a con-
stant value in fully rough flow condition for a given roughness
geometry and its value is different for different roughness geome-
try conditions.

Webb et al. [2] extended the law of wall and the heat momen-
tum transfer analogy to geometrically non-similar roughness and
developed friction factor correlations for flow in circular tubes with
transverse ribs for fully rough flow regions (e+ > 35). These correla-
tions have been used by Han et al. [3] for different rib roughness
geometries who reported that it is difficult to develop a universal
correlation for different types of roughness geometries. Dipprey
and Sabersky [4] developed heat and momentum transfer analogy
for flow in tubes having sand grain roughness which is expressed
as under,

Gðeþ; PrÞ ¼ ½ðf=2StÞ � 1�ðf=2Þ�0:5 þ RðeþÞ ð2Þ

where e+ is roughness Reynolds number; G is heat transfer function;
f is friction factor; Pr is Prandtl number and St is Stanton number.

It should be emphasized that the heat transfer function, G (Eq.
(2)) depends on the specified type of geometrically similar rough-
ness. Therefore, this analogy may not be extensively used for com-
putation of heat transfer coefficient for the flow through all kinds
of rough surfaces.

Prasad and Saini [5] proposed semi-empirical correlations,
based on the law of wall similarity, for heat transfer coefficient
and friction factor of a solar air heater having the artificially rough-
ened absorber plate which are expressed as under,

St ¼ f=2

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

f=2
� �r

4:5ðeþÞ0:28Pr0:57 � 0:95ðP=eÞ0:53
h i ð3Þ

The average friction factor f of solar air heater duct is given by

f ¼ ðW þ 2BÞfs þWfr

2ðW þ BÞ ð4Þ

and friction factor for roughened duct, fr is given by,

fr ¼
2

½0:95ðP=eÞ0:53 þ 2:5 lnðD=2eÞ � 3:75�2
ð5Þ

where St is average Stanton number, P/e is the relative roughness
pitch, W is the width of the duct (m), B is the depth of the duct
(m), D is the hydraulic diameter of the duct (m), e is the roughness
height (m) and fs is the friction factor for smooth duct.

Gupta et al. [6] used inclined rib configuration for enhancement
of heat transfer of solar air heater and developed correlations for
heat transfer coefficient and friction factor. Karwa et al. [7] used
chamfered rib arrangement for enhancement of thermal perfor-
mance of solar air heater and developed correlations for heat trans-
fer coefficient and friction factor in terms of heat transfer function
(G) and roughness function (R). Bhagoria et al. [8] used wedge
shaped rib configuration for the enhancement of heat transfer of
solar air heater and developed correlations for heat transfer coeffi-
cient and friction factor in terms of Nusselt number and friction
factor. Similarly, Momin et al. [9] and Jaurker et al. [10] have em-
ployed artificial rib roughness in the form of V-shaped rib and
rib-groove, respectively, to enhance the thermal performance of
solar air heaters and developed the correlations for Nusselt num-
ber and friction factor. Cho et al. [11] investigated the effect of a
gap in the inclined ribs on heat transfer in a square duct and re-
ported that a gap in the inclined rib accelerates the flow and en-
hances the local turbulence which will result in an increase in
the heat transfer. They reported that the inclined rib arrangement
with a downstream gap position shows higher enhancement in
heat transfer compared to that of the upstream gap rib arrange-
ments. They, however, have not attempted to optimize the gap
width and gap position. The task of optimization of the gap posi-
tion and gap width for inclined ribs on the absorber plate of the so-
lar air heater is undertaken in this work.

In this work, experimental investigations have been carried out
on a rectangular duct having the absorber plate with artificial
roughness in the form of inclined rib with a gap, to evaluate the
enhancement in heat transfer coefficient and friction factor and
consequently the thermo-hydraulic performance of the roughened
ducts. The optimum values of parameters for rib arrangement have
been obtained and discussed. Based on the experimental data, cor-
relations for Nusselt number and friction factor have been devel-
oped as function of roughness parameters of inclined discrete
ribs and flow Reynolds number. The roughness has been produced
only on the underside of the top plate of the duct to simulate the
conditions that prevail in a solar air heater where only top heated
plate transfers the heat to the air from the under side only.
2. Experimental program and roughness geometry

An experimental test facility has been designed and fabricated
to study the effect of a gap in the inclined rib on the heat transfer
and friction characteristics of a rib-roughened rectangular duct. A
schematic diagram of the experimental set up is shown in Fig. 1.
The wooden rectangular duct has an internal size of
2600 mm � 181 mm � 31 mm which consists of entrance section,
test section and exit section of lengths of 800 mm, 1200 mm and
600 mm, respectively, according to the guidelines of ASHARAE
standard [12]. A 6 mm thick aluminum plate, roughened artificially
at the wetted side, is used as the top broad wall of the test section
whereas the upper walls of entry and exit sections of the duct were
made of 12 mm thick plywood. The absorber plate is heated from
the top by supplying a constant heat flux through an electrical hea-
ter, which was insulated by 50 mm thick glass wool and 12 mm
thick plywood. A calibrated orifice-meter is used to measure the
mass flow rate of air by measuring the pressure drop through a
U-tube manometer with kerosene as manometric fluid. A Betz mi-
cro-manometer is used to measure the pressure drop across the
test section. Calibrated thermocouples have been used for monitor-
ing the temperature variations. The airflow rate has been varied
with the help of a control valve to conduct the test in the flow Rey-
nolds number range of 3000–18,000. Data are collected for steady-
state condition only, which is assumed to have been reached when
the plate and the air temperatures do not show any significant var-
iation for 10-min duration.

Fig. 2(a)–(e) shows the roughness geometries employed. The
absorber plates were machined to develop integral ribs on the sur-
face of an Aluminum plate. The height of the rib is varied from
1 mm to 2 mm whereas its width is kept equal to 2 mm. The effect
of a gap in the ribs on the absorber plate of solar air heater has
been investigated. The relative gap position (d/W), defined as the
ratio of gap position from trailing edge (projected along the width)
to duct width, is varied from 0.167 to 0.67 and relative gap width
(g/e), defined as the ratio of gap width to rib height, is varied from
0.5 to 2.0. The relative roughness height (e/D), defined as rib height
to hydraulic diameter of the duct, is varied from 0.018 to 0.037.
3. Data reduction

Steady state values of the plate and air temperatures at various
locations were measured for a given heat flux and mass flow rate of
air. The mass flow rate across the duct is measured by measuring
the pressure drop across a calibrated orifice-meter through a U-
tube manometer. In order to calculate the friction factor, the pres-
sure drop across the test section has been measured by using a
Betz micro-manometer. The following procedure has been em-



Section at X-X 1. Inlet section (800 mm x 181 mm) 
2. Test section(1200 mm x 181 mm) 
3. Mixing section(300 mm x 181 mm)  
4. Outlet section (300 mm x 181 mm) 
5. Transition section 
6. G.I. pipe, 81 mm diameter 
7. Orifice meter  
8. U-tube manometer 
9    Flexible pipe 
10. Control valve  
11   Blower 
12. Electric motor 
13   Selector-switch 
14.Temperature Recorder 
15   Power source 
16. Voltage stabilizer 
MM- Micro-manometer; V- Volt meter   
A - Ammeter; Ai - Air inlet; Ve – Variac       

Fig. 1. Schematic diagram of experimental set-up.

a

(a) d/W= 0.16 (b) d/W= 0.25 (c) d/W= 0.33

(d) d/W= 0.5 (e) d/W= 0.67

Flow 

Fig. 2. Rib roughness geometry.
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ployed for the calculation of heat transfer coefficient ‘h’, Nusselt
number ‘Nu’, Reynolds number ‘Re’ and friction factor ‘f’.

The heat transfer coefficient for the heated section was calcu-
lated from the equation given below,

h ¼ Q u

Ap � ðTp � Tf Þ
ð6Þ

where Ap is the area of the absorber plate (m2), Tp is the average
plate temperature (K) and Tf is the average of the inlet and outlet
temperatures of the air (K).

The rate of heat gain by the air ‘Qu’ is given by,

Q u ¼ mCpðT0 � TiÞ ð7Þ

where Cp is the specific heat capacity (J/kg K), and Ti and T0 are inlet
and outlet temperature of the air, respectively (K).
Mass flow rate ‘m’, has been determined from the pressure drop
measurement across the orifice-meter.

m ¼ CdA0 2qðDPÞ0= 1� b4� �� �0:5 ð8Þ

where A0 is cross-section area of orifice (m2), Cd is the discharge coef-
ficient of the orifice (determined as 0.6013 through calibration);
(DP)0 is the pressure drop across the orifice-meter (Pa), b is the ratio
of orifice diameter to pipe diameter andq is the density of air (kg/m3).

Heat transfer coefficient is used to determine the Nusselt num-
ber using the equation,

Nu ¼ h � D
k

ð9Þ

where h is the convective heat transfer coefficient (W/m2 K), k is
thermal conductivity of air (W/m K).

The friction factor (f) is determined from the flow velocity ‘V’
and the pressure drop ‘(DP)d’ measured along the test section for
a length of 1.0 m and applying Darcy–Weisbach equation as,

f ¼ 2 � ðDPÞd � D
4 � q � L � V2 ð10Þ

where L is length of test section (m), (DP)d is pressure drop in the
test section (Pa) and V is velocity of fluid inside the duct (m/s).

Based on the analysis of the errors in the experimental mea-
surements using different instruments, the uncertainties in the cal-
culated values of Reynolds number, Nusselt number, and friction
factor have been estimated as ±2.6%, ±2.3% and ±7.5%, respectively,
at Reynolds number of 3000 and as ±1.8%, ±3.1% and ±3.5%, respec-
tively, at Reynolds number of 18,000 [13].



K.R. Aharwal et al. / International Journal of Heat and Mass Transfer 52 (2009) 5970–5977 5973
4. Validation of experimental data

The Nusselt number and friction factor evaluated from experi-
mental data for smooth duct have been compared with the values
obtained from Dittus–Boelter equation and modified Blasius equa-
tion for Nusselt number and friction factor, respectively [14].

The Nusselt number for a smooth rectangular duct (Nus) is given
by Dittus–Boelter equation as,

Nus ¼ 0:023Re0:8P0:4
r ð11Þ

The friction factor for a smooth rectangular duct (fs) is given by
modified Blasius equation as,

fs ¼ 0:085Re�0:25 ð12Þ

Eqs. (11) and (12) have been used to estimate Nusselt number
and friction factor at different Reynolds numbers and the esti-
mated values are compared with the experimentally measured val-
ues. It is observed that the average deviations between the two
values are ±2.8%, and ±2.3% for Nusselt number and friction factor,
respectively [15]. This shows reasonably good agreement between
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the two values for the Reynolds number for the range of this inves-
tigation, which ensures the accuracy of the data being collected
with the experimental setup.
5. Results and discussion

The values of Nusselt number, friction factor and thermo-
hydraulic performance parameter of the roughened duct as func-
tion of roughness parameters and Reynolds numbers have been
plotted in Figs. 3–12. Fig. 3(a) shows the effect of relative gap posi-
tion (d/W) on Nusselt number for a fixed value of relative rough-
ness pitch (P/e) of 8.0, angle of attack of 60�, relative roughness
height of 0.037 and relative gap width (g/e) of 1.0. It is seen that
for any Reynolds number, the value of Nusselt number is higher
for a gap in the continuous rib as compared to that of the rib with-
out gap and that the Nusselt number increases with increase in the
relative gap position from 0.16 to 0.25, attains the maximum value
at a gap position of 0.25 and thereafter it decreases with an in-
crease in the relative gap position. The enhancement of heat trans-
fer coefficient based on Nusselt number ratios lies in the range of
000 15000 20000

number (Re)

eters 

ee

s number as a function of relative gap position.

.3 0.4 0.5 0.6

p position (d/W)

gap position at few selected Reynolds numbers.



Secondary flow

(b) Secondary flow through gap

Secondary flow

(a) Secondary flow pattern for continuous rib

Main flow
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1.53 times to 2.83 times of that of the smooth surface duct under
similar operating conditions.

In order to bring out the effect of gap position clearly, the vari-
ation of Nusselt number with relative gap position is presented in
Fig. 3(b) at few selected Reynolds number values where clear max-
ima at relative gap position of 0.25 can be observed. This is ex-
plained by the flow phenomenon as discussed below.

An inclined rib in a rectangular duct gives rise to secondary flow
along the rib length, which allows the working fluid to travel from
leading edge to trailing edge of the rib as shown in Fig. 4(a). The
fluid flowing along the rib is gradually heated and boundary layer
grows thicker [16]. Introduction of a gap in the rib allows release of
fluid belonging to secondary flow and main flow through the gap
as shown in Fig. 4(b). The main flow passing through the gap is
the developed flow with thicker boundary layer consisting of vis-
cous sub-layer. As a result of the presence of gap, the secondary
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flow along the rib joins the main flow to accelerate it which ener-
gizes the retarded boundary layer flow along the surface. This in-
creases the heat transfer through the gap width area behind the
rib. It is to be pointed out that the inclination of rib creates a high
heat transfer region at the leading edge and a low heat transfer re-
gion at the trailing edge. If the gap is created towards the trailing
edge region, this helps in eliminating the low heat transfer trailing
edge region and hence overall heat transfer is enhanced. This is
seen to happen till the gap position is about one fourth of the duct
width, possibly because placing a gap at a position too close to the
duct wall is not likely to produce similar effect of enhancement due
to the presence of lateral boundary layer near to the wall and
hence further decrease of gap position, i.e. placing the gap closer
to the trailing edge (d/W < 0.25) results in a decrease in the overall
heat transfer rate. Cho et al. [11] have also reported that a gap at
the leading edge side of the inclined rib reduces the heat transfer
compared to that at the trailing edge side. Thus it appears that at
relative gap position of 0.25, the contribution of secondary flow
in energizing the main flow through the gap results in the maxi-
mum value of heat transfer coefficient at any Reynolds number.

The effect of relative gap width (g/e) on Nusselt number is
shown in Fig. 5 at few selected Reynolds numbers. It is seen that
Nusselt number increases with an increase in the relative gap
width up to about 1.0, beyond which it decreases with increase
in the relative gap width. The value of Nusselt number is the max-
imum for the relative gap width of 1.0 and the minimum for the
relative gap width of 2.0 for the range of investigation. The basic
reason of creating a gap in the inclined rib is that, the gap flow pro-
motes local turbulence and flow mixing along the gap flow region,
while the rib-induced secondary flow is maintained in the duct
[11]. Therefore, it may be reasoned that the increase in relative
gap width beyond 1.0 reduces the flow velocities through the
gap and hence the local turbulence. At the same time too small
gap width will also not allow sufficient amount of secondary flow
fluid to pass through and hence the turbulence level will remain
low.

The variation of Nusselt number with Reynolds number as a
function of relative roughness pitch for a relative gap position (d/
W) of 0.25 and relative gap width of 1.0 is shown in Fig. 6. The
maximum values of Nusselt number are observed to correspond
to the relative roughness pitch of 8.0 and are of the order of 2.83
times of that of the smooth surface. As pointed out by Han and Park
[17], the occurrence of the maximum value of Nusselt number at a
certain relative pitch value signifies the presence of the reattach-
ment point at an optimum position. As the relative roughness pitch
is reduced to the value below 8.0, the flow is not likely to reattach
before it reaches the successive rib. Therefore, the thermal perfor-
mance of the duct deteriorates with decrease in the relative rough-
ness pitch value below 8.0. On the other hand, an increase of the
relative roughness pitch above 8.0, the number of reattachment
points per unit length will reduce as compared to those with the
relative roughness pitch of 8.0. This will reduce the amount of heat
transfer and hence the Nusselt number is lower for the relative
roughness pitch value higher than 8.0. Han et al. [3] have also re-
ported that the rib configuration with relative roughness pitch of
7.5 gives higher enhancement in heat transfer than that of the rel-
ative roughness pitch of 10 or 5. Webb et al. [2] have reported that
the maximum heat transfer occurred at a value of relative rough-
ness pitch range of 6–8.

Fig. 7 shows the variations of Nusselt number as a function of
angle of attack for selected values of Reynolds numbers. It is seen
that the value of Nusselt number increases with increase in angle
from 30� to 60�, attaining the maximum value at the angle of attack
of 60� and then decreases with further increase in the value of an-
gle of attack.

The variation of friction factor with Reynolds number for differ-
ent values of relative roughness pitch is shown in Fig. 8 for the rel-
ative gap position (d/W) of 0.25, relative gap width (g/e) of 1.0,
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angle of attack of 90� and relative roughness height of 0.037. It is
seen that the friction factor increases with increase in the relative
roughness pitch from 4.0 to 8.0, attains the maximum value at the
pitch of 8.0 and then decreases with further increase in the relative
roughness pitch.

Figs. 9–11 present the effect of angle of attack, relative gap po-
sition and relative gap width, respectively, on friction factor at few
selected Reynolds numbers. As shown in Fig. 9, the maximum va-
lue of friction factor is seen to correspond to an angle of attack of
90�, relative gap position of 0.25 and relative gap width of 1.0.
Lau et al. [18] have reported that the value of friction factor for
90� discrete rib arrangements is higher than that of the 60�, 45�
and 30� discrete rib arrangements. A relative gap position of 0.25
with the relative gap width of 1.0 appears to result in the maxi-
mum value of friction factor, however, the variation of friction fac-
tor with relative gap position or gap width is not very significant at
any Reynolds number (Figs. 10 and 11).
5.1. Thermo-hydraulic performance

A parameter known as thermo-hydraulic performance parame-
ter ‘g’ is used to evaluate the effectiveness of artificially roughened
surfaces accounting for the enhancement of Nusselt number and
friction factor and is expressed as (Nu/Nus)/(f/fs)1/3 [19]. Fig. 12
shows a plot of this parameter as a function of Reynolds number
for some of the roughness geometries. It is seen that the inclined
ribs with a gap gives higher thermo-hydraulic performance com-
pared to that of the continuous rib arrangement for the entire
range of Reynolds number. The value of this parameter is seen to
increase with increase in the relative gap position up to 0.25 and
decreases with further increase in the relative gap position at all
values of the Reynolds number.

5.2. Correlations for Nusselt number and friction factor

As mentioned above, the analytical methods for prediction of
heat transfer coefficient and friction factor in ducts with artificially
roughened walls are not available, hence empirical correlations
based on experimental data over the range of rib configuration
and flow parameters have been developed. Results and discussion
presented above reveal that Nusselt number of inclined rib-rough-
ened geometry is a strong function of gap parameters namely, rel-
ative gap position (d/W) and relative gap width (g/e) at any
Reynolds number as compared to the friction factor and the max-
imum values of Nusselt number and friction factor have been ob-
served for relative rough pitch of 8 and angle of attack of 60�.
Since most of experiments have been carried out at these optimum
relative roughness pitch and angle of attach of the rib to investi-
gate the effect of gap parameters, the correlations for Nusselt num-
ber and friction factor have also been developed for these
conditions. Consequently, the functional relationship for Nusselt
number and friction factor for these conditions can be written as:

Nu ¼ NuðRe; d=W; g=e and e=DÞ ð13Þ
f ¼ f ðRe; d=W; g=e and e=DÞ ð14Þ
5.2.1. Correlation for Nusselt number
A correlation has been developed by regression analysis of the

experimental data obtained in this work. In order to find the func-
tional relationship between Nusselt number and Reynolds number,
a set of corresponding data points have been plotted on log–log
scale. The functional relationship for Nusselt number and Reynolds
number for all the data is given as:

Nu ¼ A0ðReÞ1:148 ð15Þ
Here the coefficient parameter, A0 is a function of other affect-
ing parameters like P/e, d/W, g/e, a and e/D.

In order to develop a relationship between A0 and relative
roughness height (i.e. e/D), the values of A0 (= Nu/Re1.148) are plot-
ted against the values of e/D on log–log scale. Based on the nature
of curve, the functional relationship of A0 and the relative rough-
ness height yields the equation.

Nu

Re1:148

	 

¼ B0

e
D

� �0:51
: ð16Þ

Here the value of B0 is a function of other affecting parameters
namely, relative gap position and relative gap width for a con-
stant value of P/e and a. It has been shown that the maximum va-
lue of Nusselt number occurs at relative gap position of 0.25 and
relative gap width of 1.0 which decrease with change in the value
of any of the parameter (see Figs. 3 and 5). Further the effect of
relative gap position was observed more dominating compared
to the relative gap width. In order to develop a relationship be-
tween the parameter B0 and relative gap position and relative
gap width at value of P/e of 8 and a of 60�, the values of B0 are
plotted against a parameter which is the function of relative
gap position and relative gap width which yields in the following
relationship:

Nu¼0:0102Re1:148ðe=DÞ0:51 1� 0:25� d
W

� �2

0:01 1�g
e

� �2
 �( )" #

ð17Þ

The above correlation (Eq. (17)) is developed for range of Reynolds
number from 3000 to 18,000, relative roughness height from 0.018
to 0.037, relative gap position from 0 to 0.67 and relative gap width
from 0 to 2.0 at relative roughness pitch of 8 and angle of attack of
60�.

5.2.2. Correlation for friction factor
A similar procedure has been employed to develop the correla-

tion for friction factor. It was observed that the effect of a gap on
the fiction factor is not very significant and therefore these param-
eters are not included in this correlation which is also applicable
for the same range of parameters as Eq. (17). The final correlation
for friction factor can be written in the following form:

f ¼ 0:5Re�0:0836ðe=DÞ0:72 ð18Þ

The comparison between the experimental values of Nusselt
number and friction factor and those predicted by the respective
correlations, developed as Eqs. (17) and (18), respectively, has been
carried out. It is observed that 99% of the data points of the Nusselt
number lie within the deviation limits from +12% to �10%, and 99%
of the data points of the friction factor lie within the deviation lim-
its of ±10%.
6. Conclusions

Based on the experimental investigation on heat transfer and
friction characteristics, it is found that as a result of providing
gap in the inclined rib, there is considerable enhancement in heat
transfer coefficient and friction factor of a rectangular artificially
roughened duct with inclined and transverse discrete ribs on the
absorber plate of solar air heater. The following conclusion can
be drawn from this study:

1. As compared to the smooth surface, the rib-roughened surface
yields an increase of about 2.83 and 3.60 times in the Nusselt
number and friction factor, respectively, for the range of param-
eters investigated.
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2. The maximum heat transfer enhancement occurs at the relative
gap position of 0.25 with the relative gap width of 1.0 for the
relative roughness pitch of 8.0, angle of attack of 60� and rela-
tive roughness height of 0.037.

3. The maximum value of friction factor occurs for discrete trans-
verse ribs with relative roughness pitch of 8.0.

4. Correlations have been developed for Nusselt number and fric-
tion factor as function of roughness and flow parameters. These
correlations have been found to predict the Nusselt number
and friction factor values within deviation from +12% to �10%
and ±10%, respectively, for the range of Reynolds number from
3000 to 18,000, relative roughness height from 0.018 to 0.037,
relative gap position from 0 to 0.67 and relative gap width from
0 to 2.0 at relative roughness pitch of 8 and angle of attack of 60�.
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