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Abstract

In this work, results of an experimental investigation of the effect of geometrical parameters of V-shaped ribs on heat

transfer and fluid flow characteristics of rectangular duct of solar air heater with absorber plate having V-shaped ribs on

its underside have been reported. The range of parameters for this study has been decided on the basis of practical

considerations of the system and operating conditions. The investigation has covered a Reynolds number (Re) range of
2500–18000, relative roughness height (e=Dh) of 0.02–0.034 and angle of attack of flow (a) of 30–90� for a fixed relative
pitch of 10. Results have also been compared with those of smooth duct under similar flow conditions to determine the

enhancement in heat transfer coefficient and friction factor. The correlations have been developed for heat transfer

coefficient and friction factor for the roughened duct. � 2002 Published by Elsevier Science Ltd.

1. Introduction

Solar air heaters form the major component of solar

energy utilization system which absorbs the incoming

solar radiation, converting it into thermal energy at the

absorbing surface, and transferring the energy to a fluid

flowing through the collector. Solar air heaters because

of their inherent simplicity are cheap and most widely

used collection devices. These have found several ap-

plications including space heating and crop drying. The

efficiency of flat plate solar air heater has been found to

be low because of low convective heat transfer coefficient

between absorber plate and the flowing air which in-

creases the absorber plate temperature, leading to higher

heat losses to the environment resulting in low thermal

efficiency of such collectors. Several methods, including

the use of fins, artificial roughness and packed beds in

the ducts, have been proposed for the enhancement of

thermal performance. Use of artificial roughness in the

form of repeated ribs has been found to be a convenient

method. Ribs of various shapes and orientations have

been employed and the performance of such systems has

been investigated. The use of artificial roughness in solar

air heaters owes its origin to several investigations car-

ried out in connection with the enhancement of heat

transfer in nuclear reactors and turbine blades. Several

investigations have been carried out to study the effect of

artificial roughness on heat transfer and friction factor

for two opposite roughened surfaces by Han [1,2], Han

et al. [3–5], Lau et al. [6–8], Taslim et al. [9,10], Liou and

Hwang [11], Han and Park [12] and the correlations

were developed by different investigators.

Prasad and Mullick [13], Gupta [14], Saini and Saini

[15] and Karwa [16] have carried out investigations on

rib roughened absorber plates of solar air heaters that

form a system with only one roughened wall and three

smooth walls. Correlations for heat transfer coefficient

and friction factor have been developed for such sys-

tems.

However, the increase in heat transfer is accompa-

nied by an increase in the resistance of fluid flow. Many

investigators [3,17,18] have studied this problem in an

attempt to decide the roughness geometry which gives

the best heat transfer performance for a given flow

friction.
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The application of artificial roughness in the form of

fine wires on the heat transfer surface has been recom-

mended to enhance the heat transfer coefficient by sev-

eral investigators. Prasad and Mullick [13] used artificial

roughness in the form of fine wires in a solar air heater

duct to improve the thermal performance of collector

and they have obtained the enhancement (ratio of the

values for roughened duct to that for the smooth duct)

in Nusselt number of the order of 1.385. Gupta [14]

found that the heat transfer coefficient of roughened

duct using wires as artificial roughness can be improved

by a factor up to 1.8 and the friction factor has been

found to increase by a factor up to 2.7 times of smooth

duct. Saini and Saini [15] reported that a maximum

enhancement in Nusselt number and friction factor for a

duct roughened with expanded metal mesh is of the

order of 4 and 5 respectively in the range of parameters

investigated. Karwa [16] concluded that considerable

enhancement of heat transfer can be obtained as a result

of providing rectangular or chamfered rib roughness on

the heat transferring surface of a rectangular section

duct. The Stanton number has been found to increase by

about 1.5–1.8 times for W =H ¼ 4:82 and e=Dh ¼ 0:029
and 1.7–2.1 times for W =H ¼ 7:75 and e=Dh ¼ 0:044
for Re > 8000 as compared to smooth duct. The corre-

sponding values of increase in friction factor are 2–2.7

times and 2.9–3.1 times respectively. Prasad and Saini

[19] reported that a maximum enhancement in Nusselt

number and friction factor which are 2.38 and 4.25 times

of smooth duct has been obtained by using artificial

roughness. Cortes and Piacentini [20] have reported that

incorporating wire-type periodic perturbations on the

absorber plate of solar air heater enables efficiency im-

provements of 9–55% to be attained over the studied

range of situations.

Although the heat transfer problems can be investi-

gated by analytical means too, but due to the complex

nature of governing equations and the difficulty in ob-

taining analytical/numerical solutions, the researchers

have focused greater attention on the experimental in-

vestigation.

From the literature survey it was found that the

Nusselt number on the ribbed side wall having trans-

verse ribs is about two or three times higher than the

four sided smooth channel values [1]. Han et al. [3] re-

ported that ribs inclined at an angle of attack of 45� were
found to have superior heat transfer performance when

compared to transverse ribs. Han et al. [5], Lau et al. [6]

and Taslim et al. [10] carried out investigation on rib

roughened walls having V-shaped ribs and have re-

ported that V-shaped ribs result in better enhancement

compared to inclined ribs and transverse ribs. Lau et al.

[6] reported that for the range of Reynolds numbers

studied, the values of Stanton number in the 45� and 60�
V-shaped ribs cases are 38–46% and 47–66% higher than

those in the 90� full ribs case respectively and the pres-
sure drop in 45� and 60� V-shaped ribs is 55–72% and

68–79% over the 90� full ribs respectively. They have
also reported that the 60� V-shaped ribs have the higher
ribbed wall heat transfer and thermal performance. The

Nomenclature

Ac area of absorber plate (m2)

Cp specific heat of air (J kg�1 K�1)

Dh hydraulic diameter of duct (m)

e height of roughness element (m)

e=Dh relative roughness height (dimensionless)

eþ roughness Reynolds number (dimensionless)

fr average friction factor of roughened duct

(dimensionless)

fs average friction factor of smooth duct (di-

mensionless)

H height of the duct (m)

h convective heat transfer coefficient

(W m�2 K�1)

k thermal conductivity of air (W m�1 K�1)

L test length (m)
_mm mass flow rate of air (kg s�1)

Nur average Nusselt number of roughened duct

(dimensionless)

Nus average Nusselt number of smooth duct

(dimensionless)

p rib pitch (m)

p=e relative roughness pitch (dimensionless)

q rate of heat transfer to air (W)

Re Reynolds number (dimensionless)

Str average Stanton number of roughened duct

(dimensionless)

Sts average Stanton number of smooth duct

(dimensionless)

ti average inlet temperature of air (�C)
to average outlet temperature of air (�C)
tf average temperature of fluid (�C)
tp average temperature of absorbing plate

(�C)
V velocity of air in the duct (m s�1)

W width of the duct (m)

Greek symbols

Dp pressure drop in the test length (Pa)

q density of air (kg m�3)

a angle of attack of flow (�)
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45� and 60� V-shaped ribs also have higher ribbed wall
heat transfer and pressure drop than corresponding

angled full ribs (inclined ribs). Taslim et al. [10] have

shown that the enhancement in heat transfer coefficient

for air flow in a channel roughened with V-shaped ribs is

on the average higher than that roughened with angled

ribs as well as 90� ribs of the same geometry. The sec-
ondary flows generated and the favourable direction of

vortices have been cited as the reasons for better per-

formance of V-shaped ribs over that of others. The V-

shaped ribs are tested for both pointing upstream and

downstream of main flow. It has been shown that those

pointing downstream are slightly better in performance.

However, the difference has shown to be very small.

Further, the effect of discreteness of the ribs on the

performance has not been very pronounced.

The studies of Han et al. [5], Lau et al. [6] and Taslim

et al. [10] have not covered the wide range of roughness

and operating parameters as would be required for de-

tailed analysis for detailed optimal design or selection of

roughness parameter to be used in conventional solar air

heaters. Further, the duct investigated has two opposite

roughened walls whereas the solar air heaters are re-

quired to have a single heat transferring surface and

hence a single artificially roughened wall. The present

investigation was, therefore, taken up with the objective

of extensive experimentation on V-shaped ribs as artifi-

cial roughness attached to the underside of one broad

wall of the duct, to collect data on heat transfer and fluid

flow characteristics. The data will be presented in the

form of Nusselt number and friction factor plots as

function of geometrical parameters of artificial rough-

ness and thermo-hydraulic performance plots to bring

out clearly the effect of these parameters and the en-

hancement in heat transfer achieved as a result of pro-

viding artificial roughness. The experimental data will be

used to develop correlations for Nusselt number and

friction factor for duct flow with one V-shaped rib

roughened broad wall. These correlations can be em-

ployed by the designer for the selection of suitable

roughness parameters for optimal enhancement of per-

formance of solar air heater consistent with its system

and operating parameters.

2. Experimental program and procedure

An experimental set-up has been designed and fab-

ricated to study the effect of V-shaped ribs on heat

transfer and fluid flow characteristics of flow in rectan-

gular duct and to develop correlations for heat transfer

coefficient and friction factor for the range of parame-

ters decided on the basis of practical considerations of

the system and operating conditions.

The experimental duct consists of an aluminium

channel of 2.8 m long and 0.2 m wide which includes five

sections, namely, smooth entrance section, roughened

entrance section, test section, exit section and mixing

chamber as Duffie and Beckman [21]. An aluminium

sheet of 22 ASWG of 1:5� 0:2 m2 size was used as an

absorber plate and the lower surface of the plate pro-

vided with artificial roughness in the form of V-shaped

copper wires. An electric heater plate of identical di-

mensions as those of absorber plate was used to provide

a uniform heat flux up to a maximum of 1500 W m�2 to

the absorber plate. The power supply to the heater plate

assembly was controlled through an AC variac.

A schematic diagram of the experimental set-up, a

view of plate with roughness geometry, of 30� and 60� V-
shaped ribs are shown in Figs. 1(a)–(d) respectively. The

roughness elements used in the roughened plate are

copper wires of different gauges. The V-shaped rough-

ness elements were fixed below the absorbing plate and a

fast drying epoxy applied for fixing the roughness ele-

ments and allowed to dry to ensure that the roughness

elements were fixed properly with the surface of the

plate.

The broad specifications and the range of roughness

and flow parameters of the investigation are given in

Table 1.

Seventeen roughened plates as detailed in Table 1

have been tested; each set consisting of 14 runs with

different flow rates covering the Reynolds number range

2500–18000. Validity tests have also been conducted on

a conventional smooth absorber plate under similar

overall duct geometrical and flow conditions to serve as

the basis of comparison of results with the values for

heat transfer and friction factor from the correlations

available for smooth duct in the literature.

The air is sucked through the rectangular duct by

means of a blower driven by a 3-phase, 440 V, 3.0 kW

and 2880 r.p.m., AC motor. It sucked the air through

the duct and a gate valve has been used to control the

amount of air in the duct. The air is thoroughly mixed in

the mixing chamber before the exit temperatures were

recorded and baffles were provided for achieving thor-

ough mixing of the air. The duct was covered with

thermocole (foamed polystyrene) from the three sides

and upper side of the duct was covered with the ther-

mocole and black insulating material, to ensure that all

the heat flux which is supplied from the heater plate is

transferred to the duct and also to minimize the losses to

the surroundings. The other end of the duct is connected

to a circular pipe via a rectangular to circular transition

section.

The flow rate of air in the duct was measured by

means of a flange type orifice meter calibrated by using a

pitot tube, and the values of the coefficient of the dis-

charge were obtained and used for calculating the flow

rate of the air. Pressure drop across the orifice meter was

measured by an inclined U-tube manometer with Spirit

as manometric fluid.
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The pressure drop in the test section was measured by

a micro-manometer having a least count of 0.005 mm.

The micro-manometer consists of a movable reservoir

and an inclined transparent tube connected to the

movable reservoir through a flexible tubing. The reser-

voir is mounted on a sliding arrangement with a screw

having a pitch of 1.0 mm and a graduated dial having

200 divisions, each division showing a movement of

0.005 mm of the reservoir. The two reservoirs were

connected with the air taps of the duct through flexible

tubes. The pressure difference across the two tappings

was measured by moving the dial. Two pressure tap-

pings fixed at inlet and outlet of test length (1.2 m) and

connected to micro-manometer were used to measure

the pressure drop across the test section.

Calibrated Copper Constantan (28 ASWG) thermo-

couples have been used for the measurements of average

plate temperatures, averagefluid temperatures in the duct,

inlet and outlet air temperatures; the cold junction of the

thermocouple is held at zero degree celsius by being

placed into a thermo-flask containing an ice–water

mixture. A digital microvoltmeter was used for the mea-

surement of thermocouples output through the selector

switch. Fig. 2(a) shows the position of the thermocouples

on the absorbing plate and Fig. 2(b) shows the position

of the thermocouples in the air duct.

Fig. 1. (a) Schematic diagram of experimental set-up. (b) Roughness elements on absorber plate. (c) Schematic diagram of 30� V-
shaped ribs. (d) Schematic diagram of 60� V-shaped ribs.
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Before starting the experiment all the thermocouples

were checked carefully that they give the room temper-

ature and all the pressure tappings were checked for the

leakage problem.

After the ribs are installed and the test section is as-

sembled, the energy for heating is supplied for one hour

to the roughened entrance section and the test section.

After 1 h the blower is switched on to let a predeter-

mined rate of air flow through the duct. The steady state

is attained in about 2 h when all the temperatures and

pressures were recorded. The barometric pressure is as-

sumed to be constant during the day.

3. Data reduction

Steady state values of the plate and air temperatures

in the duct at various locations were obtained for a given

heat flux and mass flow rate of air. Heat transfer rate to

the air, Nusselt number and friction factor have been

computed from the data. These values have been used to

investigate the effect of various influencing parameters

viz., the flow rate, the relative roughness height and the

angle of attack of flow on the Nusselt number and

friction factor.

The following equations have been used for the

evaluation of relevant parameters:

q ¼ m� Cp � ðto � tiÞ; ð1Þ

h ¼ q=½Ac � ðtp � tfÞ�; ð2Þ

Nur ¼ ðh� DhÞ=k; ð3Þ

fr ¼ Dh � Dp=ð2� L� V 2 � qÞ: ð4Þ

The values of average Nusselt number (Nur) and
friction factor (fr) obtained under different roughness
and flow conditions as described in Table 1 have been

used to develop correlations and for the discussion of

the effect of various parameters on heat transfer and

flow friction.

Table 1

Broad specification and range of parameters of investigation

S. No. e=Dh a Fixed parameters Range of Reynolds numbers

1. 0.02 30� W =H ¼ 10:15 2500–18000

2. 0.02 45� p=e ¼ 10 (for each plate)

3. 0.02 60� (for all the plates)

4. 0.02 90�
5. 0.022 30�
6. 0.022 45�
7. 0.022 60�
8. 0.022 90�
9. 0.028 30�
10. 0.028 45�
11. 0.028 60�
12. 0.028 90�
13. 0.034 30�
14. 0.034 45�
15. 0.034 60�
16. 0.034 75�
17. 0.034 90�

Fig. 2. (a) Position of the thermocouples on the absorbing plate (test length). (b) Position of the thermocouples in the air duct (test

length).
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An uncertainty analysis as proposed by Kline and

McClintock [22] was used for prediction of the uncer-

tainty which should be associated with an experimental

result based on observations of the scatter in the raw

data used in calculating the result. The following values

give the uncertainty in the values of important param-

eters namely Reynolds number (Re), Nusselt number
(Nur) and friction factor (fr):

4. Results and discussion

Fig. 3 shows the variation of plate temperature and

fluid temperature in the duct. The temperatures tp and tf
are the average values of absorber plate temperature and

fluid temperature respectively. The average value of

plate temperature (tp) was determined from temperature

measured at 10 locations on the plate as shown in Fig.

2(a). The average fluid temperature (tf ) was determined
from the values of the temperatures at five locations

(central locations of duct cross-section along the flow

direction). The average fluid temperature tf was found
from the readings of five thermocouples fixed in central

locations of the duct cross-section along the flow direc-

tion, it was found that in the spanwise direction the

variation of temperature was negligible. This variation is

in agreement with work of Gupta [14] and Karwa [16].

Figs. 4 and 5 show the comparison of the experi-

mental values and those predicted by correlations for

Nusselt number and friction factor of smooth duct pro-

posed by Modified Dittus Boelter correlation for Nusselt

Number and by Modified Blasius Correlation for fric-

tion factor. Altfeld et al. [23] suggested that modified

Blasius correlation for friction factor can be used for

smooth duct in solar air heater for Reynolds number

Parameter Uncertainty (%)

Re 4.4

Nur 2.7

fr 4.77

Fig. 3. Plate and air temperature distribution along the length

of the test duct.

Fig. 4. Comparison of experimental values and predicted val-

ues of Nusselt number for smooth duct.

Fig. 5. Comparison of experimental values and predicted val-

ues of friction factor for smooth duct.
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range applied for solar air heater. The modified Dittus

Boelter correlation is applicable for 2500 < Re < 1:24�
105 [24] and the minimum Reynolds number in our case

is 2500.

For Nusselt number of smooth duct [2,4]

Nus ¼ 0:023� Re0:8 � Pr0:4 � ð2Rav=DeÞ�0:2; ð5Þ

where 2 Rav=De ¼ ð1:156þ H=W � 1Þ=ðH=W Þ for rect-
angular channel.

For friction factor

fs ¼ 0:085� ðReÞ�0:25: ð6Þ

The absolute percentage deviation between the pre-

dicted and experimental results has been found to be

2.8% and 2.35% respectively for Nusselt number and

friction factor. This comparison and resultant excellent

agreement between the experimental and predicted val-

ues establish the accuracy of measurements on the ex-

perimental test rig.

The variations of Nusselt number and friction fac-

tor with Reynolds number, relative roughness height

and angle of attack of flow are shown in Figs. 6–11. The

results are discussed below.

4.1. Effect of Reynolds number

Figs. 6 and 9 show the effect of Reynolds number on

Nusselt number and friction factor respectively. In

general, Nusselt number increases whereas the friction

factor decreases with an increase of Reynolds number as

expected. However, the values of Nusselt number and

friction factor are distinctly different as compared to

those obtained for smooth absorber plates. This is due

to a distinct change in the fluid flow characteristics as

a result of roughness that causes flow separations, re-

attachments and the generation of secondary flows.

Fig. 6. Effect of Reynolds number on Nusselt number for rel-

ative roughness height of 0.02 and for given angle of attack of

flow.

Fig. 7. Effect of relative roughness height on Nusselt number

for given Reynolds number and for an angle of attack of flow of

60�.

Fig. 8. Effect of angle of attack of flow on Nusselt number for

relative roughness height of 0.02 and for given Reynolds

number.
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In early studies carried out by Nikuradse and is given

in the thesis of Gupta [14], he discussed the following

flow regimes with respect to artificially roughened sur-

faces:

Range I: Hydraulically smooth flow regime

ð06 eþ 6 5Þ;
Range II: Transitionally rough flow regime

ð56 eþ 6 70Þ;
Range III: Completely rough flow regime

ðeþ > 70Þ:

In hydraulically smooth flow regime i.e., for low

Reynolds numbers the roughness has no effect on the

friction factor for all the values of relative roughness

height. The projections of the roughness elements lie

entirely within the laminar sub-layer.

In transition rough flow regime, the influence of

roughness becomes noticeable to an increasing degree. It

is particularly characterized by the fact that the friction

factor depends upon the Reynolds number as well as

upon the relative roughness height. The thickness of

laminar sub-layer is of the same order of magnitude as

that of the height of roughness elements.

In completely rough flow regime, the friction factor

becomes independent of the Reynolds number and the

curve for friction factor vs. Reynolds number becomes

parallel to the horizontal axis. All projections of the

roughness elements extend beyond the laminar sub-layer

as the thickness of boundary layer becomes small in

comparison to the roughness height.

In our present investigation the flow lies in the

transitionally rough flow regime. This flow is, therefore,

characterized by flow Reynolds numbers resulting in

laminar boundary layers of thickness of the same order

of magnitude as the roughness height. This is usually

done to keep the friction losses in check although the

highest Nusselt number values cannot be expected.

However, as seen from Fig. 6, the enhancements are

noticeable and justify the use of artificial roughness. The

maximum enhancement of Nusselt number was found to

Fig. 9. Effect of Reynolds number on friction factor for relative

roughness height of 0.02 and for given angle of attack of flow.
Fig. 10. Effect of relative roughness height on friction factor

for given Reynolds number and for an angle of attack of flow

of 60�.

Fig. 11. Effect of angle of attack of flow on friction factor for

relative thickness height of 0.02 and for given Reynolds num-

ber.
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be 1.30, 1.81, 1.86 and 1.71 times that for smooth duct

for angles of attack of 30�, 45�, 60� and 90� respectively
for relative roughness height of 0.02. Whereas for rela-

tive roughness height of 0.034, the maximum enhance-

ment in Nusselt number was found to be 1.66, 2.11, 2.30,

2.17 and 1.86 times for corresponding angles of attack of

30�, 45�, 60�, 75� and 90� respectively. Similarly, for
relative roughness height of 0.02, the maximum en-

hancement in friction factor was found to be 1.36, 1.75,

2.17 and 1.50 times that of smooth duct for angles of

attack of 30�, 45�, 60� and 90� respectively. Whereas for
relative roughness height of 0.034, the maximum en-

hancement was found to be 2.02, 2.52, 2.83, 2.67 and

2.27 times for corresponding values of angles of attack

of 30�, 45�, 60�, 75� and 90� respectively.

4.2. Effect of relative roughness height

The effect of relative roughness height on Nusselt

number and friction factor is depicted in Figs. 7 and 10

respectively. It can be observed that the increase in rel-

ative roughness height results in an increase in heat

transfer coefficient and the friction factor. It is seen that

the rate of increase of Nusselt number is lower than that

of the friction factor. This appears due to the fact that at

relatively higher values of relative roughness height, the

re-attachment of free shear layer might not occur and

the rate of heat transfer enhancement will not be pro-

portional to that of friction factor as stated by Gupta

[14], Saini and Saini [15] and Prasad and Saini [19].

4.3. Effect of angle of attack of flow

The Nusselt number and friction factor as function of

angle of attack of flow are shown in Figs. 8 and 11 re-

spectively. The maximum enhancement of Nusselt num-

ber and friction factor as a result of providing artificial

roughness has been found to be respectively 2.30 and

2.83 times that of smooth duct for an angle of attack of

60�. It is seen that there exists an angle of attack that
corresponds to the maximum values of both Nusselt

number and the friction factor. It appears that the flow

separation in the secondary flow resulting from the

presence of V-shaped ribs and the movement of resulting

vortices combines to yield an optimum value of the

angle of attack. The reasons for the occurrence of this

maxima at 60� have not been yet investigated in detail.
However the results are in broad agreement with pre-

vious investigations both on angled straight ribs [14] and

V-shaped ribs [6].

5. Thermo-hydraulic performance

It has been found that the artificial roughness on the

absorber plate of the roughened duct results in consid-

erable enhancement of heat transfer. This enhancement

is, however, accompanied by a substantial increase in

friction factor. It is, therefore, desirable that to select the

roughness geometry such that the heat transfer is max-

imized while keeping the friction losses at the minimum

possible value. This requirement of the collector can be

fulfilled by considering the heat transfer and friction

characteristics simultaneously. A parameter that facili-

tates the simultaneous consideration of thermal and

hydraulic performance is given by Webb and Eckert [25]

as ðStr=StsÞ=ðfr=fsÞ1=3. This parameter is plotted in Fig.
12 against Reynolds number for relative roughness

height of 0.034 and for different angles of attack. It is

seen that, in general, thermo-hydraulic performance

improves with increasing angle of attack and absolute

maxima occurs with an angle of attack of 60�. However
for a given value of angle of attack, there is a maxima

corresponding to a certain value of Reynolds number. It

was found that as the relative roughness height is varied,

the value of this parameter, in general increases with an

increase of height in the range of values investigated as

shown in Fig. 13.

Fig. 14 has been drawn to show the enhancement in

the heat transfer achieved by using V-shaped geometry

of roughness. The comparison of experimental values of

Nusselt number as a function of Reynolds number has

been drawn for V-shaped 60� ribs, inclined 60� ribs [14]
and that for smooth absorber plate. It is seen that the V-

shape enhances the values of Nusselt number by 1.14

and 2.30 over inclined ribs and smooth plate case at

Reynolds number of 17034, while the corresponding

Fig. 12. Effect of Reynolds number on thermo-hydraulic per-

formance parameter for relative roughness height of 0.034 and

for given angle of attack of flow.

A.-M. Ebrahim Momin et al. / International Journal of Heat and Mass Transfer 45 (2002) 3383–3396 3391



percentages of enhancement for a Reynolds number of

17034 are 12% and 56.4%.

6. Correlations for Nusselt number and friction factor

From Figs. 6–11, one can conclude that the Nusselt

number and friction factor are strong functions of sys-

tem and operating parameters of roughened duct, namely

the Reynolds number (Re), relative roughness height
(e=Dh) and angle of attack of flow (a). The functional
relationships for Nusselt number and friction factor can

therefore be written as

Nur ¼ f ðRe; e=Dh; aÞ; ð7Þ

fr ¼ f ðRe; e=Dh; aÞ: ð8Þ

An attempt has been made to develop correlations as

a function of system and operating parameters on the

similar approach for making correlations by Saini and

Saini [15] and Shou-Shing Hsieh et al. [26].

The data corresponding to all the 16 roughened

plates totalling 224 data points were used for regression

analysis to fit a second order polynomial.

Fig. 15 shows the Nusselt number as a function of

Reynolds number. A regression analysis to fit a straight

line through these data points as

Nur ¼ A1 � ðReÞ0:888: ð9Þ

Since the constant (A1) will be a function of other
parameters i.e. relative roughness height (e=Dh). So

Nur=Re0:888 (¼ A1) is plotted in Fig. 16 as a function of
relative roughness height (e=Dh), and by regression

analysis it was obtained as

Nur=Re0:888 ¼ A2 � ðe=DhÞ0:424: ð10Þ

Further, the constant (A2) will be a function of angle
of attack (a), so the values of Nur=½ðReÞ0:888 � ðe=DhÞ0:424�
are plotted in Fig. 17 as a function of (a=60�). On re-
gression analysis to fit a second order polynomial, it was

obtained as

Fig. 14. Effect of Reynolds number on Nusselt number for

inclined and V-shaped ribs for a ¼ 60� and e=Dh ¼ 0:034.

Fig. 15. Nusselt number vs. Reynolds number for 224 data

points.

Fig. 13. Effect of Reynolds number on thermo-hydraulic per-

formance parameter for angle of attack of 60� and for given
relative roughness height.
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logðNur=ðReÞ0:888 � ðe=DhÞ0:424Þ

¼ logA0 þ A1ðlog a=60�Þ þ A2ðlog a=60�Þ2; ð11Þ

where A0, A1 and A2 are constants obtained from re-

gression analysis. Finally, converting Eq. (11) into ap-

propriate form one can write as

Nur ¼ 0:067� ðReÞ0:888 � ðe=DhÞ0:424 � ða=60�Þ�0:077

� exp½�0:782� ðln a=60�Þ2�: ð12Þ

The regression data relevant to this correlation are:

(a) Average absolute percentage deviation: 3.20;

(b) Regression coefficient: 0.97.

Fig. 18 shows the plot of experimental values and the

values predicted using Eq. (12). It can be seen that 214

data points out of 224 data points lie within the devia-

tion line 	10%.
A similar procedure has been employed and a corre-

lation for friction factor has been developed. Figs. 19–21

Fig. 17. Plot of Nur=½Re0:888 � ðe=DhÞ0:424� vs. (a=60�).

Fig. 16. Plot of Nur=Re0:888 vs. e=Dh.

Fig. 19. Friction factor vs. Reynolds number for 224 data

points.

Fig. 18. Nusselt number (predicted) vs. Nusselt number (ex-

perimental).
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have been used to develop the correlation in the fol-

lowing form:

fr ¼ 6:266� ðReÞ�0:425 � ðe=DhÞ0:565

� ða=60�Þ�0:093 � exp½�0:719� ðln a=60�Þ2�: ð13Þ

The regression data relevant to this correlation are:

(a) Average absolute percentage deviation: 3.50;

(b) Regression coefficient: 0.93.

Fig. 22 shows the plot of experimental values and the

values predicted using Eq. (13) for friction factor. It can

be seen that 219 data points out of 224 data for friction

factor lie within the deviation lines of 	10%.
Hence, the correlations developed are reasonably

satisfactory for the prediction of the Nusselt number

and friction factor of roughened duct with fairly good

accuracy in the range of parameters investigated.

It can be noted from correlations (12) and (13) that

the effect of Reynolds number on Nusselt number and

friction factor is much stronger as compared to that of

the angle of attack as represented by a relatively higher

exponent of Reynolds number in both these cases. This

appears to be due to relative weakness of the influence of

secondary flows that are created by the inclination of rib

to the main flow. The secondary flow is cited to be the

major cause of the change of Nusselt number and fric-

tion factor when angle of attack is changed.

Another notable difference lies in the effect of relative

roughness height; the influence being more dominant in

case of friction factor. As the relative roughness height

increases, the chance of free shear layer re-attachment

reduces thus causing a relatively weaker increase in heat

transfer coefficient while strongly increasing the friction

factor.

7. Conclusions

The following conclusions can be drawn from this

work:

1. In general, Nusselt number increases whereas the fric-

tion factor decreases with an increase of Reynolds

number. The values of Nusselt number and friction

factor are substantially higher as compared to those

Fig. 22. Friction factor (predicted) vs. friction factor (experi-

mental).
Fig. 20. Plot of fr=Re�0:425 vs. e=Dh.

Fig. 21. Plot of fr=½Re�0:425 � e=D0:565
h � vs. (a=60�).
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obtained for smooth absorber plates. This is due to

distinct change in the fluid flow characteristics as a re-

sult of roughness that causes flow separations, re-

attachments and the generation of secondary flows.

2. It was observed that the rate of increase of Nusselt

number with an increase in Reynolds number is lower

than the rate of increase of friction factor; this ap-

pears due to the fact that at relatively higher values

of relative roughness height, the re-attachment of free

shear layer might not occur and the rate of heat

transfer enhancement will not be proportional to that

of friction factor.

3. The maximum enhancement of Nusselt number and

friction factor as a result of providing artificial rough-

ness has been found to be respectively 2.30 and 2.83

times that of smooth duct for an angle of attack of

60�. It was observed that the same angle of attack
corresponds to the maximum values of both Nusselt

number and friction factor. It appears that the flow

separation and the secondary flow resulting from

the presence of V-shaped ribs and the movement of

resulting vortices combine to yield an optimum value

of angle of attack.

4. The thermo-hydraulic performance parameter im-

proves with increasing the angle of attack of flow

and relative roughness height and the maxima occurs

with an angle of attack of 60�.
5. It was found that for relative roughness height of

0.034 and for angle of attack of 60�, the V-shaped
ribs enhance the values of Nusselt number by 1.14

and 2.30 times over inclined ribs and smooth plate

case at Reynolds number of 17034. It means that

the V-shaped ribs have definite advantage over the in-

clined ribs for similar operating conditions.

6. The comparison of experimental values of Nusselt

number and those predicted by the correlation shows

that 214 out of 224 data points lie within the devia-

tion range of 	10% whereas in the case of friction

factor 219 out of 224 data points lie within 	10%.
It can therefore be concluded that the correlations

are reasonably satisfactory for the prediction of Nus-

selt number and friction factor for the roughened

duct.

7. It can be noted from the above correlations that the

effect of Reynolds number on Nusselt number and

friction factor is much stronger as compared to that

of the angle of attack as represented by a relatively

higher exponent of Reynolds number in both these

cases.
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