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ABSTRACT

In order to improve the thermal performance of heat exchangers and air collectors, we insert various forms
of artificial roughness, known as ribs, into the useful duct. These ribs promote the creation of turbulent
flows and enhance heat transfer by conduction, convection and radiation.

However, the introduction of these ribs leads to an increase in pressure drop, requiring higher me-
chanical power to pump the heat transfer fluid. This experimental study focuses on estimating, using
empirical approaches, the pressure losses induced by rectangular ribs with an inclined top. The ribs are
made from 0.4 mm galvanized sheet steel.

An experimental set-up was designed to measure the head losses generated by the ribs, from the point
of entry to the point of exit from the useful duct. Using the dimensional analysis method, correlations were
established to evaluate head losses as a function of flow regime and rib geometry and configuration
(including different geometries for rib arrangement over the configuration area).
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INTRODUCTION

The addition of ribs in the fluid flow stream has an essential objective in optimizing the thermal
performance of heat exchangers and particularly in air-mounted solar collectors. To intensify
the heat exchange between the exchanges surfaces, various methods are used, among them the
addition of metallic obstacles assimilated to artificial roughnesses along the flow plane of the
fluid path, which has proved to be of remarkable importance.

Ribs have multiple roles; they contribute to the reduction of dead zones in the liquid stream
and enhance the transfer of heat by creating a turbulent flux in the airflow. Their presence
translates into significantly higher losses.

Several works were carried out in this field by several authors; we can quote the following
works:

Bhagora et al. (2002), Karwa et al. (1999), and Layek et al. (2007, 2009) have treated in their
studies the increase of the thermal efficiency of the flux in a rectangular channel provided with
transverse ribs, and have also examined the influence of the following geometrical parameters as
represented by Fig. 1.

Chaube et al. (2006), Prasad and Saini (1980, 1988, 1991) and Verrma and Prasad (2000)
treated only continuous transverse ribs (Fig. 2). They confirmed that the maximum local
convective exchange is at the connection points of the flow. They used the coefficient of per-
formance as a parameter for comparison between the different rib configurations and the
smooth case.

Instead of using transverse ribs that occupy the entire width of the flow duct (continuous rib),
a variant consists of placing discontinuous ribs as shown in Fig. 3 from the study by Cavallero and
Tanda (2002). In their studies, they also compared the different configurations shown in Fig. 3
with the smooth case, and the comparison is made here at a fixed and identical flow rate for all the
above cases (not at identical pressure losses). The results give, for the continuous transversal ribs,
an exchange coefficient of about 2 times compared to the smooth case and of three times for the
discontinuous ribs.

Tanda (2004) performed an experimental study on many different rib configurations. For
given pressure losses, he found two configurations with equivalent convective transfer levels.
These two configurations are shown in Fig. 4a and b.
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Fig. 1. Geometric parameters of the transverse ribs shaped as ribs
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Fig. 2. Continuous rib configurations
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Fig. 3. Continuous and discontinuous rib configurations
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Fig. 4. Discontinuous rib configurations

It is difficult to conclude from the results of Tanda (2004) since he often varied more than
one parameter at a time from one configuration to the other; however, it appears that discon-
tinuous ribs offer better thermal performance than continuous ribs.

Tanda (2004), Karwa (2003), Momin et al. (2002), Bhagoria et al. (2002) have performed
some works on V-shaped ribs.

The work carried out by Tanda (2004) on V-shaped ribs (Fig. 5), shows that this configu-
ration of ribs is less efficient in comparison with those of continuous transverse shapes, it is
however not the result of several authors who also studied similar configurations with this type
of fins.

The work of Karwa (2003) and Momin et al. (2002) prove that the best performance is
achieved when there is a V-shaped configuration against the flow.

Jaurker et al. (2006) use grooves between two ribs. The results obtained show that in this
configuration, the convective exchanges are better than those obtained with ribs in the form of
transverse ribs, while the friction coefficient is slightly higher as illustrated in Fig. 6.
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Fig. 5. Duct with ribs arranged in a staggered V-shape
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Fig. 6. Configuration with ribs and grooves

In the present work, ribs of rectangular shape are implanted normally to the plane of the flow
duct in several rows, with an inclined upper part (Fig. 7). This configuration has multiple reasons:

- Creation of vortices with vertical axes on the flow plane due to sudden narrowing and
widening because of reduced spaces between two ribs of the same row.

- The inclined parts of the r form abrupt narrowings and widenings concerning the plane above
the flow, which allows the creation of vortices with horizontal axes (Fig. 8) (According to the
horizontal axis).

- The combined alternation of vertical and horizontal vortices creates disorder along the
flowing moving air stream, which intensifies turbulence and significantly improves convective
heat transfer.

EXPERIMENTAL DEVICES

The mechanical engineering department of the University Mohamed khider-Biskra is where the
experimental device is produced. It is a cylindrical plastic duct with an overall length of 12 m
and a diameter of 160 mm (Fig. 9).

Rectangular aluminum ribs with two parts represent artificial roughness; one part is 1 cm
wide with another inclined upper part of 1.5 cm. The incidences of the upper part inclined are
30°, 60°, 120° and 150°.

Inside the duct, the ribs are arranged in two main configurations. One of the configurations is
arranged in a uniform row and the other in a random row (Fig. 10a and b). An aspirator provides
the airflow and the pressure losses will be measured with a differential pressure sensor. This
experimental study consists in measuring the pressure losses between the front and the back of
the duct depending on the rate of air volume flow and for various rib arrangements and setups.
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Fig. 7. Rib shapes (rectangular rib)

The measurements of the pressure losses were initially measured for a smooth tube
(without ribs) and this is for different values of flow. Secondly, the measurements were made
for the various rib configurations (Fig. 10a and b).

OBTAINED RESULTS

The acquired findings demonstrate that, particularly for the 60° and 120° incidences, the pres-
sure losses measured are further amplified in the presence of the ribs. The pressure losses are
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Fig. 8. Scheme of fluid interaction with the ribs
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Legends: 1. Cylindrical pipe, 2. Differential manometer,
3. Variable speed drive, 4. Aspirator, 5. Helix anemometer

Fig. 9. Experimental device

more significant in the case of the rib arrangement than when they are aligned in rows when the
space between the ribs and the rows is reduced (Figs 11 and 12).

INTERPRETATIONS OF EXPERIMENTAL RESULTS

From the graphs showing pressure drop versus volume flow, we can see that for all configura-
tions generated in the pipe, the pressure drop becomes greater with the presence of ribs than
with a smooth pipe (without ribs).

Analysis of pressure drop trends shows that an increase in the pitch between rows or in the
pitch between ribs reduces the pressure drop.

As an example, for a common volume flow Q, = 0.068% and for a rib pitch P, ., =5 cm
and a row pitch P,, = 6.37 cm, the pressure drop reaches a value of 75. 8 Pascal, when the
pitch between the ribs becomes P, ., = 10cm, and the pitch between the rows P,, = 10.5 cm,
the pressure drop decreases to 62.9 pascal.

Contrary to the previous analysis, there is proportionality between the length of the ribs Lcy
and the rise in pressure drop, where we see that for a common volume flow Q, = 0.017% and
an identical pitch between ribs P, 5 = 5 c¢m, and for a length of ribs Lcy = 2cm the pressure
drop is 7.6 pascal but as the length increases Ly = 3cm the pressure drop also increases
to 8 pascal.

Slight deviations from the pressure drop values measured at the various incidences of the
upper part of the ribs are noticeable. This is reflected in two phenomena: air slippage in
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b) Staggered arrangement

Fig. 10. Rib arrangement scheme
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—&— Without ribs
—®—CR-2(i=30°,P__ = 5cm,P o= 6-37)
A—C-R-2(i=150°,P __,=5cm,P_=6.37)
—— LR =2 (=007, F_ .= 5cn,;P =837
CR-Z(F=120°,FP .= 5cm, P o= 6-37)

Fig. 11. Evolution of pressure losses depending on the volume flow when there is rectangular ribs arranged
in rows versus a smooth duct Case: (Lg, = 2cm, P, o, = 5cm, P, = 6.37 cm, i = 30°,150°, 60°, 120°)

relation to the upper part inclined at 30°,60° and braking at incidences of 150° and 1205,
see Fig. 8.

ESTABLISHMENT OF THE MATHEMATICAL MODEL OF PRESSURE LOSS
CALCULATION

To relate the pressure losses caused by the ribs and their geometrical characteristics as well as
the physical parameters of the flowing fluid, we established a general relation based on the
fundamental dimensions using the dimensional analysis approach (Vashy-Buckingham theo-
rem), which has the following form:
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—&— Without ribs
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Fig. 12. Evolution of pressure losses depending on the volume flow when there is rectangular ribs in
staggered arrangement versus a smooth duct Case:
(Lep = 3em, P, = 5cm, P, = 9.5 cm, i = 30°,150°, 60°, 120°)

AP = AP(p,DH,V,y,s,L,Pe‘ch,P&,,Lch) (D

The 7 of Vashy-Bukingham theorem states that there are only six possible independent
groups. So let us write it as follows, with
L = Constant or L being the length of the cylindrical duct.

AP
<T = n.kp® DbV u* & 5 P, ”;,) )
The writing of Eq. (2) taking into account the fundamental dimensions, after development

and identification we get a system of three equations, whose solution provides the general
expression shown below:
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D\ 4
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Introducing the Reynolds number, the expression (3) becomes:
y
€
R)™*[— | X
() (DH>
Pen ‘ b, ! ﬂ "
Dy ) " \Dy/) \\Dy

The identification with respect to the general equation of the pressure losses allows us to
obtain a coefficient of the pressure losses A given by the expression:

(Y
(Re)™™. (DH) X
A= (4)

Pech ‘ P, ., ‘ ﬁ "
Dy ) \Du/) \\Du
A simple development of Eq. (3)’ gives us:

In (ZLA; 5;’) = —xIn((R,)) + yln < (D%)) + zln((PDe—;h» +tin ( (f)—HD + win (IL)—D

)

L
Dy

N —

1L
AP=="10p. V2 3)
2 Dy”

Ribs arranged in rows

In the case of a turbulent regime, the identification of the geometric parameters of the ribs with
respect to the relation (5) which gives in its developed form AP, allows to obtain several systems
of equations.

We derive the system of equations by using the relation (5):

We notice that the matrix A;; is not square.
The least squares approach is used to solve this system:
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j=1, ... ,5
AiJT'Ai-jX = AiJT'[B] / n =100

[Aij] " Matrix transpose of A;;

We obtain a system of equations:

[Aij".Aij]X = Aij" B = CyuX = Dy / i :71 5

By the Gaussian elimination, we find the solutions.
We replace the solutions in Eq. (3)” and obtain the following correlation:

e\ 3992
R —0.9414. <
(R (-
Apzlip % P\ I
2 Dy Dy

y P, \ 5817 L —4.9624
L \Dn "\ Dy i

And therefore the pressure loss coefficient is:

P 3.992
R —0.9414. &
(R (-
. y (P@}dl) —3.9334
Dy
o (&) 5.8817 (ﬂ) —4.9624
L \Dn ‘\Dn _
The same procedure of calculation is followed for the other studied cases, which means that in
the interval of the turbulent regime one arrives at practically the same expression of the pressure

losses.
For a laminar flow regime Re <2100, the expression of the pressure losses is as follows:

e —0.2627 1
R —1.2031 =
(Rt (2
Lp « Pe,ch 0.6427 V2
DH DH

y p, \ 079 L 0.8135
L \Dn "\ Dy i

AP =

N —
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Whose pressure loss coefficient is:

(R . —0.2627
€ . DH

A _ y Pe_fh 0.6427
Dy

Ribs arranged in staggered rows

The same experimental approach is also performed with this arrangement, which allowed us to

obtain the following correlations.
(R,) 70204 € 8
€ . DH

) o <I1);,ch> —4.1435 .Vz
H

p, \ 385/ -S1e8
X A=
L \Du Dy i

And consequently a pressure loss coefficient A:

38
(R )—0.9046 ((i)H '
e DH
i y P, .\ 14
Dy

y P, \ 58553 Lo ~5.1682
L \Dx ‘\ Dy i

r ® )_1‘2675 e 0.3243
€ N DH

, o (Pe,ch> 0.2084 . V2

p, \ 15326 /1 N\ -00%
X N
L \Du Dy i

- For a turbulent flow regime:

AP =

N =

L
Dy

- For the laminar flow regime:

AP =

N =
7|~
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Fig. 13. Pressure loss coefficient A depending on Reynolds, compared with the Blasius, S.K. Verma, Chaube

and Bhagora models (Row ribs)
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For which the pressure loss coefficient is:

(R )_1‘2575 (6_)0.3243
e DH
/1 _ o« Pe'ch 0.2084
Dy

P, \ 1536 /1 N ~00%
X A=
L \Du Dy i

Evolution of the pressure losses coefficient A depending on Reynolds

From the developed correlations, which express the pressure loss coefficient based on the ribs’
taken-in geometrical characteristics, on the geometry of disposition and on the flow regime,
it was possible to elaborate graphs which show the evolution of A depending on the Reynolds
number, for the different configurations of the ribs studied in relation to a smooth duct, on the
other hand, in order to verify the accuracy of the numerical process adjustment followed in
this work, and the good agreement of the empirical models developed with others encountered
in the literature, in particular with those of Blasius & all, S. K. Verma & all, Chaube & all and
Bhagoria & all, whose analysis of the evolution of the pressure loss coefficients illustrated in
Fig. 13 shows the agreement of the empirical models related to the configurations of the ribs
studied.

CONCLUSION

The correlations obtained make it possible to estimate the pressure losses in a rectangular
duct, whose flow plane is occupied by obstacles of various shapes and arrangements.
The recorded measurements of the pressure drop show that they are more important
with the staggered arrangement of the ribs, especially for the strong incidences of the inclined
part of them.

The empirical equations established will constitute technical support for future studies,
which are essential to enhance heat exchangers’ thermal efficiency and particularly of flat air-
mounted solar collectors.

For other shapes, the general equation is still applicable, which will be the subject of further
comprehensive studies, whose main interest is to be able to imagine the optimal shapes that will
contribute to improving the heat exchange and in this case, will give a compromise between the
pressure losses generated and the output temperature obtained.
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NOMENCLATURE

AP Pressure losses [Pascal]

p Density of the air [kg/m’
Dy Hydraulic diameter [m]
A% air velocity [m/s]

Dynamic viscosity [Kg/m.s]
Absolute roughness [m]
Duct length [m]
e.ch Steps between the ribs [m]
er Steps between two successive rows of ribs [m]
Loy Length of a rib [m]
C-R-2  Rectangular rib 2 [cm] long
C-R-3  Rectangular rib 3 [cm] long
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