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ABSTRACT – Two-dimensional numerical analysis is conducted to determine the influence of
upstream surface modifications of a novel clerestory shaped rib turbulator on thermal performance
augmentation. The upstream surface of the rib is divided into two parts where the upper rib surface
is always normal to the incoming flow and the lower rib surface, which is inclined to the flow. The
elevation of the vertical surface is varied using non-dimensional approach length (h/e=0, 0.25, 0.5
and 0.75), and the inclination of the lower surface is varied using the rib angle (θ=15°, 45° and
90°). The relative roughness height and pitch of rib is fixed as 0.0421 and 12.5, respectively. RNG
k-ϵ turbulence model is used in the analysis, and Reynolds number is varied from 8000-20000.
The results reveal that the combined effect of flow impingement and the suppression of formation
of recirculation zone leads to increased heat transfer. Lower values of non-dimensional approach
length and rib angle provides a higher thermal enhancement factor. The highest increase in Nusselt
number is found to be about 1.82 times that of the smooth duct at Re=8000 for h/e=0.25 and rib
angle of 15°. The maximum thermal enhancement factor is found to have a range of 1.6-1.45 for
an approach length of 0.25 and a rib angle of 15°.
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NOMENCLATURE
Gk
L
Nus
Nur
p
Δp
Pr
To
Tavg
Tp
Q’
V

generation of turbulence kinetic energy
duct length, m
Nusselt number for smooth duct
Nusselt number for roughened duct
pressure, Pa
pressure drop, Pa
Prandtl number
exit air temperature, K
average air temperature, K
plate temperature, K
heat flux, Wm-2
mean air velocity, ms-1

fs
friction factor for smooth duct
fr
friction factor for roughened duct
h
rib approach length, m
hc
convective heat transfer coefficient, Wm-2K
k
turbulence Kinetic Energy, m2s-2
u
velocity component, ms-1
Greek symbols
µt
turbulent viscosity, Nsm-2
Г
molecular thermal diffusivity, m2s-1
Гt
turbulent thermal diffusivity, m2s-1
є
rate of dissipation, m2s-3

INTRODUCTION
Energy is so vital for humans in the 21st century that it has become the fundamental necessity of modern life. Increasing
energy demand, depleting fossil fuels, and global warming issues have made it imperative to utilise renewable energy to
cater for the requirement of this fundamental necessity. Though solar radiation is the most abundant source of thermal
energy on earth, harnessing it for useful purposes has been really inadequate due to large collector area requirements, low
conversion efficiency, and limited thermal energy storage capabilities. The simplest way of harnessing direct solar thermal
energy is through a solar air heater (SAH), which transfers the heat energy received from the solar radiation using an
absorber plate to the continuous stream of air flowing through a duct. The SAH are simple devices for multiple
applications like drying crops [1,2], drying fruits [3], drying fish [4], space heating [5,6], drying sewage sludge [7], and
desalination of seawater [8]. However, the inherent limitation of SAH is the poor heat transfer properties of air which
limits its performance. In addition, the suppression of convective mode of heat transfer by the presence of a laminar sublayer over the smooth heated surface further inhibits its efficacy.
The use of artificial roughness elements in the form of ribs on the absorber plate with their height proportional to the
thickness of the viscous sub-layer can augment heat transfer and have been very commonly used by previous researchers
owing to its effectiveness [9]. Obviously, the enhancement in thermal performance depends on the shape and size as well
as the distribution density of these ribs as there is a trade-off between the heat energy gain by the fluid due to the breaking
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of viscous sub-layer and power loss incurred in the pumping of fluid over the ribs. This opens up a huge area of research
to find the optimum shape, size and distribution density of rib turbulators.
The influence of ribs on the effective thermal performance of SAH has been extensively reported by many researchers
and these roughness elements can be grouped into: transverse ribs [10–13], inclined ribs [14,15], arc-shaped ribs [16], Vshaped ribs[17], W-shaped ribs [18], discrete protrusions [19–21], discrete dimples [22,23] and winglets [24,25]. The ribs
can be either continuous [26] or broken [27] and of uniform [26,28] or non-uniform [29,30] cross-section. The other
surface modifications investigated include various corrugations [31,32] and combinations of rib and grooves [33]. In
addition to that, some researchers have studied the effect of channel cross-section along with various ribs by considering
triangular [34–36], semi-circular [35], and semi-cylindrical side wall ducts [37]. A comprehensive review on various
methods and their comparative thermal performance analysis can be found in [38–42]. Although the transversely placed
uniform cross-section rib turbulators generally have lower levels of heat transfer enhancement as compared to other rib
arrangement patterns, they stand out on the front of ease of fabrication and lower pressure loss. An appropriate
modification in the rib geometry could overcome the heat transfer limitations of transverse ribs to some extent. Various
types of uniform cross-section transverse ribs of regular geometry have been reported in the literature include such as
square [43], rectangular [44], triangular [45], circular [46,47], elliptical [48], reverse NACA [49], and semi-circular [50].
Each rib geometry has been found to have different levels of heat transfer performance and pressure losses owing to the
varying impact on the resulting flow structure in the airflow.
Numerical studies on transverse ribs have shown that a closer look at the flow dynamics around the transverse ribs
reveals the formation of entrapped eddies on either side of the rib, which causes local hot spots at the rib corner region
that inhibits heat transfer. Few studies have suggested modifications to transverse ribs to suppress these eddies and thereby
reduce hot spots to achieve increased heat transfer. Chaube et al. [51], through experiments and numerical simulations,
showed that chamfering of ribs provide a relatively better performance, while Layek et al. [52] found that the chamfer
angle of 18º as the optimum angle for square ribs. Kumar et al. [53] numerically evaluated the performance of triangular
cross-section duct using rectangular ribs that were chamfered on its top surface. Their results showed that the rib chamfer
height ratio (ratio of left vertical edge ‘eʹ’ to the right vertical edge ‘e’) of 0.75 provides the optimum Nusselt number.
Since chamfering of rib has a limited effect on the size of entrapped eddies, few studies have suggested the use of angled
surface on the downstream side of rib to further reduce the size of entrapped eddies or possibly eliminate it. Bhagoria et
al. [54] experimented using a transverse wedge-shaped rib and showed that heat transfer increases when the wedge angle
on the downstream rib surface is maintained at 10°. Aghaie et al. [55] employed the well-known Taguchi method to
optimise the geometry for the angled (trapezoidal) ribs using numerical simulation results. From the analysis, they
concluded that a right-angled triangle-shaped rib (wedge-shaped rib) with a height-to-width ratio of 0.2 is the optimum
configuration. For the rib height considered in their study, the wedge angle turns out to be about 11.3º. However, their
optimisation of the trapezoidal rib geometry included rigidity in the form of two horizontal edges.
It is evident from the above reviewed literature that the chamfering of the top horizontal surface of square/rectangular
ribs reduces the size of the entrapped eddy on the rib downstream, causing fluid to re-attach the absorber plate at a
comparatively shorter distance. This reduces the hot spot area on the heated surface resulting in better energy transfer.
Similarly, the wedge-shaped rib with a wedge angle varying between 10º to 15º performs better in terms of heat transfer
due to increased suppression of downstream eddy formation. This inspires one to adopt similar techniques on the rib
upstream surface as well to minimise the impeding effect of upstream eddy formation on heat transfer by making use of
an isosceles triangular rib. However, the study performed by Min et al. [56], using inverse simulation technique to
optimise the rib profile in a rectangular channel flow, reveals that the triangular shape is not the optimum shape for the
rib. Their multi-point shape optimization yielded a new profile for the rib that always performed better than triangular
ribs.
Thus, it is clear that merely using an angled surface on the upstream side of the rib does not ensure improvement in
heat transfer and a more detailed study is needed to arrive at a proper rib upstream surface geometry modification that
could impact heat transfer and reduce pressure loss. To the best of the author’s knowledge, no such studies have been
reported in the past pertinent to solar air heater application. Thus, the objective of the present study is to evaluate the
influence of rib upstream surface modifications using novel clerestory shaped ribs for the enhancement of heat transfer
in a rectangular duct SAH using CFD methodology. A two-dimensional numerical analysis is carried out to determine
the influence of a novel transversely placed clerestory shaped rib on the thermal performance of a rectangular solar air
heater duct. The rib upstream surface consists of two parts where the upper part is always normal to the flow while the
bottom part is inclined to the incoming flow. The effect of inclination of bottom rib surface as well as the height of the
vertical rib surface on heat transfer, friction factor penalty and thermal enhancement factor is brought out for the Reynolds
number range of 8000-20000.

CFD METHODOLOGY
Description of Computational Domain
A typical solar air heater consists of an absorber plate fitted on top of the rectangular air duct, as shown in Figure 1(a).
The air duct is provided with insulation around the duct to reduce heat loss by conduction and convection. Radiation heat
losses can be reduced by placing glass cover on top of absorber plate with some air gap between the absorber plate and
glass cover. The inclination of the air heater duct is typically the latitude angle of the location. This air heater system is
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taken up for further analysis by considering an inlet and exit section attached to it for the sake of numerical analysis. The
inlet section helps to stabilise the incoming flow and allow it to reach fully developed conditions.

Glass
cover

(a) forced convection solar air heater system

(b) details of two-dimensional computational domain of rectangular air heater duct (not to scale)

(c) geometric details of clerestory shaped ribs

(d) various rib configurations used in the analysis
Figure 1. Constructional and geometric details of solar air heater system fitted with clerestory ribs.
The numerical analysis is carried out on the two-dimensional flow domain of rectangular duct SAH. The geometric
details of the two-dimensional air heater duct are shown in Figure 1(b). The duct consists of three divisions such as entry
section, heating section and exit section. The entry section is provided to aid the flow to develop fully before the heating
section, and the length is selected as 300 mm as per Eq. (1), which provides the minimum length of entry section required
to ensure fully developed turbulent flow [54]. The exit section length is selected as 200 mm as per Eq. (2), and the heating
section length is chosen as 280 mm. The width (W) and height (H) of the duct are fixed as 150 mm and 22 mm,
respectively, and the hydraulic diameter of the duct is 38 mm. The hydraulic diameter of rectangular duct is found using
Eq. (3).
Entry section length ≥ 5√𝑊𝑊𝑊𝑊

(1)

Exit section length ≥2.5√𝑊𝑊𝑊𝑊

(2)

4𝑊𝑊𝑊𝑊

(3)

Hydraulic dimeter (Dh) =
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The test section is provided with transversely placed clerestory shaped ribs, as shown in Figure 1(b). A close-up view
of the rib is depicted in Figure 1(c). The pitch of the rib is fixed as 20 mm, which corresponds to the relative roughness
pitch (P/e) of 12.5, while the total rib height is fixed at 1.6 mm, which corresponds to the relative roughness height value
(e/Dh) of 0.0421. The downstream rib surface is inclined at a fixed angle of 10°, which is the optimal inclination for
augmented heat transfer as reported by Bhagoria et al. [54]. The upstream surface of the rib consists of two parts in which
the lower part is inclined to the flow at three different angles (θ) of 15°, 45° and 90° while the upper part is always normal
to the incoming airflow as shown in Figure1(c). The non-dimensional approach length (h/e) of the upper part of the rib
upstream surface is varied as 0, 0.25, 0.5 and 0.75. Table 1 gives an overview of various geometric parameters of rib
considered in the analysis. The various configurations of ribs obtained for different combinations of rib angle (θ) and
non-dimensional approach length (h/e) are shown in Figure 1(d). A rib angle of 90° leads to the rib geometry of a rightangled triangle for all values of approach length. Similarly, the non-dimensional approach length of zero leads to the rib
geometry of a scalene triangle for all rib angles.
Table 1. Details of various rib parameters used in the analysis.
Parameters
Rib height (e)
Relative roughness height (e/Dh)
Rib pitch (P)
Relative roughness pitch (P/e)
Non-dimensional approach length (h/e)
Rib angle (θ)

Value
1.6 mm
0.0421
20 mm
12.5
0, 0.25, 0.5 and 0.75
15°, 45° and 90°

Assumptions
The analysis is carried out using the following assumptions:
i.
ii.
iii.
iv.
v.
vi.
vii.
viii.

Air is assumed as an ideal gas, and the flow is steady, turbulent and incompressible.
The thermo-physical properties of air are assumed to be constant.
Since the air heater duct walls are usually thermally well insulated, the heat loss from the duct to surroundings
is neglected in the analysis.
The radiation heat exchange between the air stream and duct walls is neglected.
The effect of gravity on the flow is neglected.
The effect of glass cover with reference to convective and radiative heat losses are neglected.
The effect of radiation heat loss is neglected.
The effect of coatings on plate and glass cover is neglected.

Boundary Conditions and Solution Techniques
The boundary conditions specified in the computational domain is outlined in Table 2. The analysis is carried out
using the software tool ANSYS Fluent, which makes use of finite volume method for discretisation of governing
equations. The governing equations for flow and energy are discretised using second-order upwind schemes. RNG k-ϵ
turbulence model with enhanced wall treatment has been widely used in the literature [43,45,48] to characterise the flow
turbulence in solar air heater studies involving rib turbulators which involves flow separation and recirculation. Hence,
RNG k-ϵ turbulence model with enhanced wall treatment is adopted in the present study as well. The thermo-physical
properties of air at the inlet air temperature of 300 K are listed in Table 3. The input parameters for turbulence model is
specified using hydraulic diameter and turbulence intensity and the turbulence intensity in the core region of the flow is
determined using Eq. (4) for a fully developed turbulent flow as suggested by the Ansys Fluent user manual [58].
Sl. No.

Boundary Name

1.

Duct inlet

2.

Duct exit

3.

Absorber plate

4.

Remaining
boundaries

Table 2. Boundary conditions.
Boundary type
Condition used
Uniform velocity of air is specified at the inlet and is varied from 3.3
Velocity inlet
m/s to 8.25 m/s which corresponds to the Reynolds number of 8000
to 20000. The inlet temperature of air is taken as 300K.
A pressure value of 101325 Pa is specified to simulate the
Pressure outlet
atmospheric pressure conditions to which the heated air is exited.
A constant heat flux value of 800 W/m2 is specified. This heat flux
Heat flux
simulates the average solar heat flux encountered by a solar air
heater.
Thermally insulated wall with heat flux specification of 0 W/m2. A
Wall
no-slip condition is also specified.
Turbulence intensity =

0.16
𝑅𝑅𝑅𝑅 −0.125

(4)

where the flow Reynolds number (Re) is determined using Eq. (5).
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Re=

(ρVDℎ )
𝜇𝜇

(5)

Table 3. Thermo-physical properties of air
Property
Value
Density (ρ)
1.18 kgm-3
Dynamic viscosity (μ)
0.0000185 Kgs-1m-1
Thermal conductivity (kt)
0.02624 Wm-1K-1
Specific heat (Cp)
1006 Jkg-1K-1
Governing Equations
The equations that govern the two-dimensional flow in a steady incompressible flow is given below:
Continuity equation:
𝜕𝜕
(𝜌𝜌𝑢𝑢𝑖𝑖 ) = 0
𝜕𝜕𝑥𝑥𝑖𝑖

Momentum equation:

Energy equation:

(6)

𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕
𝜕𝜕𝑢𝑢𝑖𝑖 𝜕𝜕𝑢𝑢𝑗𝑗
𝜕𝜕
�𝜌𝜌𝑢𝑢𝑖𝑖 𝑢𝑢𝑗𝑗 � = −
+
�𝜇𝜇 �
+
�� +
�−𝜌𝜌𝑢𝑢𝑖𝑖′ 𝑢𝑢𝑗𝑗′ �
𝜕𝜕𝑥𝑥𝑖𝑖
𝜕𝜕𝑥𝑥𝑖𝑖 𝜕𝜕𝑥𝑥𝑗𝑗 𝑒𝑒𝑒𝑒𝑒𝑒 𝜕𝜕𝑥𝑥𝑗𝑗 𝜕𝜕𝑥𝑥𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗

The RNG k-ε turbulence model:

(7)

𝜕𝜕
𝜕𝜕
𝜕𝜕𝜕𝜕
(𝜌𝜌𝑢𝑢𝑖𝑖 𝑇𝑇) =
�(𝛤𝛤 + 𝛤𝛤𝑡𝑡 )
�
𝜕𝜕𝑥𝑥𝑗𝑗
𝜕𝜕𝑥𝑥𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗

(8)

𝜕𝜕
𝜕𝜕
𝜕𝜕𝜕𝜕
(𝜌𝜌𝜌𝜌𝑢𝑢𝑖𝑖 ) =
�𝛼𝛼 𝜇𝜇
� + 𝐺𝐺𝑘𝑘 − 𝜌𝜌𝜌𝜌
𝜕𝜕𝑥𝑥𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗 𝑘𝑘 𝑒𝑒𝑒𝑒𝑒𝑒 𝜕𝜕𝑥𝑥𝑗𝑗

(9)

𝜕𝜕
𝜕𝜕
𝜕𝜕𝜕𝜕
𝜀𝜀
𝜀𝜀 2
(𝜌𝜌𝜌𝜌𝑢𝑢𝑖𝑖 ) =
�𝛼𝛼𝜀𝜀 𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒
� + 𝐶𝐶1𝜀𝜀 𝐺𝐺𝑘𝑘 − 𝐶𝐶2𝜀𝜀 𝜌𝜌 − 𝑅𝑅𝜀𝜀
𝜕𝜕𝑥𝑥𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗
𝜕𝜕𝑥𝑥𝑗𝑗
𝑘𝑘
𝑘𝑘

(10)

The effective viscosity is given by,

The turbulent viscosity is given by,

𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜇𝜇 + 𝜇𝜇𝑡𝑡

𝜇𝜇𝑡𝑡 = 𝜌𝜌𝐶𝐶𝜇𝜇

𝑘𝑘 2
𝜀𝜀

(11)

The value of the constants in the above equations are given by C1є = 1.42, C2є = 1.68 and Cµ = 0.0845.
Grid Independence Test and Validation of CFD Model
The results obtained from the CFD model needs to be grid-independent so as to have a unique solution, and a grid
independence test needs to be carried out to ensure this. The present CFD model is based on the author’s previous work
[57], where a two-dimensional numerical analysis was carried out for solar air heater with circular ribs and U-shaped ribs.
The authors had conducted a detailed grid independence test in the presence of circular ribs and determined that the
computational domain must have at least 144557 control volumes to guarantee that the solution is unique. Further, the
results of CFD model with circular ribs were validated against the experimental results of Gupta et al. [47] with an average
deviation of 8.31% for Nusselt number and 4.51% for friction factor for the flow Reynolds number range of 9000-21000.
The present CFD model makes use of the same duct geometry, meshing techniques, numerical schemes and boundary
conditions for which the validation study was conducted in their previous work, except that the circular rib is now replaced
with clerestory shaped ribs. Figure 2 shows the discretised computational domain of present work with a close-up view
of meshing around the clerestory shaped rib. Inflation feature of the software tool is used to resolve the boundary layer
region and finer elements are provided around the rib region to capture the flow gradients.
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Figure 2. Discretised flow domain in the presence of clerestory ribs.

RESULTS AND DISCUSSION
A two dimensional CFD analysis is carried out to evaluate the efficacy of rib upstream surface modifications of a
novel clerestory shaped rib that are placed transversely on the absorber plate of the heating section of a rectangular duct
solar air heater. The results of Nusselt number, friction factor and thermal enhancement factor for various rib
configurations are presented for the Reynolds number range of 8000-20000.
Heat Transfer Characteristics
Effect of variation of rib angle for a given non-dimensional approach length
The influence of variation of rib angle on Nusselt number for a given non-dimensional approach length of h/e=0, 0.25,
0.5 and 0.75 for different Reynolds number conditions is shown in Figure 3(a), Figure 3(b), Figure 3(c) and Figure 3(d)
respectively. From Figure 3, it is clear that the use of clerestory shaped ribs significantly enhances the heat transfer over
the smooth duct for all configurations used in the analysis. The Nusselt number for smooth duct is determined using the
well-known Dittus-Boelter equation and is given by Eq. (12). The Nusselt number for the duct with ribs is determined
using Eq. (13).
𝑁𝑁𝑢𝑢𝑠𝑠 = 0.023 𝑅𝑅𝑅𝑅 0.8 𝑃𝑃𝑃𝑃 0.4
𝑁𝑁𝑢𝑢𝑟𝑟 =

ℎ𝑐𝑐 =

ℎ𝑐𝑐 𝐷𝐷ℎ
𝑘𝑘𝑡𝑡
𝑄𝑄′

�𝑇𝑇𝑝𝑝 − 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 �

(12)
(13)
(14)

(𝑇𝑇 +𝑇𝑇 )

where the average air temperature is given by, 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑖𝑖 𝑜𝑜 . For the case of smooth duct, the flow near the heated
2
wall is undisturbed throughout the heated length and the presence of a laminar sublayer within the turbulent boundary
layer impede the transfer of heat to the flowing air stream. However, in the presence of ribs, the boundary layer is disturbed
at several locations, thereby creating fluid agitation, which enhances energy transfer to the flowing air stream. Thus,
increased turbulence levels in the airflow in the presence of ribs improve heat transfer relative to the smooth duct, as
indicated in Figure 3. From Figure 3(b), it is interesting to note that the Nusselt number increases with decreasing values
of rib angle for a given approach length of h/e=0.25.
This can be explained with reference to Figure 4, which shows the comparison of velocity streamlines for the rib angle
of 15°, 45° and 90° and h/e=0.25. From Figure 4(a), it is observed that for the rib angle of 90°, the entire upstream surface
of the rib is normal to the incoming air stream as a result of which the air stream as it impacts the rib surface gets partly
deflected to the bottom of the rib while the rest of the air moves upward along the rib. The deflected air stream gets
entrapped at the rib corner region leading to the formation of a large primary recirculation zone along with a smaller
counter-rotating secondary recirculation zone, as shown in Figure 4(a). The air stream in the recirculation zone remains
detached from the main flow and hence have a relatively lower velocity, as seen in Figure 4(a) as a result of which the
heat removal rate from the heated wall which is in contact with the recirculation zone decreases. In addition, due to the
entrapment of the air stream within the recirculation zone, the air temperature rises locally, which further impedes the
heat transfer between the heated wall and the recirculation zone owing to the reduced temperature differential. As a result,
hot spots are formed within the recirculation zone as revealed by the temperature distribution plot in Figure 5(a), and
these hot spots are found to be significantly higher in temperature as compared to the main flow and are seen all along
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the length of the recirculation zone and characterize the locations of reduced heat transfer. Thus, due to the formation of
a large entrapped recirculation zone associated with hot spots, the Nusselt number is relatively lower for the rib angle of
90°. As the rib angle decreases from 90° to 45°, the upstream bottom surface of the rib gets less steep, thereby aligning
itself relatively more with the incoming air stream.

(a) h/e=0

(b) h/e=0.25

(c) h/e=0.5
(d) h/e=0.75
Figure 3. Influence of rib angle on the variation of Nusselt number for the non-dimensional approach length (h/e).
Flow direction
Formation of counter-rotating secondary
recirculation zone at the rib corner

(a) θ=90°

(b) θ=45°

(c) θ=15°

Figure 4. Comparison of flow streamlines (coloured by velocity) for h/e= 0.25 and different rib angles.
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As a result, the air glides over the inclined upstream surface relatively smoothly with reduced flow deflection upon
impact with the inclined surface which reduces the size of the recirculation zone as depicted in Figure 4(b). Reduced size
of the recirculation zone in turn, results in the reduction of hot spots, as revealed in Figure 5(b). With further reduction
of rib angle from 45° to 15°, it is observed that the upstream bottom surface of the rib is significantly well aligned with
the incoming airflow. This makes the flow smoothly glide over the inclined rib upstream surface with negligible flow
deflection thereby nearly eliminating the formation of recirculation zone, as shown in Figure 4(c) and also overcomes the
formation of hotspots as seen in Figure 5(c). Hence, the rib angle of 15° is found to produce relatively higher values of
Nusselt number as compared to that of 45° and 90°.
(a) θ=90°

Hot spots
(b) θ=45°

Hot spots
(c) θ=15°

Figure 5. Comparison of temperature distribution in the airflow around the ribs for h/e=0.25 and different rib angles.
Further insight into this behaviour can be obtained from Figure 6, which shows the variation of convective heat transfer
coefficient along the rib surface for the rib angle of 15°, 45° and 90° and h/e=0.25. The heat transfer coefficient is plotted
for the pitch distance of 20 mm between the downstream ends of the 6th and 7th ribs. From the figure, it is noted that the
heat transfer coefficient is significantly higher for a greater length of the inclined rib upstream surface for the rib angle
of 15° owing to a significant reduction of recirculation zone while there is great depression in the values of heat transfer
coefficient along the same non-dimensional length for the rib angle of 45° and 90°. Also, the heat transfer coefficient is
found to spike along the upstream vertical surface due to the flow impingement effect and is relatively higher for the rib
angle of 90° and is followed by the rib angle of 45° and 15°. However, such a spike occurs only for a shorter length along
the vertical rib surface and is found to have limited effect. It is also interesting to see that the variation of heat transfer
coefficient is similar on the downstream rib surface with a negligible difference for all the three rib angles used in the
analysis. Thus, for a given non-dimensional approach length of 0.25, the rib angle of 15° produces greater heat transfer
owing to increased suppression of recirculation zone and exhibits the highest increase in Nusselt number by about 1.82
times that of the smooth duct at Re=8000.
Further, from Figure 3(a) to Figure 3(d), it can be seen that the rib angle of 90° always refers to the case of rightangled triangle rib geometry and produces a lower Nusselt number when compared to 45° and 15° for all values of h/e;
due to larger recirculation zone formation at their upstream side. However, for the case of h/e=0, the resulting rib geometry
is that of a scalene triangle, and hence the difference in Nusselt number is negligible for rib angles of 45° and 15° due to
similar flow structure on its upstream surface and differs only with that of 90° angle as the rib geometry transforms to a
right-angled triangle. On the other hand, for higher values of h/e=0.5 and 0.75, the resulting geometry modification
achieved through rib angle variation does not produce a significant change in the flow structure, and hence all the rib
angles exhibit closer values of Nusselt number and are found to perform lower than that of h/e=0.25.
Effect of variation of non-dimensional approach length for a given rib angle
Figure 7 (a) shows the influence of non-dimensional approach length on the Nusselt number for a given rib angle of
15°. It is seen that the Nusselt number increases as the approach length increases from h/e=0 to h/e=0.25. However, the
Nusselt number decreases with a further increase of approach length from 0.5 to 0.75. This can be explained with reference
to Figure 8, which shows the velocity streamlines over the rib for the edge angle of 15° and different approach length
(h/e) of 0, 0.25, 0.5 and 0.75. From Figure 8(a), it is seen that for h/e=0, the rib geometry is effectively a scalene triangle
and the incoming air flow smoothly flows over the upstream surface with no recirculation zone formation resulting in
negligible hot spots as is evident in Figure 9(a). However, the incoming air stream will have a negligible flow
impingement effect on the inclined rib upstream surface, which generally causes a local spike in heat transfer coefficient
in the presence of ribs. For the case of h/e=0.25, the inclined rib surface is no longer connected to the tip of the rib as
shown in Figure 8(b) and therefore provides a vertical surface from the tip of the rib, which has a length of 25% of the
total rib height. The incoming air stream slaps itself on this upstream vertical surface, thereby causing a flow impingement
effect which leads to augmented heat transfer.
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Figure 6. Comparison of variation of heat transfer co-efficient along the rib profile for h/e=0.25 and different rib angles
of 15°, 45° and 90°.

(a) 15°

(b) 45°

(c) 90°
Figure 7. Influence of non-dimensional approach length on the variation of Nusselt number for different rib angles.
Moreover, the formation of entrapped recirculation zone at the rib corners are also found to be negligible. In addition,
the hot spot formation is also negligible for h/e=0.25, as is evident from Figure 9(b). However, as the approach length
increases to 0.5, larger entrapped recirculation zones appear at the base region of rib as well as at the junction of the
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upstream vertical and inclined surface, as shown in Figure8(c). This effect is even more pronounced for h/e=0.75 as seen
in Figure 8(d) and both the rib configuration having h/e=0.5 and 0.75 exhibits larger hot spot formation, which impede
the heat transfer as shown in Figure 9(c) and Figure 9(d), respectively. Thus, it is clear that the combined effect of flow
impingement and suppression of the formation of the recirculation zone leads to increased heat transfer. The rib
configuration of h/e=0.25 exhibits both these effects as compared to h/e=0.5 and 0.75 and exhibits increase of heat
transfer.
Flow direction

(a) h/e=0

No entrapped recirculation zones at rib
corners

(b) h/e=0.25

Negligible entrapped recirculation zones at
rib corners

(c) h/e=0.5

Formation
of
entrapped
recirculation zones
(d) h/e=0.75

Larger recirculation zone

Figure 8. Comparison of flow streamlines for the rib angle of 15o and different non-dimensional approach length (h/e)
of 0, 0.25, 0.5 and 0.75.
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(a) h/e=0

(b) h/e=0.25

(c) h/e=0.5

(d) h/e=0.75

Figure 9. Comparison of temperature distribution in the airflow around the ribs for rib angle of 15° and different nondimensional approach lengths (h/e) of 0, 0.25, 0.5 and 0.75.

(a) variation of heat transfer coefficient along the rib profile for rib angle of 15° and different non-dimensional
approach length (h/e) of 0, 0.25, 0.5 and 0.75.
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h/e=0

h/e=0.25

(b) turbulence intensity (%) around the rib region for rib angle of 15° and h/e= 0 and 0.25
Figure 10. Comparison of variation of heat transfer co-efficient and turbulence intensity.
Further insight into this behaviour can be obtained from Figure 10(a), which shows the comparison of variation of
heat transfer coefficient along the rib surface for the pitch distance of 20 mm between the consecutive downstream ends
of the 6th and 7th rib. It can be seen that the heat transfer coefficient is relatively higher for h/e=0 on the upstream side of
the rib. However, due to the absence of flow impingement effect, there is a negligible spike in heat transfer coefficient at
the rib tip as compared to all other configurations of the rib. On the other hand, the heat transfer coefficient is relatively
lower for h/e=0 on the downstream side of the rib as compared to all other configurations. This can be due to relatively
lower levels of turbulence induced in the airflow on the downstream side as in Figure 10(b), which can be due to lower
levels of flow disturbance created by the rib configuration of h/e=0 owing to its geometry which is effectively a scalene
triangle with finely sloped surfaces on either side of the rib. However, the turbulence intensity is relatively higher for the
case of h/e=0.25 on the downstream side, as seen in Figure 10(b), owing to increased levels of flow disturbance caused
by the rib. This can be due to the presence of flow impingement effect, which causes the main flow and the flow coming
off the tip of the rib to interact, thereby causing flow mixing and increased energy transfer.
In addition, the heat transfer coefficient on the upstream side of the rib for h/e=0.25 is closer to that of h/e=0 and also
exhibits the spike in heat transfer coefficient on the vertical rib surface due to flow impact effect. Thus, the rib
configuration of h/e=0.25 produces greater heat transfer as compared to that of h/e=0, 0.5 and 0.75 for a given rib angle
of 15°. Interestingly, a comparison of Figure7(a) and Figure7(b) shows that the influence of approach length diminishes
as the rib angle increases to 45° due to the formation of recirculation zone and hot spots for all h/e values and there are
insignificant differences in the heat transfer augmentation brought in by the resulting flow structure. This is due to the
fact that, as both rib angle and approach length increases, the resulting rib geometry will approach the geometry of 90°
rib angle and exhibits closer values of Nusselt number. For the rib angle of 90°, all the values of approach length lead to
the same configuration of a right angled triangle rib as shown in Figure 7(c). Therefore, for higher rib angle the variation
of non-dimensional approach length has negligible effect.
Friction Factor Characteristics
Figure 11 shows the variation of friction factor for a given approach length and different rib angles of 15°, 45° and
90°. The friction factor is clearly higher in the presence of ribs as compared to smooth duct owing to the increased flow
resistance. The friction factor for smooth duct is determined by using the well-known modified Blasius equation [54]
given by Eq. (15), and for duct with ribs is determined using Eq. (16).
𝑓𝑓𝑠𝑠 = 0.085 𝑅𝑅𝑅𝑅 −0.25
𝑓𝑓𝑟𝑟 =

𝛥𝛥𝛥𝛥𝐷𝐷ℎ
2𝜌𝜌𝑉𝑉 2 𝐿𝐿

(15)
(16)

From Figure 11(b), it is seen that for a given approach length of 0.25, the rib angle of 15° exhibits a lower friction
factor while the rib angle of 90° has a relatively higher friction factor. This is due to a relatively lower pressure drop
across the ribs for lower rib angle, as shown in Figure 12. For the rib angle of 15°, the rib upstream surface is well aligned
with the incoming airflow, which experiences lower impact as it strikes the inclined rib upstream surface. Thus, lower rib
angle provides lower levels of flow obstruction and hence the pressure drop across the ribs are relatively lower as seen in
Figure 12. As the rib angle increases towards 90°, the flow experiences increased impact on the rib upstream surface
thereby causing increased flow obstruction and increases pressure drop across the ribs. Therefore, the friction factor
increases with increasing rib angle, as seen in Figure11. Further from Figure 11(a) to Figure 11(d), it is observed that the
effect of rib angle diminishes with increasing approach length. From Figure 11(a), for the case of h/e=0, since the resulting
geometry is a scalene triangle with smooth surfaces on either side of the rib, the entire rib upstream surface is available
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for inclination. Thus, any variation of rib angle causes distinct changes in the flow and hence results in different levels of
pressure drop across the rib. As the approach length changes from h/e=0 to h/e=0.75, the influence of rib angle on friction
factor diminishes and all the rib angles exhibit friction factor values closer to that of rib angle of 90°. It may be noted that
irrespective of the approach length, the rib angle of 90° always leads to the geometry of the right-angled triangle rib. In
addition, higher approach length and higher rib angle also makes the rib geometry approach that of the right-angled
triangle geometry. Therefore, from Figure 11(a) to Figure 11(d), it can be clearly seen that as approach length increases
from 0 to 0.75, the friction factor for all the rib angles gets closer to that of 90°. Since the rib angle of 90° exhibits the
highest friction factor penalty, it can be therefore deduced that higher values of approach length and rib angle results in
higher friction factor. The maximum friction factor is found to be about 1.62 times that of the smooth duct for the rib
angle of 90°.

(a)

(b)

(c)
(d)
Figure 11. Influence of rib angle on the variation of friction factor for the non-dimensional approach length of (a) h/e=0
(b) h/e=0.25 (c) h/e=0.5 and (d) h/e=0.75
Figure 13 shows the influence of non-dimensional approach length on friction factor for a given rib angle. Figure
13(a) shows that the friction factor is higher for a higher approach length. This is due to the fact that the length of the
upstream vertical rib surface increases with increasing approach length as a result of which much of the upstream surface
receives the incoming air in a direction normal to it, causing increased flow obstruction. This is clearly seen in Figure 14,
which shows a greater pressure drop across the rib at a higher approach length. The contour plots of pressure clearly show
that at lower approach length, the impact of incoming air stream on the rib surface reduces due to which the pressure rise
is relatively lower on the rib upstream surface. However, this effect increases with increasing approach length resulting
in increased pressure drop across the ribs. From Figure 13 (a) to Figure 13(c), it can be seen that the difference in the
friction factor among different approach length values decreases and approaches that of 90° as higher approach length
and rib angle always leads to a geometry that is closer to the geometry of 90° rib angle. Thus, it can be deduced that lower
rib angle provides a lower friction factor penalty and the effect of approach length variation is significant only at lower
rib angles.
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θ=15°

θ=45°

θ=90°

Figure 12. Comparison of pressure distribution in the airflow around the ribs for h/e=0.25 and different rib angles of
15°, 45° and 90°.

(a) 15°

(b) 45°

(c) 90°
Figure 13. Influence of non-dimensional approach length on the variation of friction factor for different rib angles.
Based on the numerical data, correlations of Nusselt number and friction factor have been developed in terms of
geometric and flow parameters for the flow Reynolds number of 8000-20000. The correlation is developed following the
process used by Bhagoria et al. [54]. The Nusselt number and friction factor are both seen to be strongly dependent on
the rib angle, approach length and Reynolds number of the flow for a fixed relative pitch of P/e=12.5. The average
deviation between the numerical data and data generated by correlations are found to be within ±5% for both Nusselt
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number and friction factor as shown in Figure 15(a) and Figure 15(b), respectively. The correlations are given by the
following equations.
ℎ
𝑁𝑁𝑁𝑁 = 0.0835 �exp �0.01 � ��� (𝜃𝜃 0.012 )𝑅𝑅𝑅𝑅 0.6999
𝑒𝑒

ℎ
𝑓𝑓 = 0.0855 �exp �0.1383 � ��� (𝜃𝜃 0.0363 )𝑅𝑅𝑅𝑅 −0.224
𝑒𝑒

(17)
(18)
h/e=0

h/e=0.25

h/e=0.5

h/e=0.75

Figure 14. Comparison of pressure distribution in the airflow around the ribs for rib angle of 15° and different nondimensional approach lengths (h/e) of 0, 0.25, 0.5 and 0.75.

(a)
(b)
Figure15. Comparison of (a) Nusselt number (Numerical) with the predicted Nusselt number using correlation and
(b) friction factor (Numerical) with the predicted friction factor using correlation.
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Thermal Enhancement Factor
The thermal enhancement factor (TEF) determines the actual usefulness of the rib for heat transfer enhancement by
considering the combined effect of heat transfer augmentation and friction factor penalty. The thermal enhancement factor
is determined by Eq. (19). The relative enhancement of heat transfer and friction factor becomes important in the
calculation of TEF and is determined using Nusselt number enhancement ratio (NER) and friction factor enhancement
ratio (FER) as given by Eq. (20) and Eq. (21), respectively.

𝑇𝑇𝑇𝑇𝑇𝑇 =

𝑁𝑁𝑢𝑢
�𝑁𝑁𝑢𝑢𝑟𝑟 �
𝑠𝑠
1
𝑓𝑓𝑟𝑟 3

(19)

� �
𝑓𝑓𝑠𝑠

𝑁𝑁𝑁𝑁𝑁𝑁 =

𝑁𝑁𝑢𝑢𝑟𝑟
𝑁𝑁𝑢𝑢𝑠𝑠

𝐹𝐹𝐹𝐹𝐹𝐹 =

(20)

𝑓𝑓𝑟𝑟
𝑓𝑓𝑠𝑠

(21)

The variation of NER and FER for the approach length of 0.25 and different rib angles of 15°, 45° and 90° is shown
in Figure 16(a). It is seen that the NER for the rib angle of 15° is the highest, while the corresponding FER is the lowest
among the three rib angles used in the study. It is noted that the NER is higher for the lower rib angle, while the FER
exhibits a reverse trend where lower rib angles have a lower friction factor penalty. As a result of relatively higher NER
with a corresponding lower FER, the TEF is higher for lower rib angles, as shown in Figure17(a). The maximum TEF is
found to have a range of 1.6-1.45 for the rib configuration having h/e=0.25 and rib angle of 15°.
Figure 16(b) shows the variation of NER and FER for the rib angle of 15° and different approach lengths. It is seen
that the NER increases as the approach length increases from h/e=0 to h/e=0.25 and decreases thereafter and follows the
same trend of Nusselt number variation. However, the FER increases with increasing values of approach length as seen
in Figure 16(b) owing to the fact that the flow obstruction is greater at higher approach length of the rib resulting in
increased friction factor penalty. The rib configuration having greater approach length values of 0.5 and 0.75 have higher
FER and also exhibit lower levels of NER. Therefore, the TEF for the rib configuration having the non-dimensional
approach length of 0.5 and 0.75 is relatively lower as seen in Figure 17(b). The rib configuration having h/e=0 exhibits
lower NER as seen in Figure 16(b), but it has the lowest FER as the ribs offer lower levels of flow obstruction, thereby
reducing the friction factor penalty. Hence, the TEF for this rib configuration is at a higher level, as seen in Figure 17(b).
The TEF varies between 1.58-1.48 and performs very close to that of the rib having h/e=0.25. It is interesting to note that
the TEF for the rib having h/e=0.25 is higher than that of h/e=0 for the Reynolds number limit of 13000 beyond, which
it drops relative to the rib configuration having h/e=0. Thus, it can be deduced that for a given rib angle, a lower approach
length provides a higher thermal enhancement factor.

(a)

(b)

Figure 16. Comparison of Nusselt number enhancement ratio and friction factor enhancement ratio for (a) h/e= 0.25
and different rib angles of 15°, 45° and 90°, and (b) rib angle of 15° and different non-dimensional approach length
(h/e) of 0, 0.25, 0.5 and 0.75.
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(a)

(b)

Figure 17. Thermal enhancement factor for (a) h/e= 0.25 and different rib angles of 15°, 45° and 90°, (b) rib angle of
15° and different non-dimensional approach length (h/e) of 0, 0.25, 0.5 and 0.75.
Table 4 shows the comparison of Nusselt number enhancement (NER) and friction factor enhancement (FER) for
various rib geometries used in the literature. The results are seen to be better than pentagonal and compound ribs in terms
of both heat transfer and friction factor. It is noted that the maximum friction factor enhancement obtained from the
present study is significantly lower than most of the rib geometries used in the literature.
Table 4. Comparison of the present study with published works.
Maximum
NER
1.7

Maximum
FER
1.67

Inclined discrete ribs [15]

2.83

3.6

Multi-V shaped rib [17]

3.81

10.57

W-shaped ribs [18]

2.36

2.01

Multiple broken ribs [27]
Non-uniform cross-section
transverse rib [29]
Rectangular rib [34]
Square rib [43]
Equilateral triangular rib
[45]
Circular rib [46]
NACA 0040 rib [49]
Compound rib [51]

2.5

3.92

2.18

3.34

2.7
2.86

4.5
3.83

Re= 12633-38414, e/D=0.045-0.084, P/e=6.43-8
Re=3000-18000,non-dimensional width=5.83, attack
angle=30o-90o, p/e=4-10
Re=8000-20000, width ratio=3-8, attack angle=30o-75o
Re=2300-14000, attack angle=30o-75o, e=0.0180.03375, P/e=10
Re=3000-18000, P/e=10, e/D=0.043,
Re=3000-15000, P/e=4-30, e/D=0.043, attack
angle=45o
Re=4000-18000, e/D=0.04,P/e=5-15
Re=3800-18000, e/D=0.021-0.042,P/e=10.71

3.073

3.356

Re=3800-18000, e/D=0.021-0.042,P/e=7.14-35.71

2.31
2.95
1.29

3.14
2.42
1.38

1.82

1.62

Re=3800-18000, e/D=0.021-0.042,P/e=7.14-35.71
Re=6000-18000, P/e=5, e/D=0.065
Re=4000-15000, e/D=0.02-0.045, P/e=6-16
Re=8000-20000, non-dimensional approach length=00.75, P/e=12.5, e/D=0.0421, rib angle=30o-90o

Rib geometry
Pentagonal ribs [11]

Present work

Range of Parameters used in the analysis

CONCLUSION
Formation of recirculation zones on the transverse rib corners impede heat transfer and the use of angled rib surfaces
on the downstream rib side only partially overcomes this limitation. Entrapped recirculation zones are formed on the
upstream side of the ribs as well, which affects the heat transfer considerably and cannot be resolved by merely providing
an angled rib surface. This paper presents a detailed two-dimensional numerical analysis to determine the influence of rib
upstream surface modifications on the overall thermal performance of a novel clerestory shaped rib that is transversely
placed in the heating section. The upstream surface is divided into two parts where the upper part is always normal to the
flow while the bottom part is inclined to the incoming flow. The inclination of the bottom rib surface is defined using the
rib angle, which is varied as 15°, 45° and 90° whereas the upper vertical rib surface is varied in its height using the nondimensional approach length as 0, 0.25, 0.5 and 0.75. The analysis is carried out for the Reynolds number range of 800020000 using RNG k-ϵ turbulence model. The performance parameters such as Nusselt number, friction factor and the
overall thermal performance parameter such as thermal enhancement factor is made use of to bring out the efficacy of the
proposed rib modifications. The following are the major conclusions from the analysis:
i.

The combined effect of flow impingement and the suppression of formation of recirculation zone leads to
increased heat transfer.
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ii.
iii.
iv.
v.
vi.
vii.
viii.
ix.
x.
xi.

For a given non-dimensional approach length, a lower rib angle produces greater heat transfer augmentation.
For a given rib angle, an approach length of 0.25 produces greater heat transfer augmentation.
The highest increase in Nusselt number is found to be about 1.82 times that of smooth duct at Re=8000 for the
approach length of 0.25 and rib angle of 15°.
For higher rib angles, the variation of non-dimensional approach length has a negligible effect.
The use of higher non-dimensional approach length and rib angle results in a higher friction factor penalty.
The maximum friction factor is found to be about 1.62 times that of the smooth duct for the rib angle of 90° at
Re=20000.
The lowest friction factor is exhibited by the rib configuration having h/e=0 and rib angle of 15°.
For a given rib approach length, lower rib angles produce higher TEF.
For a given rib angle, lower values of non-dimensional approach length provide a higher thermal enhancement
factor.
The maximum TEF is found to have a range of 1.6-1.45 for the rib configuration having h/e=0.25 and rib angle
of 15°.
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