





























Annexure A
SUMMARY OF THE FINDINGS

Summarizing the CFD investigation on rib roughness in solar air heater duct, a new type of
rib roughness having non-uniform cross-section has been studied. It has been found to
produce higher thermal performance than ribs of uniform cross-section. In this study, a
parametric investigation on non-uniform saw-tooth cross-section rib roughness has been
undertaken to investigate heat and fluid flow of solar air heater duct roughened with saw-
tooth transverse rib roughness. The correlations for Nusselt number and friction factor have
also been obtained. The investigation has been done in 3-D using CFD software ANSYS
Academic Research 15.0. The relative roughness height (e/D), saw-tooth angle (0) and
relative roughness pitch (P/e) were varied from 15° to 75°, 0.015 to 0.043 and 4 to 30
respectively. The Reynolds number ranged from 3000 to 15000. Turbulence model RNG k-¢
and roughened duct of periodic section were selected for analysis. From the present study, it
has been found that as Reynolds number increases, friction factor decreases and Nusselt
number increases. The variation of static temperature contours on absorber also confirms this
trend. As relative roughness pitch increases from 4 to 16, the friction factor and Nusselt
number increases and then both decreases as relative roughness pitch is increased from 16 to
30. This is because of change in flow attachment in-between the ribs. The variation is further
substantiated by the turbulent kinetic energy, static temperature and static pressure contours
showing same trend. Both, the friction factor and Nusselt number are maximum for saw-
tooth angle of 45° for all investigated Reynolds number. As relative roughness height
increases, friction factor and Nusselt number increases for all investigated Reynolds number
due to higher turbulence generated due to obstruction in flow path. The relative roughness
pitch of 0.043, saw-tooth angle of 45°, relative roughness pitch of 16 and Reynolds number
of 9000 resulted in maximum ‘thermo-hydraulic performance parameter’ of 1.48. The
correlations of Nusselt number (Nu) and friction factor (f) have been obtained from CFD
investigation in terms of Reynolds number, relative roughness pitch, relative roughness
height and angle of saw tooth. The respective R? values obtained are 0.972 and 0.392 thereby
indicating that the fitted model is highly significant (p<0.001).
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Annexure B
REPORT OF THE WORK DONE

i.  Brief objective of the project
e  Validation of published results of heat and fluid flow through rib roughened solar
air heater duct using CFD.
. CFD investigations on heat and fluid flow of solar air heater duct roughened with
a new rib roughness.
. Development of correlations of Nusselt number and friction factor for rib-
roughened solar air heater duct as function of Reynolds number and roughness

parameters.

ii. Work done so far and results achieved and publications, if any, resulting from the
work

Work done so far and results achieved:

1. General detail of the study

A computational fluid dynamics (CFD) software ANSYS Academic Research CFD
version15.0 has been used for heat transfer and fluid flow simulation of artificially roughened
SAH. In this study, 3-D computational domain of artificial roughened SAH is adopted. Solar
air heater (SAH) with artificial rib roughness geometry in the form of saw-toothed shape
fixed on underside of the absorber plate has been selected. Published results for heat and
fluid flow through rib roughened solar air heater duct have been validated using CFD. The
dimensions of the duct considered for CFD analysis are 300 mm width, 25 mm height and
1000 mm length. The relative roughness height (e/D), saw-tooth angle (0) and relative
roughness pitch (P/e) were varied from 15° to 75°, 0.015 to 0.043 and 4 to 30 respectively.
The Reynolds number ranged from 3000 to 15000. The rib roughened solar air heater duct
has been investigated for heat and fluid flow. The correlations for Nusselt number and
friction factor have been obtained in terms of roughness and flow parameters.

2. Mathematical modeling using CFD
Physical problem is converted into mathematical problem based on the conservation
equations by mathematical modeling. It is then solved to obtain the solutions of the problem;
Computational Fluid Dynamics (CFD) is one of the tools. In CFD, the present duct of SAH is
governed by 3-dimensional equations in the form of continuity, momentum and energy
equation for turbulent air flow (Kumar and Kim 2016).
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3. Review of literature

The conventional solar air heaters have airflow generally in turbulent flow region
with Reynolds number between 3000 to 15000 [1]. These air heaters have low thermal
efficiency due to development of laminar sub-layer in turbulent boundary layer on airflow
side of the absorber plate [2]. The enhancement in thermal performance by breaking the
laminar sub-layer by employing artificial rib roughness on the airflow side of absorber plate
has widely been accepted as convenient and efficient method [3,4,5]. The enhancement of
heat transfer in compact heat exchangers [6] and gas turbine cooling systems [7] is also
commonly achieved with rib roughness.

A number of investigations using different rib roughness geometries for solar air
heater duct have been reported in literature [8]. Simplest of the rib geometries are transverse
[9], inclined [10], arc shape [11] and V-shape [12]. The inclined rib increase heat transfer
coefficient more than the transverse rib because of secondary flow generation in addition to
breaking laminar sub-layer. The friction factor decreases with reduction in angle of attack
due to reduced form drag. V-shape rib causes further increase in heat transfer coefficient due
to generation of two high heat transfer regions. V-down rib results in higher heat transfer
coefficient than V-up rib for duct aspect ratio and Reynolds number range normally used in
solar air heaters [13]. The friction factor of V-down rib was found to be less than V-up rib
[14,15,16] but Karwa [17] reported otherwise. Multiple V-shape ribs have been reported to
further enhance the Nusselt number [18]. Apart from simple rib geometries, effect of their
discretization on thermal and hydraulic performance enhancement has also been reported [19,
20, 21]. Most of the studies mentioned above have used rib of circular cross-section except
study on transverse rib of square cross-section by Karwa et al. [22] and chamfered cross-
section by Bhagoria et al. [23].

Most of the studies on rib roughness of solar air heater duct have been carried
experimentally and only a few studies using computational fluid dynamics have been
reported [24-29]. Two-dimensional CFD analysis on rib roughened solar air heater duct using
commercial software FLUENT 6.1 has been reported by Chaube et al. [30]. Heat transfer
and fluid flow analysis have been done for five rib shapes viz. rectangular, square,
chamfered, semicircular and circular rib. Shear stress transport k-o turbulence model was
selected for analysis based on the comparison with experimental results available in
literature. The inter-rib Nusselt number, streamlines and velocity vectors have been plotted.
Results have been obtained in-terms of Nusselt number, friction factor and performance
index. Two-dimensional CFD analysis for wedge shaped transverse rib roughened solar air
heater duct done using CFD software FLUENT was found to have good agreement with
experimental results for Nusselt number [31]. Yadav and Bhagoria [27] conducted 2-D CFD
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study using ANSYS FLUENT 12.1. From amongst the different turbulence models, the
results obtained using Renormalization group (RNG) k-g¢ turbulence model were in good
agreement with the Dittus-Boelter and Blasius empirical correlation. The effect of relative
roughness height, relative roughness pitch and Reynolds number for transverse rib was
investigated. The Nusselt number, friction factor and thermal enhancement factor were
determined. Three-dimensional CFD investigation on rib roughened solar air heater duct
using FLUENT 6.3.26 has been reported by Kumar and Saini [24] for arc-shaped rib
roughness. Renormalization-group (RNG) k-¢ turbulence model has been selected for
analysis. The effect of geometrical rib parameters and flow Reynolds number on overall
enhancement ratio has been determined. CFD simulation in 3D was performed for metal grit
rib roughened solar air heater duct using CFD software FLUENT [25]. The investigation was
done for different rib geometry parameters. The simulation was validated experimentally.

All the above studies have been conducted for ribs having uniform cross-section.
Moving further from uniform cross-section ribs, in the present study an entirely new concept
of non-uniform cross-section rib for solar air heater duct has been investigated. From the
literature review, it is clear that no investigation has been carried out to study the effect of
non-uniform rib cross-section on Nusselt number and friction factor of duct. It is expected
that the non-uniform cross-section rib will break the laminar sub-layer as well as reduce eddy
formation downstream of the rib thereby enhancing the heat transfer and reducing pumping
power. In the present investigation, CFD analysis of rib roughened solar air heater duct has
been carried out for transverse rib having non-uniform rib cross-section in the form of saw-
tooth. For comparison transverse rib having uniform cross-section in the form of square,
circular and trapezoidal have also been investigated. The effect of different cross-sections on
Nusselt number and friction factor has been determined and discussed.

4. Validation of published results and selection of new geometry
For validation of the published results and the selection of new rib-roughness

geometry, CFD analysis was carried out as described below:

Description of Computational Model

The transverse rib roughened solar air heater duct has been considered for CFD
investigation (Fig.1). The flow cross-section of the duct is 300 mm x 25 mm and duct length
is 1 m. One broad wall of the duct is heated with uniform heat flux of 1000 W/m2. This has
been done to simulate conventional solar air heater, wherein a broad wall of duct acts as
absorber of solar radiations. The rib roughness is employed in the duct on the heated wall for
enhancing thermal performance by breaking the laminar sub-layer. Different cross-sections
of rib taken up for investigation are shown in Fig. 2 and their detail is given below:
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(a) Square rib — 2 mm x 2 mm

(b) Circular rib — 2mm diameter

(c) Trapezoidal rib — 2 mm height x 2 mm base x 1 mm crest
(d) Saw-tooth rib — 2 mm height x 2 mm width x 45° angle

The investigations have been carried for relative roughness pitch of 8 and five levels
of Reynolds number in range of 3000 to 15000. The investigation was done using software
ANSYS Academic Research CFD 15.0. ANSYS Design Modeler was used for preparing the
3-D fluid domain for analysis. Initially a coarse mesh was used to resolve the flow as shown
in Fig.4. The number of nodes for coarse meshing varied from 97600 to 156200 for different
geometries. The steady flow analysis was done using governing equations of energy,
momentum and continuity [27]. The solver used was segregated with finite volume based
algorithm and second order upwind scheme was chosen for momentum, continuity and
energy equations. For discretization of governing equations, SIMPLE algorithm was chosen
[32]. A constant heat flux condition of 1000 W/m2 was applied on ribbed surface, while for
other walls adiabatic boundary condition was applied. The convergence limit of 10~ for
residual of continuity equation, 10 for the residuals of velocity components and 10 for
residuals of energy was taken. After obtaining initial results, the mesh was made finer at
specific locations using gradient adaptation technique. With gradient adaptation technique,
the mesh was made finer at locations where the gradient in a property was more that 10% of
the maximum gradient in that property. The gradient adaptation was done for temperature,
pressure, velocity, wall shear stress and turbulence intensity.

Fig. 1: Schematic of rib roughened solar air heater duct and periodic section of rib roughened
duct.
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Fig. 2: Schematic of transverse ribs of Circular, Square, Trapezoidal and Saw-tooth cross-
section.

Selection of Flow Field, Turbulence Model and Model Validation
A 3-D solution domain of full duct length of 1 m was considered (Fig. 1). Eight

turbulence models viz. Standard k-¢ model with standard and enhanced wall treatment,
Renormalization k- model with standard and enhanced wall treatment, Realizable k-¢£ model
with standard and enhanced wall treatment, Standard and Shear Stress Transport (SST) k-®
were tested for smooth duct. The computational effort required for solution domain of 3-D
full length duct is huge. To check, if the comparable accuracy in results can be obtained for
smaller duct length, the duct was shortened and only a small duct length of 16 mm
corresponding to one pitch length was analyzed for the turbulence models mentioned above
assuming periodic conditions in the duct. This was done so as to have choice between
periodic and non-periodic flow for further analysis.

The results obtained for the periodic and non-periodic flow in smooth duct were
compared with Nusselt number for smooth duct as given by Dittus-Boelter empirical
correlation in eq. (1) below:

Nu = 0.024 Re"® Pr** (1)

Fig.3 shows the variation of Nusselt number with Reynolds number for periodic and
non-periodic fluid flow using different turbulence models. Also shown is the plot of
calculated Nusselt number values determined from Eq.(1) for comparison. The Nusselt
number determined by using turbulence model RNG k-¢ with enhanced wall treatment for
periodic fluid flow were found to result in least average absolute deviation of 9.85% from the
values of Nusselt number obtained from empirical correlation (Table 1). The next best results
for Nusselt number were obtained for the non-periodic flow using the same model. The
higher average absolute deviation for non-periodic flow as compared to periodic flow may be
due to the influence of entry and exit length on the overall Nusselt number. Keeping this in
view, the turbulence model RNG k-g¢ with enhanced wall treatment was selected for
investigation on roughened duct and the periodic conditions were applied.
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Fig. 3: Nusselt number as a function of Reynolds number for different turbulence models for
smooth duct (a) Periodic and (b) Non-periodic flow.
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Table 1: Average absolute deviation of Nusselt number obtained using different turbulence

models for periodic and non-periodic flow in smooth duct.

Flow Average absolute deviation (%)
type Standard | Standard | RNG k-g¢ | RNG k-g¢ | Realizable | Realizable | Standard | SST
k-¢ with | k-  with | with with k-¢ with | k-¢ with | k-0 k-o
standard | enhanced | standard | enhanced | standard enhanced
wall wall wall wall wall wall
function | treatment | functions | functions | functions | treatment
Periodic | 37.89 10.54 45.45 9.85 21.77 9.94 22.45 15.56
flow
Non- 18.54 12.56 18.91 12.75 19.33 12.50 13.73 12.87
periodic
flow

Grid Independence Test

Before carrying out the detailed investigation on the different rib cross-sections for
the range of Reynolds number, a grid independence test was conducted for trapezoidal cross-
section rib. At the start coarse meshing was done and results obtained. Mesh was made
successively finer by applying gradient adaptation for temperature, velocity, pressure, wall
shear stress and turbulence intensity. Fig.4 show the grid for trapezoidal rib before gradient
adaptation and after adaptation for temperature, velocity, pressure, wall shear stress and
turbulence intensity at Reynolds number value of 15000. With gradient adaptation technique,
the grid automatically became finer at locations where it was needed as shown in Fig. 4.
Table 2 shows the number of cells after each adaptation and the respective values of Nusselt
number at Reynolds number value of 15000 for trapezoidal rib cross-section. The percent
variation in Nusselt number as the mesh is made finer is also shown in Table 2. It can be seen
that as the mesh is made finer, the percent variation in resulting Nusselt number is negligible
(<1%). So after the gradient adaptations mesh is sufficiently fine to resolve the fluid flow and
the results can be considered to be grid independent. So in all investigations the gradient
adaptation of temperature, velocity, pressure, wall shear stress and turbulence intensity were
performed to make the results grid independent.
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Table 2: Number of cells and Nusselt number after various grid adaptations for transverse rib

with trapezoidal cross-section at Reynolds number of 15000.

Gradient Number of cells | Percentage Nusselt number | Percentage

adaptation increase in change in
number of cells Nusselt
(%) number (%)

Before adaptation | 110700 52.12

I adaptation — | 160246 44.76 54.88 5.30

temperature

I adaptation — | 309801 93.33 53.80 1.98

velocity

Il adaptation — | 357786 15.49 53.74 0.10

pressure

IV adaptation - | 578160 61.59 53.75 0.01

wall shear stress

V adaptation - | 1047440 81.17 53.76 0.02

turbulence

intensity
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Fig. 4: Grid for trapezoidal cross-section rib after successive gradient adaptations at
Reynolds number of 15000 (a) Coarse mesh, number of cells =110700 (b) Temperature
gradient adaptation, number of cells = 160246 (c¢) Velocity gradient adaptation, number of
cells =309801 (d) Pressure gradient adaptation, number of cells =357786 and (e) Wall shear
stress gradient adaptation, number of cells = 578160 (f) Turbulence intensity gradient
adaptation, number of cells = 1047440

Results of different cross-sections

For non-uniform and uniform cross-section transverse ribs, the results were obtained
for Nusselt number and friction factor at five levels of Reynolds number in the range 3000 to
15000. The results obtained have been discussed below:

Effect of Reynolds number: Fig.5 shows the effect of Reynolds number on Nusselt number
and friction factor for periodic rib roughened solar air heater duct with trapezoidal rib. It can
be seen that as the Reynolds number increases the Nusselt number increases due to increased
turbulence in the flow. The increased turbulence is indicated by increase in turbulent kinetic
energy at different Reynolds numbers in a central plane along the flow at different Reynolds
numbers as shown in Fig. 6. The basic structure of the contours of turbulent kinetic energy
remains same but the scale changes with the change in Reynolds number. It can be seen that
the maximum turbulent kinetic energy increases from 5.71 x 107 to 1.36 m?/s> with increase
in Reynolds number from 3000 to 15000. From Fig. 5, it can also be seen that the friction
factor decreases with the increase in Reynolds number as expected due to laminar sub-layer
suppression.
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Fig. 5: Variation of Nusselt number and friction factor with Reynolds number for trapezoidal
rib cross-section.

Effect of rib cross-section: Figure 7 shows the plot of Nusselt number against Reynolds
number for flow through periodic rib roughened solar air heater duct for uniform and non-
uniform cross-section ribs investigated. For Reynolds number above 7000, the Nusselt
number is more for non-uniform cross-section saw tooth rib as compared to that for uniform
cross-section square, trapezoidal and circular ribs. At higher Reynolds number, the better
performance of non-uniform cross-section rib may be due to lateral air movement behind the
rib as the air passes over rib as shown in Fig. 8 for Reynolds number of 15000. This lateral
air movement disrupt re-circulations downstream of rib and so re-circulations and hence low
heat transfer area is reduced. This can be observed from the velocity vectors for saw tooth rib
on planes normal to the absorber, passing through trough and crest of saw-tooth as shown in
Fig.9. For comparison, the velocity vectors on plane normal to absorber showing re-
circulations for uniform cross-section trapezoidal rib at Reynolds number of 15000 are
shown in Fig.9. At lower Reynolds number the effect of lateral movement in non-uniform
ribs may not be that pronounced to disrupt the re-circulations so Nusselt number was
observed to be lower for saw-tooth rib.
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(e)

Fig. 6: Contours of turbulent kinetic energy on a mid-plane along the flow normal to the
absorber for trapezoidal cross-section rib for Reynolds number of (a) 3000 (b) 6000 (c) 9000
(d) 12000 and (e) 15000
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Fig. 7: Variation of Nusselt number with Reynolds number for different rib cross-sections
investigated.
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(b)

(©)

Fig. 9: Velocity vectors on a plane along the flow normal to the absorber at Reynolds number
of 15000 (a) plane passing through rib crest for saw-tooth rib (b) plane passing through rib
trough for saw-tooth rib (c) central plane for trapezoidal rib

For solar air heater duct roughened with uniform cross-section rib, the Nusselt
number is more for trapezoidal rib followed by square rib and then circular rib for the range
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of Reynolds number investigated. This is also indicated by the temperature contours in the
central plane normal to the absorber as shown in Fig. 10. It can be seen from the contours
that the higher temperature can be observed for larger distance normal to absorber away from
the rib in case of trapezoidal rib followed by square rib and then trapezoidal rib. The
maximum temperature shown in the temperature contours is 347 K for trapezoidal rib, 354 K
for square rib and 465 K for circular rib. This also indicates lesser intermixing /turbulence of
flowing air causing greater air temperature variation for circular rib as compared to square rib

and trapezoidal rib.

(a)

(b)
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(©)

Fig. 10: Temperature contours on a central plane along the flow normal to the roughness for
trapezoidal, square and circular rib roughness at Reynolds number of 15000.

The enhancement in Nusselt number was 1.14 to 1.78 for non-uniform cross-section
saw-tooth rib for the range of Reynolds number investigated (Fig.11). The corresponding
variation in uniform cross-section ribs namely circular, square and trapezoidal ribs was 1.05
to1.17,1.22to 1.4¢ 7o v e é‘bér;phl
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Fig. 11: Variation of enhancement in Nusselt number with Reynolds number for different rib
cross-sections investigated.

Fig. 12 shows the variation of friction factor with Reynolds number for the non-

uniform and uniform ribs investigated. The friction factor for the non-uniform cross-section

saw-tooth rib was found to be less than the uniform cross-section ribs. This may be due to the
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reduction in re-circulations downstream of rib in saw-tooth rib as can be seen from the
velocity vectors on planes normal to the absorber passing through crest and trough of the rib
(Fig.9). For uniform cross-section rib, the friction factor for square rib was found to be
maximum followed by trapezoidal and circular rib. This may be due to the edges of the
square rib that interfere with the fluid flow causing higher pressure drop and hence friction
factor.

The enhancement in friction factor varied from 1.60 to 2.49, 2.43 to 3.40, 2.64 to 3.74
and 2.59 to 3.58 respectively for saw-tooth rib, circular rib, square rib and trapezoidal ribs for
the range of Reynolds number investigated (Fig.13).
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Fig. 12: Variation of friction factor with Reynolds number for different rib cross-sections
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Fig. 13: Variation of enhancement in friction factor with Reynolds number for different rib
cross-sections investigated.
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Comparison of results of present CFD study and published results

The Nusselt number and friction factor were determined for the circular rib using
Ansys CFD. These results were compared with the results obtained for experimental
investigation by Gupta et al. (1993) for transverse circular rib in rectangular duct.

Fig. 14 and 15 shows the comparative Nusselt number and friction factor as a
function of Reynolds number, for the present CFD study of circular rib and the experimental
study by Gupta et al. (1993). It can be seen that the values of Nusselt number and friction
factor for the two studies are very close. The average absolute deviation for the Nusselt
number is 14.02% and for friction factor is 25.82%, which are within the acceptable range.

Hence it can be concluded that the CFD analysis can be used to predict the

erformance of =% =~ ~hrmnd mantonnlow A e ,
p Circular rib

100

—&— CFD - Ansys 15.0
O Gupta et al. (1993)

80 A
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40 A o
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Fig. 14: Variation of Nusselt number with Reynolds number for the present study and
experimental study by Gupta et al. (1993)
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Fig. 15: Variation of friction factor with Reynolds number for the present study and
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From above it can be summarized that Nusselt number for non-uniform cross-section
saw-tooth rib is more than uniform cross-section ribs for Reynolds number above 7000 due
to reduction in low heat transfer area caused by the lateral movement of the air downstream
of the rib. The enhancement in Nusselt number was in the range of 1.14 to 1.78 for Reynolds
numbers investigated. For Reynolds number range investigated, the friction factor for non-
uniform cross-section saw-tooth rib is less than uniform cross-section ribs. The maximum
enhancement in friction factor was 2.49 and 3.74 for non-uniform and uniform cross-section
ribs. The results of the present CFD study methodology and the published results of
experimental study are within the acceptable range and therefore CFD analysis using ANSYS
can be done for further investigation on rib roughness.

Based on the above, it has been decided to further investigate the saw-tooth rib by
varying the roughness and flow parameters.

5. Roughness Geometry and Range of Parameters

Schematics of saw-tooth rib roughened SAH duct and detail of saw-tooth rib
roughness has been shown in Fig. 16 and Fig. 17. Duct is 1000 mm in length, 300 mm in
width and 25 mm in height with resulting aspect ratio of 12 for flow cross-section. The rib
parameters, e/D and 0 have been taken from 0.015-0.043 and 15°-75° respectively. The e/D
was varied from 4 to 30 and Re from 3000 to 15000. It may be noted that rib roughness in
case of SAH is applied on underside of the absorber plate in the air flow duct so as to disturb
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laminar sub layer in turbulent boundary layer for enhancing heat transfer from absorber plate
to air. In this study, the rib roughness has been applied on duct wall that is uniformly heated
with flux 1000 W/m? as considered by earlier investigators (Verma and Prasad (2000), Gupta
et al (1997), Momin et al (2002), Hans et al (2010), Aharwal et al (2008)). The solar
radiation intensity is also of this order of magnitude. The remaining three wall of the duct are
considered adiabatic for the purpose of CFD analysis. The combination of parameters
considered for the present study has been given in Table 3.

A

Air Out

Transverse ribs

Absorber Plate

Fig. 16: Schematic of rib roughened SAH duct investigated

Fig. 17: Schematic of saw-tooth rib roughness
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Table 3: Various combinations of parameters investigated for saw-tooth rib roughness.

S.No. Ple 0 e/D Re

1 4 45° 0.043 3000
2 4 45° 0.043 6000
3 4 45° 0.043 9000
4 4 45° 0.043 12000
5 4 45° 0.043 15000
6 10 45° 0.043 3000
7 10 45° 0.043 6000
8 10 45° 0.043 9000
9 10 45° 0.043 12000
10 10 45° 0.043 15000
11 16 45° 0.043 3000
12 16 45° 0.043 6000
13 16 45° 0.043 9000
14 16 45° 0.043 12000
15 16 45° 0.043 15000
16 24 45° 0.043 3000
17 24 45° 0.043 6000
18 24 45° 0.043 9000
19 24 45° 0.043 12000
20 24 45° 0.043 15000
21 30 45° 0.043 3000
22 30 45° 0.043 6000
23 30 45° 0.043 9000
24 30 45° 0.043 12000
25 30 45° 0.043 15000
26 16 15° 0.043 3000
27 16 15° 0.043 6000
28 16 15° 0.043 9000
29 16 15° 0.043 12000
30 16 15° 0.043 15000
31 16 20° 0.043 3000
32 16 20° 0.043 6000
33 16 20° 0.043 9000
34 16 20° 0.043 12000
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S.No. Ple 0 e/D Re
35 16 20° 0.043 15000
36 16 25° 0.043 3000
37 16 25° 0.043 6000
38 16 25° 0.043 9000
39 16 25° 0.043 12000
40 16 25° 0.043 15000
41 16 30° 0.043 3000
42 16 30° 0.043 6000
43 16 30° 0.043 9000
44 16 30° 0.043 12000
45 16 30° 0.043 15000
46 16 60° 0.043 3000
47 16 60° 0.043 6000
48 16 60° 0.043 9000
49 16 60° 0.043 12000
50 16 60° 0.043 15000
51 16 75° 0.043 3000
52 16 75° 0.043 6000
53 16 75° 0.043 9000
54 16 75° 0.043 12000
55 16 75° 0.043 15000
56 16 45° 0.015 3000
57 16 45° 0.015 6000
58 16 45° 0.015 9000
59 16 45° 0.015 12000
60 16 45° 0.015 15000
61 16 45° 0.019 3000
62 16 45° 0.019 6000
63 16 45° 0.019 9000
64 16 45° 0.019 12000
65 16 45° 0.019 15000
66 16 45° 0.026 3000
67 16 45° 0.026 6000
68 16 45° 0.026 9000
69 16 45° 0.026 12000
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S.No. Ple 0 e/D Re
70 16 45° 0.026 15000
71 16 45° 0.035 3000
72 16 45° 0.035 6000
73 16 45° 0.035 9000
74 16 45° 0.035 12000
75 16 45° 0.035 15000

6. Results and Discussion

The effect of Reynolds number (Re), relative roughness pitch (P/e), relative
roughness height (e/D) and angle of saw-tooth rib (0) on Nusselt number (Nu), friction factor
(f) and thermo-hydraulic performance parameter (THPP) of saw-tooth rib roughened duct has
been reported and discussed.

6.1 Heat transfer characteristics

Effect of relative roughness pitch (P/e): To investigate this effect, 0 and e/D of rib
roughness were kept fixed as 45 and 0.043 respectively. This investigation was carried out
for P/e values 4, 10, 16, 24 and 30 and Re values of 3000, 6000, 9000, 12000 and 15000

respectively.

Fig. 18 indicates the effect of Re on Nu for various values of P/e with fixed /D and 0
0f 0.043 and 45°. Moreover, Nu of roughened duct increases with rise in the value of Re. It is
because with increase in the value of Re, TKE and TDR increases. The contours of TKE and
TDR drawn on an imaginary plane parallel to absorber plate at distance of 1 mm from
absorber plate at different Re for P/e of 16 are shown in Fig. 19 and Fig. 20 respectively. It
can be seen from Fig. 19 that TKE behind the rib is higher for all Re, thereby indicating flow
reattachment behind the rib. Further, as Re increases the maximum value of TKE increases
indicating increase in TKE with increase in the value of Re. The maximum scale values of
TKE are 0.164, 0.226, 0.495, 0.965 and 1.57 m%/s” at Re of 3000, 6000, 9000, 12000 and
15000 respectively. Similarly, from Fig. 20 it can be noted that as Re increases the TDR
increases. The TDR is maximum just before the rib due to flow obstruction by ribs. The
value of TDR is more at certain distance downstream of the ribs as compared to just behind
the ribs indicating flow reattachment downstream of the ribs. The maximum scale values of
TDR are 154, 224, 580, 1570 and 3590 m?/s® at Re of 3000, 6000, 9000, 12000 and 15000
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respectively. The TDR is more just upstream of the crests of the saw-tooth rib due to flow
obstruction. Downstream of the ribs, the TDR increases at a certain distance from the ribs
indicating flow reattachment as also shown by velocity vectors in Fig. 21. The trend of
variation in TDR and TKE with Re was discussed to be same at other P/e values. As Ti is
directly proportional to TDR and TKE, so with the increase in Re, Ti will increase. The

increase in Ti causes increase in Nu. So with rise in Re, Nu increases.

The contours for static temperature on absorber plate for different values of Re at P/e
of 16 are shown in Fig. 22. For all Re, the static temperature is more just behind the ribs due
to formation of recirculation behind the ribs indicating lower local heat transfer. The static
temperature reduces on downstream side away from the ribs due to flow reattachment
indicating better heat transfer. As the Re increases the area behind the rib of higher
temperature i.e. lower Nu decreases. This also contributes to increase in the value of Nu with
increase in Re. The value of maximum static temperature decreases as Re increases. The
maximum scale values of static temperature are 536, 431, 395, 375 and 363 K at Re of 3000,
6000, 9000, 12000 and 15000 respectively. The more static temperature indicates lesser heat
transfer and therefore lower Nu. So the contours of static temperature also shows the increase

in Nu with increment in Re.

From Fig.18, it can be seen that the Nu of roughened duct is higher as compared to
that of smooth duct. This is because of more Ti in the roughened duct in comparison to that
of smooth duct. The values of TKE and TDR at Re of 15000 on an imaginary plane parallel
to absorber at 0.001 m from absorber for smooth duct are 0.354m%s> and 363 m?/s’
respectively. It indicates that the maximum values of TKE and TDR for smooth duct are
lower than those of roughened duct.

Moreover, Nu increases with increase in P/e from 4 to 16 and then decreases with

increase in P/e from 16 to 30 for all values of Re (Fig. 18). To show this effect of P/e on Nu
more clearly Fig.18 is redrawn in Fig. 23.
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Fig. 18: Effect of Re on Nu for various values of P/e at 6 = 45° and e/D = 0.043.
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e) Re =15000

FLOW

Fig. 19: Contour of TKE of saw tooth rib roughened duct for /D =0.043, 0 =45° and P/e
=16 for various values of Re.
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c) Re =9000

FLOW

d) Re = 12000

FLOW

e) Re = 15000

FLOW

Fig. 20: Contour of TDR of saw tooth rib roughened duct for e/D=0.043, 6 = 45° and P/e =
16 for various values of Re.
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(a) (b)

Fig. 21: Velocity vectors normal to absorber plate passing from (a) crest of saw tooth rib, and
(b) trough of saw tooth rib, for P/e of 16 and Re of 15000
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¢) Re =9000

FLOW

d) Re = 12000
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e) Re = 15000
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Fig. 22: Contour of Static Temperature of saw tooth rib roughened duct for e/D = 0.043, 6 =
45° and P/e = 16 for various values of Re.
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Fig. 23 shows that the Nu increases as P/e increases from 4 to 16 and then decreases
as P/e increases from 16 to 30 for all values of Re. Similar trend of results have been
obtained for v-shaped broken rib by Han and Zhang (1992), double arc rib by Lanjewar et al
(2015), circular transverse wire rib by Yadav and Bhagoria (2013) and non-uniform cross
section rib by Singh et al (2015). This may be because of increase in Ti with increase in Re.
Fig.24 and Fig. 25 show contours of TKE and TDR on a plane parallel to absorber at 0.001 m
from the absorber at Re of 15000 for different P/e. It can be seen from Fig. 24 that the TKE is
minimum behind the rib due to flow recirculation and is maximum at a certain distance
downstream of the rib indicating flow reattachment. The TKE reduces further downstream
from the rib. The trend remains same for all pitch values. The contours of TKE are similar
for all P/e values, but TKE increases from 4 to 16, and then decreases as P/e increases from
16 to 30. This can be observed from the maximum values of scales of contours of TKE. The
highest scale value of contours of TKE is 0.967, 1.07, 1.57, 1.43 and 1.18 m?/s? for P/e of 4,
10, 16, 24 and 30 respectively. From Fig. 25 it can be seen that the TDR is maximum in-front
of the rib due to flow obstruction. It is low behind the rib and then increases up to a certain
distance downstream of the rib indicating flow re-attachment. The contours for TDR are
similar for all values of P/e. However, the TDR increases as P/e is increased from 4 to 16 and
then decreases as P/e further increased to 30. This can be observed from maximum scale
value of the contours. The maximum scale values are 1810, 2640, 3590, 3370 and 3090 m?/s’
for P/e of 4, 10, 16, 24 and 30 respectively. Both TKE and TDR have been found to increase
with increase in P/e from 4 to 16 and then decrease as P/e is increased from 16 to 30. As
turbulence intensity is proportional to TKE and TDR, so it tends to increase with increase in
P/e from 4 to 16. After this value Ti decreases as P/e is increased upto 30. The same trend
was observed for TDR and TKE for other Re as well. Thus the Nu increases as P/e is
increased from 4 to 16 and then decreases as P/e is further increased to 30. This variation of
Nu with P/e is because the flow does not reattach the absorber plate at lower P/e of 4, and as
the P/e increases the reattachment of flow happens. This can be clearly interpreted from the
velocity vectors shown in Fig. 26. Fig. 26 shows the velocity vectors on a plane passing from
rib crest normal to absorber for different P/e at Re of 15000. The local Nusselt number is
highest at reattachment point and decreases on both sides of the reattachment point (Aharwal
et al (2008), Hans et al (2010)). At P/e of 4, reattachment do not happen and so results in
lower average Nu. As P/e is increased to 10, the reattachment starts to occur so average Nu is
increased. At P/e of 16, the reattachment happens so the average Nu peaks. Beyond P/e of 16,
the reattachment of flow is there but the distance of reattachment point to downstream rib
increases i.e. there is increase in region of lower local Nu. Besides there is decrease in

number of reattachment points per unit length, so beyond P/e of 16, the average Nu decrease.
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Fig. 27 shows contours of static temperature on absorber plate for different P/e values
for Re of 15000. For all pitch values, the static temperature is maximum behind the rib due to
flow recirculation resulting in low heat heat transfer. At a certain diatance behind the rib, the
temperature is minimum due to better heat transfer caused by flow reattachment. The trend is
same for all P/e. However, the static temperature rises as P/e increases from 4 to 16 and then
falls with further increase in P/e. This can be observed from the maximum scale value of
contours. The maximum scale value of the contours is 389, 380, 363, 381 and 382 K at P/e of
4, 10, 16, 24 and 30 respectivley. This trend was observed at other Re values. The higher
static temperature indicates lower heat transfer or lower Nu. So the contours of static
temperature also indicates the increase in Nu as P/e is increased from 4 to 16, therafter fall in
Nu with further increase in P/e.
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Fig. 23: Effect of P/e on Nu for various values of Re at 6 = 45° and e/D = 0.043.
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d) Ple =24
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e) P/e =30
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Fig. 24: Contour of TKE of saw tooth rib roughened duct for 0.043, 8 = 45° and Re = 15000
for various values of P/e.
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e) P/e =30
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Fig. 25: Contour of TDR of saw tooth rib roughened duct for 0.043, 6 = 45° and Re = 15000
for various values of P/e.

(a)Ple=4 (b) P/le=10

(©)Ple=16 (d) Ple =24
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(e) P/e =30

Fig. 26: Velocity vectors on a plane normal to absorber plate passing through rib crest for
Re = 15000 and various values of P/e.
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c)Ple=16

FLOW

d) Ple = 24
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e) P/le =30

FLOW

Fig. 27: Contour of Static Temperature of saw tooth rib roughened duct for e/D = 0.043, 0 =

45° and Re = 15000 for various values of P/e.

Effect of saw-tooth angle (0) - To analyse this effect, P/e was kept fixed as 16 and e/D was
kept fixed as 0.043. The investigation was carried for angle of saw tooth of 15°, 20 °, 25 °,
30°, 45°, 60° and 75° for Re values of 3000, 6000, 9000, 12000 and 15000.
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Fig. 28 shows that the Nu decreases as 0 increases from 15° to 25°, then increases as
0 increases from 25° to 45° and then again decreases as 0 increases from 45° to 75° for all
values of Re. This may be because of increase in Ti with increase in Re. Fig. 29 and Fig. 30
show contours of TKE and TDR on a plane parallel to absorber at 0.001 m from the absorber
at P/e 16, ¢/D 0.043 and Re 15000 for different values of 6. It can be seen from Fig. 29 that
the TKE is minimum behind the rib due to flow recirculation and is maximum at a certain
distance downstream of the rib indicating flow reattachment. The TKE reduces further
downstream from the rib. The trend remains same for all 6 values. The contours of TKE are
similar for all angles of saw-tooth rib values, but TKE decreases from 15° to 25°, then
increase from 25° to 45° and then again decrease as 0 increases from 45° to 75°. This can be
observed from the maximum values of scales of contours of TKE. The maximum scale value
of contours of TKE is 13.5, 1.66, 1.18, 1.57, 1.65, 1.05 and 0.957 m*/s” for 6 of 15°, 20°, 25°,
30°, 45°, 60° and 75° respectively. From Fig. 30 it can be seen that the TDR is maximum in
front of the rib due to flow obstruction. It is low behind the rib and then increases upto a
certain distance downstream of the rib indicating flow reattachment. The contours of TDR
are similar for all values of 0. However, the TDR decreases as 0 is increased from 15° to 25°,
then increases from 25° to 45° and then again decreases as 0 further increased to 75°. This
can be observed from maximum scale value of the contours. The maximum scale values of
dissipation rate are 24500, 2460, 1560, 2930, 3590, 2680 and 2490 m?/s® for 0 of 15°, 20°,
25°, 30°, 45°, 60° and 75° respectively. Both TKE and TDR have been found to increase
with decrease in 0 from 15° to 25°, then increase from 25° to 45° and then decrease as 0 is
increased from 45° to 75°. As turbulence intensity is proportional to TKE and TDR, so Ti
also decreases as 0 is increased from 15° to 25°, then increases from 25° to 45° and then
decreases as 0 is further increased to 75°. The same trend was observed for TDR and TKE
for other Re as well. As the Nu is proportional to Ti that varies directly with TKE and
dissipation rate, so the Nu decreases as 0 is increased from 15° to 25°, then Nu increases as
angle is increased from 25° to 45° and then decreases as 0 is further increased to 75°. The
variation in angle also causes variation in flow reattachment profile on absorber plate as
shown in Fig. 31. This variation in flow reattachment causes variation in Nu. It can be seen
that maximum flow velocity close to absorber plate is achieved for saw-tooth angle of 45°,
which results in maximum value of Nu as compared to other angles.

Fig. 32 shows contours of static temperature on absorber plate for different 0 values
for P/e of 16 and Re of 15000. For all angle values, the static temperature is maximum
behind the rib due to flow recirculation resulting in low heat heat transfer. At a certain
distance behind the rib, the temperature is minimum due to better heat transfer caused by
flow reattachment. The trend is same for all 8. However, the static temperature increases as 0
increases from 15° to 25°, then decreases as 0 increases fron 25° to 45° and then again
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decreases with further increase in 0. This can be observed from the maximum scale value of
contours. The maximum scale value of the static temperature contours is 371, 374, 379, 373,
363, 375 and 384 K at 0 of 15°, 20°, 25°, 30°, 45°, 60° and 75° respectively. This trend was
also observed at other Re values. The higher static temperature indicates lower heat transfer
or lower Nu. So the contours of static temperature also indicates the same trend of variation
in Nu with 0 i.e. increase in Nu as 0 is increased from 15° to 25°, then decrease in Nu as
angle is increased from 25° to 45° and as 0 is further increased the Nu again reduces.
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Fig. 28: Effect of 0 on Nu for various values of Re at P/e = 16 and e/D = 0.043.
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Fig. 29: Contour of TKE of saw tooth rib roughened duct for e/D = 0.043, P/e = 16 and Re =
15000 for various values of 0.
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Fig. 30: Contour of TDR of saw tooth rib roughened duct for e/D = 0.043, P/e = 16 and Re =
15000 for various values of 6.
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Fig. 31: Velocity vectors on a plane normal to absorber plate passing through rib crest for Re
= 15000 and 6.
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Fig. 32: Contour of Static Temperature of saw tooth rib roughened duct for e/D = 0.043, P/e
=16 and Re = 15000 for various values of 6.

Effect of relative roughness height (e/D): To analyse this effect, P/e and 6 was kept fixed as

16 and 45° respectively. The investigation was carried for e/D of 0.015, 0.019, 0.026, 0.035
and 0.043 at Re values of 3000, 6000, 9000, 12000 and 15000 respectively.
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Fig. 33 shows that the Nu increases as e/D increases from 0.015 to 0.043 for all
values of Re. Similar trend of results have been obtained for equilateral triangular transverse
sectioned rib by Yadav and Bhagoria (2014a), transverse square sectioned rib by Yadav and
Bhagoria (2014b), transverse circular wire by Kumar and Saini (2009) and transverse wire
roughness by Prasad and Saini (1991) etc. This may be because of increase in Ti with
increase in Re. Fig. 33 and Fig. 34 show contours of TKE and TDR on a plane parallel to
absorber at 0.001 m from the absorber at Re of 15000 for different e/D. It can be seen from
Fig. 34 that the TKE is minimum behind the rib due to flow recirculation and is maximum at
a certain distance downstream of the rib indicating flow re-attachment. The TKE reduces
further downstream from the rib. The trend remains same for all pitch values. The contours
of TKE are similar for all ¢/D values, TKE increases as e/D increases from 0.015 to 0.043.
This can be observed from the maximum values of scales of contours of TKE. The maximum
scale value of contours of TKE is 0.455, 0.604, 0.615, 0.876 and 1.57 m?/s* at e/D of 0.015,
0.019, 0.026, 0.035 and 0.043 respectively. From Fig. 35 it can be seen that the TDR is
maximum in-front of the rib due to flow obstruction. It is low behind the rib and then
increases upto a certain distance downstream of the rib indicating flow reattachment. The
contours of TDR are similar for all values of e/D. However, the TDR is enhanced as e/D is
increased from 0.015 to 0.043. This can be observed from maximum scale value of the
contours. The maximum scale values of dissipation rate are 2130, 2310, 3370, 3520 and 3590
m?/s® for e/D of 0.015, 0.019, 0.026, 0.035 and 0.043 respectively. Both TKE and TDR have
been found to increase with increase in e/D from 0.015 to 0.043. As turbulence intensity is
proportional to TKE and TDR, so it tends to increase with change in e/D from 0.015 to
0.043. The same trend was observed for TDR and TKE for other Res as well. Thus the Nu
increases when e/D 1is increased from 0.015 to 0.043. The variation in e/D also causes
variation in flow profile close to roughened plate as shown in Fig. 36. It can be seen that flow
velocity close to absorber plate is higher at higher values of e/D. The higher flow velocity
close to absorber plate result in better heat transfer and hence the value Nu is increased with
increase in value of e/D.

Fig. 37 shows contours of static temperature on absorber plate for different e/D values
for Re of 15000. For all height values, the static temperature is maximum behind the rib due
to flow recirculation resulting in low heat heat transfer. At a certain distance behind the rib,
the temperature is minimum due to better heat transfer caused by flow reattachment. The
trend is same for all e/D. However, the static temperature increases as e/D increases from
0.015 to 0.043. This can be observed from the maximum scale value of contours. The
maximum scale value of the contours of static temperature is 381, 380, 377, 374 and 363 K at
e/D 0f 0.015, 0.019, 0.026, 0.035 and 0.043 respectivley. This trend was observed at other Re
values. The higher static temperature indicates lower heat transfer or lower Nu. So the
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contours of static tempture also indicates the increase in Nu as e/D is increased from 0.015 to
0.043.
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Fig. 33: Effect of ¢/D on Nu for various values of Re with fixed 6 = 45° and P/e = 16.
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e) e/D =0.043
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Fig. 34: Contour of TKE of saw tooth rib roughened duct for e/D = 16, 6 = 45° and Re =
15000 for different values of e/D.
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Fig. 35: Contour of TDR of saw tooth rib roughened duct for e/D = 16, 8 = 45° and Re =
15000 for various values of e/D.

64



(a) e/D = 0.015 (b) /D = 0.019

(c) e/D = 0.026 (d) ¢/D = 0.035

(¢) e/D = 0.043

Fig. 36: Velocity vectors on a plane normal to absorber plate passing through rib crest for Re
= 15000 and e/D.
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d) e/D = 0.035
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e) e/D =10.043

Fig. 37: Contour of Static Temperature of saw tooth rib roughened duct for 16, 0 = 45° and
Re = 15000 for various values of e/D.

6.2 Friction factor (f) characteristics

Effect of relative roughness pitch (P/e): To investigate this effect, /D and 0 of rib
roughness were kept fixed as 0.043 and 45 respectively. This investigation was carried out
for P/e values 4, 10, 16, 24 and 30 and Re values of 3000, 6000, 9000, 12000 and 15000
respectively.

Fig. 38 indicates the effect of Re on f for various values of P/e with fixed saw-tooth
angle and e/D. The value of f decreases with increase in the value of Re which is due to
decrease in thickness of laminar sub-layer with the rise in Re. We can write

AP
fez

67



It is seen that f is directly proportional to drop in pressure and inversely to square of
velocity. The contours of static pressure on plane parallel to absorber plate at distance of
0.001m from absorber at P/e of 16 are shown in Fig.39. It is seen from Fig. 39 static pressure
is higher behind the rib for all values of Re indicating flow reattachment behind the rib. Also
it can be noticed that with enhancement in Re static pressure increases. The highest scale
values of static pressure are 0.290, 0.780, 1.75, 3.11 and 4.77 Pa at Re of 3000, 6000, 9000,
12000 and 15000 respectively. The trend of static pressure obtained is same at other values of
P/e. The values of drop in pressure computed are 1.2, 1.676, 4.34, 7.95 and 12.45 Pa at Re
value of 3000, 6000, 9000, 12000 and 15000 respectively. However the increase in the value
of “V** is much higher, so f reduces with increase in Re.

From Fig. 38 it can be noticed in all the cases that f of saw-tooth rib roughened duct
is higher as compared to smooth duct. This is because of more value of static pressure in the
roughened duct as compared to that of smooth duct. Presence of saw-tooth rib roughened
duct causes obstruction of the flow, which causes drop in pressure. The value of static
pressure at Re of 15000 on a plane parallel to absorber at 0.001m from absorber for smooth
duct is 0.262 Pa, whereas the corresponding values of roughened duct are higher as

mentioned above.

It can be seen from Fig. 38 that f increases as P/e increases from 4 to 16 and then
decreases with increase in P/e from 16 to 30 for all values of Re. To show this effect of P/e

on f more clearly, Fig. 34 is redrawn in Fig. 40.
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Fig. 38: Effect of Re on f for various values of P/e with fixed 0 of 45° and e/D of 0.043.
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d) Re = 12000

FLOW

e) Re = 15000

FLOW

Fig. 39: Contour of static pressure of saw tooth rib roughened duct for 0.043, 6 =45° and P/e
= 16 for various values of Re.

Fig.40 shows the effect of P/e on f for various Re with at saw-tooth angle of 45°and
e/D of 0.043. It is seen that f increases as P/e increases from 4 to 16 and then further
decreases as P/e increases from 16 to 30 for all values of Re. This may be because of increase
in static pressure due to Ti with increase in Re. Now from the following equation, it is clear
that:
f < AP

Fig. 41 shows contours of static pressure on plane parallel to absorber plate at 0.001m
from absorber at Re of 15000 for various values of P/e. The values of pressure drop
calculated are 3.99, 8.46, 12.52, 11.95, 11.3 Pa at P/e of 4, 10, 16, 24 and 30 respectively.
Also the static pressure is minimum behind the rib due to flow recirculation and is maximum
downstream from the rib indicating flow reattachment. The trend remains same for all P/e
values. The contour of static pressure is similar for all P/e values but static pressure increases
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from 4 to 16 and then decreases as P/e increases from 16 to 30. This can be observed from
maximum values of scales of static pressure. The values of static pressure at Re of 15000 are
2.25,3.69,4.77,4.52 and 4.17 Pa at P/e of 4, 10, 16, 24 and 30 respectively.

Fig. 40: Effect of P/e on f for various values of Re with fixed 6 = 45° and e/D = 0.043.
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e) P/e =30
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Fig. 41: Contour of static pressure of saw tooth rib roughened duct for 0.043, 6 = 45° and Re
=15000 for various values of P/e.

Effect of saw-tooth angle (0): To study this effect, /D and P/e of rib roughness were fixed
as 0.043 and 16 respectively. This investigation was carried out for 0 values 15°, 20°, 25°,
30°, 45°, 60° and 75° and Re values of 3000, 6000, 9000, 12000 and 15000 respectively.

Fig. 42 shows the effect of 0 on f for various values of Re with fixed P/e of 16and e/D
of 0.043.1t is seen that f decreases as 0 increases from 15° to 25°, then increases as 0
increases from 25° to 45° and then further decreases as 0 increases from 45° to 75° for all
values of Re. This may be because of increase in static pressure with increase in Re. Fig. 43
shows contours of static pressure on plane parallel to absorber plate at 0.001m from absorber
at Re of 15000 for different value of 0. It can be seen from Fig.43 that static pressure is
minimum behind the rib due to flow recirculation and is maximum downstream from the rib
indicating flow reattachment. The values of pressure drop calculated are 28, 11.21, 7.8,
10.85, 12.52, 9.67 and 8.86 Pa at 0 of 15°, 20°, 25°, 30°, 45°, 60° and 75° respectively. The
trend remains same for all angles of saw-tooth rib values. The contour of static pressure are
similar for all 6 values but value of static pressure rib increases with increases in value of
angle from 15° to 25°, then increases as 0 increases from 25° to 45° and then further
decreases as 0 increases from 45° to 75°. This can be observed from maximum values of
scales of static pressure. The values of static pressure at Re of 15000 are 16.6, 3.53, 3.11,
4.08,4.77,4.33 and3.61 Pa at 6 of 15°, 20°, 25°, 30°, 45°, 60° and 75° respectively.
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Fig. 42: Effect of Re on f for various values of 6 with fixed P/e = 16 and e/D = 0.043.
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Fig. 43: Contour of static pressure of saw tooth rib roughened duct for 0.043, P/e = 16 and Re
=15000 for various values of P/e.
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Effect of relative roughness height (e/D): To investigate this effect, 6 and P/e of rib
roughness were kept fixed as 45 and 16 respectively. This investigation was carried out for
e/D values 0.015, 0.019, 0.026, 0.035 and 0.043 and Re values of 3000, 6000, 9000, 12000
and 15000 respectively.

Fig.44 shows the effect of e/D on f for different values of Re with fixed 6 of 45°and
P/e of 16. With increase in the value of e/D the value of f increases; this is because with
increase in the e/D it causes more interruption in the flow path through the duct of artificially
roughened solar air heater. It is seen that f increases as e/D increases from0.015 to 0.043 for
all values of Re. This may be because of increase in static pressure with increase in Re.
Fig.45 shows contours of static pressure on plane parallel to absorber plate at 0.00Ilm from
absorber at Re of 15000 for different value of e/D. The values of pressure drop calculated are
4.98, 7.06, 7.8, 8.41 and 12.52 at e/D of 0.015, 0.019, 0.026, 0.035 and 0.043 respectively.
Also static pressure is minimum behind the rib due to flow recirculation and is maximum
downstream from the rib indicating flow reattachment. The trend remains same for all e/D
values. The contours of static pressure are similar for all e/D values but static pressure
increases from 0.015 to 0.043. This can be observed from maximum values of scales of static
pressure. The values of static pressure at Re of 15000 are 2.03, 3.22, 3.60, 3.72 and 4.77Pa at
e/D of 0.015, 0.019, 0.026, 0.035 and 0.043 respectively.
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Fig. 44: Effect of Re on f for various values of e/D at P/e = 16 and 6 = 45°.
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d) e/D = 0.035
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e) e/D =10.043
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Fig. 45: Contour of static pressure of saw tooth rib roughened duct for P/e = 0.043, 6 = 45°
and Re =15000 for various values of e/D.

7. Thermo-hydraulic performance parameter (THPP)

The present computational fluid dynamics investigation shows that rib roughened
SAH having parameters at P/e 16, e/D 0.043 and angle of saw-tooth of 45° provide
maximum value of Nu at Re of 15000 and on roughness operated parameters f obtains
maximum value at Re of 3000. So, it becomes necessary to determine the optimal rib
roughness parameters to maximize the Nusselt number with minimum friction power penalty.
Webb and Eckert et al (1972) facilitates side by side consideration of THPP as given by

following equation:

Nu/Nug

(/I3

The result of this parameter higher than one makes an indicated effect of using an

THPP =

enhancement technique and used to decide the best combination of parameter among the
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performance of number of arrangements. The effect of Re, P/e, 6 and ¢/D on THPP are
described below:

Fig.46 indicates the effect of Re on THPP for various values of P/e at e/D of 0.043
and 0 of 45°. It is found that value of THPP varies between 1.15 to 1.45 for all cases of P/e. It
is observed that THPP enhances with increase in Re upto 9000 and decreases with further
increment in Re from 9000 to 15000. Further, it may be noted that P/e of 16, Re of 9000, /D
of 0.043 and 6 of 45° obtains the better THPP for studied range of Re. To show the effect of
P/e on THPP more clearly Fig. 46 is redrawn in Fig.47.
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Fig. 46: Effect of Re on THHP for various values of P/e at 6 = 45° and e/D = 0.043.

Fig.47 shows that the THPP increases as the value of P/e increases from 4 to 16 and
then decreases as P/e increases from 16 to 30 for all values of Re. Hence, there exists an
optimum value of P/e of 16 which gives the best THPP.
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Fig. 47: Effect of P/e on THPP for various values of Re at 0 = 45° and e/D = 0.043.

Fig.48 illustrates the effect of Re on THPP for various values of 0 at P/e of 16 and
e/D of 0.043. The value of THPP varies between 1.25 to 1.5.The maximum value of THPP is

obtained at Re of 9000 for all angles of saw-tooth rib investigated.
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Fig. 48: Effect of 6 on THPP for various values of Re at P/e = 16 and /D = 0.043.

The effect of 6 on THPP for different Re for fixed e/D of 0.043 and P/e of 16 is
shown in Fig. 49. The value of THPP lies between 1.2 to 1.5 for all values of Re. The THPP
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decreases with increase in the value of 6 from 15° to 25°, then increases with increase in the
value of angle from 25° to 45° and then again decreases with further increase in angle. It is
observed that THPP obtains its maximum value at 0 of 45°.

Fig. 49: Effect of 6 on THPP for various values of Re at P/e = 16 and e/D = 0.043.

Fig. 50 indicates the effect of Re on THPP for various values of e/D for fixed values
of P/e of 16 and 0 of 45°. It is found that value of THPP varies between 1.1 to 1.5 for all
cases of e/D. It is observed that THPP enhances with increase in Re upto 9000 and decreases
with further increment in Re from 9000 to 15000. Further it is observed that e/D of 0.043 and
Re of 9000 at fixed value of P/e of 16 and 0 of 45° obtains the better THPP for studied
parametric range. To show this effect of P/e on THPP more clearly Fig.50 is redrawn in
Fig.51.
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Fig. 50: Effect of THPP for various values of e/D height at 6 = 45° and P/e = 16.

Fig. 51 shows the effect of /D on THPP for various values of Re by fixing P/e of 16
and 0 of 45°. It is observed that THPP increases with increase in the value of e/D. The
maximum value of THPP parameter of saw-tooth rib is obtained at /D of 0.043 and at Re of
9000. The trend is same for all values of e/D and at all Re values.
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Fig. 51: Effect of e/D on THPP for various values of Re at 6 = 45° and P/e = 16.
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Thus it can be summed up that combination of parameters having P/e of 16, 0 of 45°,
e/D of 0.043 and Re of 9000 results in best THPP of 1.5.

8. Correlations for Nusselt number and friction factor

From, CFD results, the correlations for Nusselt number and friction factor have been
developed as a function of flow and roughness parameters as given in equations below:

P 0.485 P 2 e 0.132
Nu =0.017 Re**”’ (—j exp(—0.0981n(—] (Bj >
e e

P 0.738 P 2 e 0.124
f :0.033Re°‘1°'(—j exp(—0.1781n(—j ] —j o>
e e D

The respective R? values obtained are 0.972 and 0.392 thereby indicating that the
fitted that the model is highly significant (p<0.001).

9. Summary and Conclusions

The air flow in conventional solar air heater (SAH) is turbulent, which causes
development of viscous sub-layer near absorber. It results in lower thermal performance. The
use of artificial rib roughness for breaking viscous sub-layer to enhance thermal performance
of conventional SAH is most widely used technique. Numerous investigations on rib
roughness have been reported in literature. Most of the reported investigations are
experimental. A few investigations using CFD software ANSYS CFD / FLUENT have also
been reported. These studies have investigated uniform cross-section rib roughness
geometries. In this study, published results have been validated using CFD and a new
geometry has been selected. The new selected geometry has non-uniform cross-section. It has
been found to produce higher thermal performance than ribs of uniform cross-section. In this
study, a parametric study on non-uniform saw-tooth cross-section rib roughness has been
undertaken to investigate heat and fluid flow of solar air heater duct roughened with saw-
tooth transverse rib roughness. The correlations for Nusselt number and friction factor have
also been obtained. The investigation has been done in 3-D using CFD software ANSYS
Academic Research 15.0. The relative roughness height (e/D), saw-tooth angle (0) and
relative roughness pitch (P/e) were varied from 15° to 75°, 0.015 to 0.043 and 4 to 30
respectively. The Reynolds number ranged from 3000 to 15000. Turbulence model RNG k-¢
and roughened duct of periodic section were selected for analysis. From the present study,

the following are conclusions drawn:
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(1)

(i)

(iii)

(iv)

(vi)

As Reynolds number increases, friction factor decreases and Nusselt number
increases. The variation of static temperature contours on absorber also confirms this
trend.

As relative roughness pitch increases from 4 to 16, the friction factor and Nusselt
number increases and then both decreases as relative roughness pitch is increased from
16 to 30. This is because of change in flow attachment in-between the ribs. The
variation is further substantiated by the turbulent kinetic energy, static temperature and
static pressure contours showing same trend.

Both, the friction factor and Nusselt number are maximum for saw-tooth angle of 45°
for all investigated Reynolds number.

As relative roughness height increases, friction factor and Nusselt number increases
for all investigated Reynolds number due to higher turbulence generated due to
obstruction in flow path.

The relative roughness pitch of 0.043, saw-tooth angle of 45°, relative roughness pitch
of 16 and Reynolds number of 9000 resulted in maximum ‘thermo-hydraulic
performance parameter’ of 1.48.

The correlations of Nusselt number (Nu) and friction factor (f) obtained from CFD
investigation in terms of Reynolds number, relative roughness pitch, relative

roughness height and angle of saw tooth are given below:

P 0.485 P 2 e 0.132
Nu =0.017Re**" (—) exp[—0.0981n(—) (5) 0"
e e

P 0.738 P 2 e 0.124
f =0.033Re™'" [—j exp(—O.NSln(—j J —j 6>
e e D

The respective R” values obtained are 0.972 and 0.392 thereby indicating that the fitted
model is highly significant (p<0.001).
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Summarizing the CFD investigation on rib roughness in solar air heater duct, a new type of
rib roughness having non-uniform cross-section has been studied. It has been found to
produce higher thermal performance than ribs of uniform cross-section. In this study, a
parametric investigation on non-uniform saw-tooth cross-section rib roughness has been
undertaken to investigate heat and fluid flow of solar air heater duct roughened with saw-
tooth transverse rib roughness. The correlations for Nusselt number and friction factor have
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also been obtained. The investigation has been done in 3-D using CFD software ANSYS
Academic Research 15.0. The relative roughness height (e/D), saw-tooth angle (6) and
relative roughness pitch (P/e) were varied from 15° to 75°, 0.015 to 0.043 and 4 to 30
respectively. The Reynolds number ranged from 3000 to 15000. Turbulence model RNG k-¢
and roughened duct of periodic section were selected for analysis. From the present study, it
has been found that as Reynolds number increases, friction factor decreases and Nusselt
number increases. The variation of static temperature contours on absorber also confirms this
trend. As relative roughness pitch increases from 4 to 16, the friction factor and Nusselt
number increases and then both decreases as relative roughness pitch is increased from 16 to
30. This is because of change in flow attachment in-between the ribs. The variation is further
substantiated by the turbulent kinetic energy, static temperature and static pressure contours
showing same trend. Both, the friction factor and Nusselt number are maximum for saw-
tooth angle of 45° for all investigated Reynolds number. As relative roughness height
increases, friction factor and Nusselt number increases for all investigated Reynolds number
due to higher turbulence generated due to obstruction in flow path. The relative roughness
pitch of 0.043, saw-tooth angle of 45°, relative roughness pitch of 16 and Reynolds number
of 9000 resulted in maximum ‘thermo-hydraulic performance parameter’ of 1.48. The
correlations of Nusselt number (Nu) and friction factor (f) have been obtained from CFD
investigation in terms of Reynolds number, relative roughness pitch, relative roughness
height and angle of saw tooth. The respective R? values obtained are 0.972 and 0.392 thereby
indicating that the fitted model is highly significant (p<0.001).
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