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ABSTRACT - This paper presents the effect of deflector ribs on the thermal performance of flat QS\ZL(;I&FOE‘I'“S ,\;gr%zo
plate solar air heater using Computational Fluid Dynamics (CFD) methodology. The analysis is Accepted: 221 Mar 2020
carried out using two-dimensional computational domain for the Reynolds number range of 6000-

18000. RNG k-¢ turbulence model is used to capture the turbulence characteristics of the flow. The KEYWORDS

deflector rib has a cross-section of isosceles triangle and is placed transversely with respect to the Solar air heater;

flow. The distance between consecutive ribs is varied as 40mm, 80mm, 160mm and 320mm while CFD;

the air gap height is varied as 2mm, 3mm, 5mm and 10mm. The numerical model is validated turbulence; ,

against the well-known correlation of Dittus-Boelter for smooth duct. The simulation results reveal Xﬁﬁicetl?zzgqsber

that the presence of deflector ribs provide augmented heat transfer through flow acceleration and
enhanced turbulence levels. With reference to smooth duct, the maximum achieved heat transfer
improvement is about 1.39 times for the inter-rib distance of 40mm and an air gap height of 3mm
while the maximum fiction factor achieved was about 3.82 times for pitch value of 40mm and air
gap height of 3mm. The highest thermal enhancement factor is achieved for the pitch value of
320mm and an air gap height of 3mm at Re=6000. The air gap height value of 10mm exhibits
thermal enhancement factor values lesser than 1.0 and hence is not recommended for use as heat
transfer enhancement device for the entire Reynolds number range used in the analysis. The pitch
value of 320 mm exhibits thermal enhancement factor greater than 1.0 for almost all the Reynolds
number range used in the analysis and varies between 0.93 and 1.07.

INTRODUCTION

Flat plate solar air heaters are widely used for drying applications in agricultural sector as well as food Industry. It
also has huge potential in building space heating which could help reduce the building energy demand. However, flat
plate solar air heaters typically operate at lower thermal efficiency owing to higher heat losses as well as poor heat transfer
capability of air. Several studies have been undertaken in the past to achieve higher heat transfer in flat plate solar air
heaters such as using turbulators, packed bed, fins, multi-pass arrangement, corrugations etc. Use of turbulators have been
found to be very common in the literature owing to its simplicity and passive nature of the device where the focus was
on disturbing the laminar boundary layer through flow separation and reattachment and significant performance
enhancement has been reported in the literature. Ansari and Bazargan [1] conducted optimization study of solar air heater
fitted with turbulators using genetic algorithm. They developed semi empirical correlations that were validated against
experimental results. They found that use of ribs improves thermal efficiency by about 9% at low Reynolds number
conditions. A combination of turbulators and double pass flow arrangement was used by Abdullah et al. [2] to evaluate
the thermal performance. Aluminium cans were used as turbulators in staggered as well as in-line arrangement with
respect to the flow. They achieved a thermal efficiency as high as 68% for staggered arrangement. Singh et al. [3]used
multiple broken ribs for a relative pitch of 10, relative height of 0.043 and achieved a maximum improvement of about
3.24 times that of smooth duct while the friction factor increased by about 3.85 times. Multiple V-shaped ribs provide
much improved performance as compared to transverse V-shape as reported by Jin et al. [4]. They made use of
Computational Fluid Dynamics (CFD) methodology and found that the highest thermal enhancement factor was about
2.35 times and the rib geometrical parameters are reported to affect the performance. Komolafe et al. [5] recently
conducted experiments using rectangular ribs which exhibited a thermal efficiency ranging between 14% and 56%. Use
of CFD methodology has been very popular in the thermal design of air heaters in the last few decades. Kumar et al. [6]
numerically evaluated the effectiveness of triangular duct solar air heater using chamfered rectangular ribs. They
compared the CFD results against the Blasius equation and Dittus-Boelter equation and extended the validated CFD
model for the case involving the ribs. They found that the maximum achievable increase in heat transfer is about 2.88
times in terms of Nusselt number. Thakur et al. [7] made use of hyperbolic ribs which have been shown to enhance heat
transfer by reducing hotspots generated by entrapped eddies at the rib base corners. Manjunath et al. [8] have shown that
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the use of U-shaped rib further enhances the thermal performance of circular ribs by reducing the formation of hot spots
at the rib corners.

S-shaped baffles [9] have also been reported to enhance heat transfer considerably through turbulence augmentation.
Use of corrugated absorber plate has also been reported such as sinusoidal corrugation [10], VV-corrugation [11] and slit-
perforated corrugation [12]. The sinusoidal corrugation achieved an increase of about 12.5% thermal efficiency as
compared to smooth duct owing to significant flow disturbances underneath the absorber plate due to corrugations.
However, the pressure energy losses have also been found to be higher and therefore are suitable at low flow rate
conditions. The slit-perforated corrugation provides higher heat transfer area as well as jet impingement through the slits
which enhance effective thermal performance as high as 68% as compared to transpired collector and is highly suitable
for space heating applications. Curved delta shaped vortex generators [13] have been shown to provide vigorous mixing
in air flow. It has been shown that a highest increment factor of 2.26 is possible with the use of perforated curved delta
shaped winglets. It has also been shown that perforated rectangular winglets [14] yield a maximum heat transfer of 6.78
times that of smooth duct with a thermal performance factor of 2.01. The concept of porous solar air heater has been
adopted by Rajarajeswari et. al. [15] where a porous absorber is made use of consisting of wire screen matrix having
various diameter, porosity and pitch. A maximum thermal efficiency of 20% has been reported based on the CFD
simulation study. A new concept of helical channelling is used by Heydari and Mesgarpour [16] in a triangular channel
which ensures greater contact of air with heated surface thereby providing increased thermal efficiency by about 14.7%
with reference to the smooth duct. Attachment of pin fins [17] on receiver plate has been shown to improve thermal
efficiency by about 14.2% with a maximum effective efficiency of about 73%. Pin fin arrays have been shown to provide
increased area along with fluid mixing around the fins which augment the heat transfer for the Reynolds number range of
4000-24000. While most of the studies focussed on attached rib turbulators, there have been very limited study on the use
of detached ribs for heat transfer enhancement. Tsia and Hwang [18] were among the earlier researchers to have reported
the use of detached ribs in a rectangular duct. They made use of combination of normal and detached ribs for turbulent
flow through a rectangular duct and found that the combination provides improved heat transfer with acceptable pressure
loss in the air flow. The flow rates used in their experimental analysis was in the range of 12000-70000. Yongsiri et al.
[19] made use of detached ribs in a rectangular channel for the Reynolds number raging between 4000 and 24000. The
angle of the rib with respect to the flow was varied between 0° and 165°. Through CFD simulation study, they found that
the angles of 60° and 120° provide improved heat transfer as compared to other angles used in the analysis and the
inclination becomes insignificant as the Reynolds number decreases.

Thus, there is an opportunity to improve heat transfer with the use of detached ribs with acceptable pressure loss
penalty. However, there have been very limited works reported in the literature with reference to the use of detached ribs
and there is a need to study the effect of detached ribs on heat transfer augmentation, especially for flat plate solar air
heater applications. The term detached rib is renamed as deflector ribs in this work as it is more appropriate from the
viewpoint of its influence on the flow. This paper presents a novel concept of using isosceles triangular sectioned
transversely placed flow deflector ribs which divert the flow onto the air heater plate causing flow impingement effect.
The effect of pitch as well as the air gap height on the thermal behaviour of solar air heater is evaluated using two
dimensional CFD analysis.

CFD ANALYSIS
Assumptions

The analysis involves two dimensional CFD simulation study of solar air heater system in the presence of deflector
plates having triangular cross-section for the varying flow rates and constant heat flux conditions. The flow is assumed
to be smooth, steady, incompressible and turbulent within the range of operating conditions used in the analysis. The
thermo-physical properties of air are assumed to vary insignificantly within the operating conditions used in the analysis
as the bulk temperature variation of air is expected to be not more than 3°C to 4°C. The air temperature is assumed to be
300 K at the air duct entry which is same as the assumed ambient temperature and the ambient pressure is taken as 101325
Pa throughout the analysis.

Selection of Computational Domain

CFD methodology is used in the analysis to determine the efficacy of deflector ribs in providing improved heat
transfer. Selection of appropriate computational domain in which the flow field is desired to be established is a vital step
in any CFD methodology. Owing to geometric and thermal symmetry of the rectangular duct, the CFD study is done by
choosing the two-dimensional mid-sectional plane of the rectangular air duct.

The two-dimensional computational domain of smooth air duct used for the CFD simulation study is shown in Figure
1(a). The inlet and exit section lengths of the air duct are selected as per the ASHRAE standards [20] to ensure fully
developed turbulent flow and the height of duct is selected as 20 mm. The hydraulic diameter of the duct is found to be
33.33mm. The computational domain of solar air heater with flow deflectors is shown in Figure 1(b). The flow deflectors
have the cross-section of an isosceles triangle with a base length of 10 mm and an altitude of 3mm as shown in Figure
1(c). The triangular geometry is selected so as to provide a converging inlet for incoming air and which deflects the air
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towards the absorber plate while the diverging outlet provides a gradual exit for air flow. The distance between the ribs
is varied as 40mm, 80mm, 160mm and 320mm while the air gap height (H) is varied as 2mm, 3mm, 5mm and 10mm.

Heat Flux

Absorber Plat\ \I/ \l/ \]/ \J/ \]/
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Figure 1. Schematic diagram of: (a) two-dimensional computational domain of solar air heater with smooth duct (b)
with deflector ribs and (c) close- up view of deflector geometry (all dimensions in mm)

Governing Equations

The two-dimensional equations of continuity, momentum and energy is given below:

Continuity equation:
0
— ) =0 1
ox, (pu;) D
Momentum equation:
dp 0 {Oui ou;

d
A R ul 2
ax]- + ax] K + axi}] + axi (pulu] ( )

a
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Energy equation:

r+rn) ot 3
6xi ax] ¢ ax] ( )
where, p, u, T, ', I}, p, u’ refers to the pressure, velocity, temperature, molecular thermal diffusivity, turbulent thermal

diffusivity, density and instantaneous velocity of air respectively.
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The RNG k-e turbulence model equations are as below:
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where, G is the turbulent kinetic energy generation given by:

ouj ; ———
G = = 5. (i) (6)
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The effective turbulent viscosity is given by:
kZ
He = Cup— Q)

where, k, € are the turbulent kinetic energy and turbulent kinetic energy dissipation rate respectively and Ci., Cae, Cy,ay,
a;, are constants given by,

Cie = 1.42,C,e = 1.68,C, = 0.0845, a;, = 1.39,a, = 1.39

CFD Solver Settings

ANSYS Fluent software is used for the simulation study and the correct solver settings is vital for the accuracy of the
solution. A known flow velocity varying from 2.86 m/s to 8.65 m/s which falls within the Reynolds number range of
6000 to 18000 is used as inlet boundary condition. A known pressure value of 101325 N/m? is used for the outlet boundary
while all other boundaries are assumed as insulated walls in the simulation study. A constant heat flux value of 1000
W/m? is applied on the absorber plate surface to simulate the solar radiation heat flux which varies between 900 W/m?
and 1200 W/m? during peak times of the day in most locations. The governing equations of the flow are discretised using
second order upwind schemes and a residual of 10-° was used as the convergence criteria. SIMPLE algorithm was used
for pressure-velocity coupling and RNG k-¢ turbulence model was adopted in the analysis as suggested by previous
researchers [21, 22]. They conducted simulations to compare the Nusselt number values of different turbulence models
such as Standard k-¢, Renormalisation Group (RNG) k-¢, Realizable k-¢, Standard k-« and Shear Stress Transport (SST)
k-o with reference to the Dittus-Boelter correlation for smooth duct flow. They have reported that the Renormalisation
Group (RNG) k-¢ turbulence model predicts the Nusselt number close to that of Dittus-Boelter correlation as compared
to other models. Therefore, Renormalisation Group (RNG) k-e turbulence model is adopted in the present analysis.

Grid Independence Study

A grid sensitivity test is done on the smooth duct to determine the optimal mesh for the computational domain. The
CFD maodel for smooth duct is meshed using finer control volumes at the solid-fluid interface to capture the wall effects
as shown in Figure 3(a). Table 1 lists the Nusselt number obtained for increasing number of control volumes with the
corresponding relative change in Nusselt number. It is seen that the change in Nusselt number is about 0.02% as the
number of control volumes increase from 35455 to 420650. Thus, the computational domain is meshed to contain at least
259000 number of control volumes for the simulation study. For the case of air ducts having deflector ribs, finer control
volumes are added in the clearance region between the absorber plate and deflector ribs to capture the steep flow gradients
as shown in Figure 3(b).

Table 1. Grid independence test results

Number of
Control Nusselt Pe_rce;ntage
Number Variation (%)
Volumes

35455 57.01 -
84460 55.46 2.71
125000 58.18 4.92
259000 54.97 5.53
420650 54.95 0.02
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(b)

Figure 3. Mesh details for: (a) smooth duct and (b) duct with deflector rib

Validation of the CFD Result

The Nusselt number obtained from the CFD simulation for smooth duct are compared against the Nusselt number
values of the well-known Dittus-Boelter equation as shown in Figure 4 for different flow Reynolds number. It is seen that
the CFD results match closely with that of Dittus-Boelter equation and the average deviation is about 9.2% thereby giving
greater confidence level on the CFD result brought out in the analysis. The Dittus-Boelter equation is given by:

Nu = 0.023Re%8pro4 8)

where, Nu is the Nusselt number, Pr is the Prandtl number and Re is the Reynolds number of the flow.
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Figure 4. Validation of CFD results for smooth duct.

RESULTS AND DISCUSSION

The effect of pitch variation of deflector rib for a fixed air gap height and the effect of variation of air gap height for
a fixed pitch value is evaluated for different Reynolds number and the results are presented with reference to smooth duct.
The Nusselt number, friction factor and thermal enhancement factor are brought out to quantify the performance of
various configurations of deflector rib.

Effect of Pitch Variation on Heat Transfer Characteristics

The variation of Nusselt number for different pitch values of deflector rib for different flow Reynolds number is shown
in Figure 5. The Nusselt number value obtained in the presence of deflector rib are also compared against that of smooth
duct. It is seen that the presence of deflector rib generally leads to augmented heat transfer as shown by a relatively higher
values of Nusselt number for deflector ribs with reference to smooth duct. It is also seen that lower pitch values produce
greater heat transfer. This is due to the fact that lower pitch values lead to the presence of greater number of deflector ribs
which provides increased flow disturbances as compared to higher pitch values. The presence of deflector rib leads to
significant flow disturbances as shown by the velocity contour plots in Figure 6. The contour plots in Figure 6 is shown
for the non-dimensional test section length of X/L=0.025 to X/L=0.15, where ‘L’ is the length of the test section and ‘X’
is the distance along the test section of air duct.
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Figure 5. Comparison of Nusselt number for different deflector rib pitch values and a fixed air gap height of 3 mm
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Figure 6. Comparison of velocity contour plots for different pitch values at a fixed height of 3mm for the non-
dimensional test section length of X/L=0.025 to X/L=0.15

The deflector rib partly deflects the flow near the absorber plate and force the air to flow through the clearance between
the deflector rib and heater plate thereby creating flow acceleration in the air gap. The flow acceleration through the air
gap leads to impingement effect thereby providing increased cooling effect. The flow acceleration is clearly indicated
within the air gap between the absorber plate and deflector rib in Figure 6.

In addition to this, it is also observed that there is increased fluid interaction on the immediate downstream of each
deflector rib which leads to vigorous fluid mixing and hence increased heat energy exchange in the flow. This is clearly
indicated by augmented turbulence intensity levels in Figure 7 which shows the contour plots of turbulence intensity. It
is seen that the turbulence level on the downstream side of rib is more or less same for different pitch values and there
are more number of such locations of augmented turbulence levels with decreasing pitch values.
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Figure 7. Comparison of turbulence intensity for different pitch values and a fixed height of 3mm for the non-
dimensional test section length of X/L=0.025 to X/L=0.15

This is further evidenced in Figure 8 which shows the comparison of heat transfer co-efficient along the absorber plate
for non-dimensional distance of the absorber plate between two consecutive deflector ribs. It is seen that for a lower pitch
value of 40mm, the number of locations of peak heat transfer co-efficient are relatively higher as compared to the pitch
value of 320mm. The second set of peak locations of heat transfer co-efficient as seen in Figure 8 indicates the regions
of enhanced flow mixing on the downstream side of ribs. Thus, the flow acceleration effect and augmented turbulence
levels are responsible for providing increased heat transfer as indicated by a relatively higher value of Nusselt number in
the presence of deflector rib.
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Figure 8. Comparison of heat transfer coefficient for non-dimensional distance of the absorber plate between two
consecutive deflector ribs
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Effect of Pitch Variation on Friction Factor Characteristics

The influence of pitch variation on friction factor at different Reynolds number is shown in Figure 9 with reference
to the friction factor values of smooth duct. The friction factor is evaluated using the Eq. (9):

_ ApDy
where, Dy, L and V are the hydraulic dimeter of the air duct, length of duct and air velocity in the duct respectively. It is
observed that the presence of deflector rib leads to increased friction factor as they offer increased flow obstruction. The

flow obstruction is much higher for lower pitch values as there are relatively more number of deflector ribs. The highest
fiction factor was found to be about 3.82 times higher with reference to smooth duct for a pitch value of 40mm.
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Figure 9. Comparison of friction factor for different pitch values of deflector rib at a fixed air gap height of 3mm.

Effect of Air Gap Height Variation on Heat Transfer Characteristics

The effect of variation of air gap height for a fixed pitch value of 160mm with reference to smooth duct is shown in
Figure 9. The Nusselt number variation is insignificant as the height increases from 2mm to 5mm. However, for the height
of 10mm, the effect is more pronounced and greater increase in Nusselt number is observed. This is due to the fact that
greater height values create increased flow disturbances as shown in Figure 10 which shows the variation of velocity
contour plot for different air gap heights of deflector ribs for a fixed pitch value of 160mm.
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Figure 9. Comparison of Nusselt number for different air gap height values for a fixed deflector rib pitch of 160 mm

It is observed that as the air gap height increases the deflector rib is shifted farther from the absorber plate thereby
putting the deflector rib much closer to the core flow where the flow velocities are relatively higher. As a result, at the air
gap height value of 10mm, the rib is halfway into the air duct facing the core flow and deflect relatively higher velocity
air towards the absorber plate region as shown in Figure 10(d). This creates greater cooling effect on the absorber plate
due to its contact with relatively fast moving and colder core flow thereby increasing the heat transfer.
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| XIL=0.02 XIL=0.15 |

(d) H=10mm

Figure 10. Comparison of velocity contour plots for different heights at a fixed pitch value of 160 mm for the non-
dimensional test section length of X/L=0.025 to X/L=0.15

The turbulence intensity levels are also found to be higher for higher air gap height as shown in Figure 11. This is
further evidenced in Figure 12 which shows the variation of heat transfer coefficient for the non-dimensional distance of
the absorber plate between two consecutive deflector ribs. It is seen that the height value of 10mm has greater value of
heat transfer coefficient between consecutive ribs as compared to other height values which is due to the contact of
relatively fast moving core flow with that of the absorber plate for the entire inter-rib distance.

| X/L=0.025 X/L=0.15 |
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Figure 11. Comparison of turbulence intensity for different heights at a fixed pitch value of 160 mm for the non-
dimensional test section length of X/L=0.025 to X/L=0.15
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Figure 12. Comparison of heat transfer coefficient for non-dimensional distance of the absorber plate between two
consecutive deflector ribs for different air gap heights

Effect of Air Gap Height Variation on Friction Factor Characteristics

The variation of friction factor for different air gap heights with reference to smooth duct is shown Figure 13. The
friction factor is seen to be higher for larger air gap heights which can be due to the fact that greater height values increase
the flow obstruction. As the air gap height increases, the rib moves much deeper into the core flow where the fluid velocity
is at its peak leading to increased flow obstruction.
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Figure 13. Comparison of friction factor for different air gap height values for a fixed deflector rib pitch of 160 mm
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(b) H=3mm
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Figure 14. Comparison of pressure distribution across the rib for different heights at a fixed pitch value of 320 mm for
the non-dimensional test section length of X/L=0.025 to X/L=0.15

As the high velocity flow hits the rib and gets deflected, the local pressure on the upstream side of the deflector
increases due to energy loss while the pressure on the downstream of the rib decreases due to fast moving air thereby
increasing the pressure drop across the rib as shown by the pressure contour plots in Figure 14. The friction factor increase
was found to be as high as 2.56 times the smooth duct for the height value of 10mm at Re=18000.

Thermal Enhancement Factor

The variation of thermal enhancement factor for different pitch values of 40mm, 80mm, 160mm and 320mm for a
fixed air gap height of 3mm is shown in Figure 15. The thermal enhancement factor is given by:

Nu,/Nu
[f./f]*/3

It is seen that the thermal enhancement factor is greater for lower pitch values. This is due to a significantly higher
friction factor at lower pitch values as compared to higher pitch values. Though, the Nusselt number increase is relatively
higher for lower pitch values, the corresponding increase in friction factor is also found to be significant. As a result, the
effective thermal performance as indicated by thermal enhancement factor is also lower. In fact, it is lesser than 1.0 for
the pitch value of 40mm and 80 mm for all the Reynolds number conditions used in the analysis. The pitch values of
160mm is found to exhibit the thermal enhancement factor greater than 1.0 for flow Reynolds number less than 8000
while the pitch value of 320 mm exhibits thermal enhancement factor greater than 1.0 for all the Reynolds number used
in the analysis. Thus, for a given height of 3mm, a pitch value of 320mm is effective in providing enhanced heat transfer.

TEF = (10)
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Figure 15. Comparison of thermal enhancement factor for different deflector rib pitch values for a fixed air gap height
of 3 mm

Figure 16 shows the comparison of thermal enhancement factor for varying height values at a fixed pitch of 160mm.
It is seen that lower height values exhibit greater thermal enhancement factor. This is due to greater flow obstructions
offered by higher air gap heights although are capable of producing increased heat transfer. Lower height values are found
to have greater useful range of flow rates where the thermal enhancement factor is maintained greater than 1.0. The useful
range of Reynolds number for which the deflector rib can be used for enhancing the heat transfer decreases with increase
in height values. The air gap height value of 10mm exhibits a thermal enhancement factor lesser than 1.0 and hence is not
recommendable for use as heat transfer enhancement device for the entire Reynolds number range used in the analysis.
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Figure 16. Comparison of thermal enhancement factor for different air gap heights for a fixed deflector rib pitch value
of 160 mm

CONCLUSIONS

A two-dimensional CFD analysis is carried out to evaluate the effect of ribs on the effective thermal performance of
solar air heater for different Reynolds number. The deflector plate of triangular cross-section is chosen in the analysis and
the effect of air gap height as well as the number of deflector ribs on the overall thermal performance of solar air heater
is brought out using two-dimensional CFD analysis under constant heat flux conditions. The analysis leads to the
following conclusions:

«  The presence of deflector ribs provides augmented heat transfer through flow acceleration and enhanced turbulence
levels.

e The Nusselt number increase is as high as 1.39 times in comparison to smooth duct for the pitch value of 40mm and
air gap height of 3mm.

e The highest increase in friction factor is found to be 3.82 times that of smooth duct for pitch value of 40mm and air
gap height of 3mm.
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The highest thermal enhancement factor is achieved for the pitch value of 320mm and air gap height of 3mm at
Re=6000.

The air gap height value of 10mm exhibits thermal enhancement factor lesser than 1.0 and hence is not recommended
for use as heat transfer enhancement device for the entire Reynolds number range used in the analysis

The pitch value of 320 mm exhibits thermal enhancement factor greater than 1 for almost all the Reynolds number
range used in the analysis and varies between 0.93 and 1.07.

The deflector rib cross-sectional geometry will significantly influence the flow behaviour and heat transfer and needs
to be studied in detail as future scope for research.
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