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Air heaters have poor thermal efficiency. Flow obstructions improve the efficiency of the air
heater by enhancing heat transfer and disrupting the formation of the laminar sub-layer. In
the present study, a rectangular channel of aspect ratio 6 and obstructions of various
geometry (triangular, rectangular, and arc (or semi-circular)) are used with a longitudinal
pitch (Pi/e) of 4, transverse pitch (Pt/b) of 2 ratios for Reynolds Number (Re) from 5000 to
20000. Various performance parameters such as Nusselt Number (Nu), Friction factor (f), and
Thermal Enhancement Factor (TEF) were analyzed for the above conditions using
Computational Fluid Dynamics (CFD) to compare the thermohydraulic performance of air
heaters with various obstruction geometries. Maximum TEF of 1.27, 1.08, and 1.05 are
obtained at Re = 5000 for delta, rectangular, and arc flow obstructions, respectively. Delta
flow obstructions are superior to arc and rectangular shapes for the investigated range of

Flow obstruction; Reynolds numbers.

Turbulence;
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1. Introduction

The rising demand for energy worldwide is
leading to increased use and reliance on non-
renewable energy sources [1]. The environment
and human health are suffering due to the rapid
depletion of conventional energy sources and the
growing energy demand. Researchers are trying
to improve the energy efficiency of thermal
systems due to these issues [2]. The growing
significance of renewable energy also comes with
its inherent challenges. Various researchers
underscored challenges like the unpredictability
of the energy source, intermittency, and
relatively low energy density [3]. Also, the
increasing global energy demand and the
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depletion of fossil fuel fuels have raised questions
about the reliability of renewable energy sources
[4]. Researchers have studied the impact of
various factors on greenhouse gas emissions [5].
The rapid depletion of fossil fuel reserves,
constituting 79% of global energy sources with a
significant 57% allocated to transportation,
raises concerns about economic stability. This
scenario  emphasizes the criticality of
transitioning to local and sustainable energy
sources [6]. Governments worldwide are focused
on fighting global warming by transitioning
toward renewable energy [7].

Solar air collectors harness solar energy
directly and heat air without relying on electricity
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[8]. Solar energy holds promise for substituting
conventional power sources. The solar air heater
(SAH) captures solar radiation, converting it into
thermal energy [8]. The heat transfer properties
of an air heater are increased by adding artificial
surface roughness to the absorber plate [9,10].
Artificial surface roughness in the form of
winglets [11,12], ribs [13,14], and perforated and
non-perforated obstructions [15,16] improve the
heat transfer coefficient (h) of air by producing
turbulence in the laminar sublayer [17,18]. This
also creates an additional pressure drop in the
system [19]. The improvement in heat transfer
and the increase in friction factor must be
considered to evaluate the effectiveness of a flow
obstruction. The connective heat transfer
obtained after employing flow obstruction
cannot be compared directly with the convective
heat transfer coefficient (h) of a smooth air heat
as the blower will be consuming to maintain the
same flow condition. Webb and Han [20,21] to
decide whether the surface roughness is
potentially beneficial or not [22]. This criterion
allows for a more nuanced evaluation by
normalizing the heat transfer enhancement of the
air heater's enhanced surface against the smooth

channel under equivalent blowing power
conditions.
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Where Nu/Nu, is the ratio of the Nusselt
number of the air heater with the roughed
surface to that of the smooth surface, similarly,
f/fo is the ratio of the friction factor of the air
heater with a roughened surface to that of a
smooth surface. A TEF value greater than one is
required for an obstruction to be effective.

Prior studies have documented the impact of
different geometries on improving heat transfer,
yet there exists a paucity of research comparing
the effect of distinct geometrical shapes. This
investigation uses numerical techniques to
examine the thermo-hydraulic features of an air
heater with flow obstructions of delta, arc, and
rectangular shapes.

2. Numerical modelling of air heater

For the analysis of different flow obstructions'
thermo-hydraulic properties, an air heater of size
1200 mm x 300mm x 50 mm was selected. Using
CFD, the air heater was evaluated for various flow
rates by placing the flow obstructions vertically
in the flow field (i.e., a = 90°). The relative
obstruction height (e/H = 0.5), relative
obstruction longitudinal pitch (Pi/e = 4), and
relative obstruction transverse pitch (P¢/b = 2)
were kept constants for all the geometries.
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TEF was calculated to assess the effectiveness
of obstructions in enhancing the air heater's
thermal performance with minimum impact on
its hydraulic performance. The computational
domain was designed for only one transverse
pitch length (Pv), as illustrated in Fig. 1, with only
one column of obstructions being considered to
take advantage of the domain's periodicity. The
symmetry boundary condition was applied on
one side. Patankar et al. [23] proposed the
periodic boundary condition solution procedure
to simulate the flow. The concept of periodic
boundary conditions allows for the confinement
of flow field analysis to a single isolated module
without considering the entrance region [24, 25].
A wall boundary condition was applied on the
bottom surface with a constant heat flux (800
W/m?). The boundary conditions used in the
numerical simulations were designed to
accurately represent the physical behavior of the
air in the air heater. A wall boundary condition
was applied to ensure the no-slip condition on all
surfaces. The thermophysical properties of air
were also considered, considering an input
temperature of 300 K. The computational domain
was discretized by utilizing an unstructured
tetrahedron mesh, complemented by a prism
mesh at the boundary. This mesh generation
method was selected to ensure that the domain
discretization is optimized for accurately
capturing the flow features while minimizing
computational resources. Additionally, the prism
mesh at the boundary was applied to enhance the
accuracy of the solution near the walls, as the
flow near the walls is highly influenced by the
surface conditions.

»
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-

Fig. 1. Computational domain for the numerical analysis of
air heater with obstruction

The delta, rectangular, and arc obstructions were
modeled as demonstrated in Fig. 2,
corresponding to one longitudinal pitch length
(P1). Constant values were considered for the
relative obstruction height (e/H =0.5), relative
obstruction longitudinal pitch (Pi/e = 4), and
relative obstruction transverse pitch (P¢/b = 2)
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for all the geometries. The models, methods, and
convergence criteria utilized for the CFD
modeling are listed in Table 1.
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Fig. 2. Various geometries of the obstruction for
numerical study (delta, rectangle, and arc)

Table 1. Computational Fluid Dynamics (CFD)
modelling of air heater

Parameter Model/ Condition

Flow modelling Navier-Stokes Eq.

Pressure Velocity
coupling

COUPLED algorithm

k-g turbulence model
with enhanced wall

Turbulence modelling

treatment
Convergence Continuity, Velocity,
Condition turbulence dissipation

terms: 10-3

Energy: 10-6
Spatial discretisation QUICK scheme

2.1.Validation of the Numerical Model

Results from the numerical simulation were
compared with those calculated using empirical
correlations (Eq. 2, Eq. 3) and experimental data
published in previous studies [22, 26-28], as
shown in Fig. 3 and Fig. 4. CFD results are in a
descent agreement with empirical correlations.
The average deviation of the Nu and f from CFD
with empirical correlations (Dittus-Boelter
Equation (Eq. 2) and Modified Blasius Equation
(Eq. 3) [29] are 5.68% and 7.2%, respectively.
Also, the results closely matched the other
published experimental results.

Nu = 0.023 Re%® Pro4 (2)

f= 0.085 Re™025 (3)
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Fig. 4. Variation of friction factor with Re for smooth duct

3. Results and Discussion

The following sub-sections discuss the effect
of triangular (delta), arc, and rectangular-shaped
flow obstructions on performance parameters
Nu, f, and TEF.

3.1.Effect of Obstruction Geometry on the
Flow Behaviour of Air Heater

Turbulence intensity generated by different
obstruction geometries on the heated surface is
given in Table 2. The turbulence intensity values
indicate the extent of turbulence produced by
each geometry at varying Reynolds numbers (Re)
ranging from 5000 to 20000.

Table 2. Turbulence intensity produced various obstruction geometries near the heated surface.

Blockage ratio

Turbulence Intensity (%)

Geometry Aob /A

(%) 5000 10000 15000 20000
Smooth 1 0.3 0.9 19 3
Delta 1.25 8.5 18.6 27.8 37.6
Rectangle 2.5 10.4 22.3 35.1 51.4
Arc 2.6 10.3 22.6 35.6 51.8
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The rectangular and arc obstructions
substantially improve the turbulence intensity in
the investigated range of Re. The high turbulence
intensity induced by the obstructions can be
attributed to the high blockage ratio of these
obstructions. Blockage ratio (Aob/A) is defined as
the ratio of the obstructed area (Aob) created by
the obstruction geometry to the total cross-
sectional area (A) through which the fluid flows.
It quantifies the degree of flow obstruction
imposed by the geometric configuration. Arc and
rectangular  obstructions produce higher
blockage ratios compared to delta obstructions.
This indicates that arc and rectangular
obstructions significantly impede the flow by
occupying a larger proportion of the cross-
sectional area. This results in the creation of
enhanced turbulence levels near the heated
surface. Because of the improved turbulence
produced by the rectangular flow obstructions,
the flow velocity increases, as seen in the velocity
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contour plot given in Fig. 5. This improved
velocity ultimately results in improved heat
transfer and enhanced heat removal from the
heated surface, as visible from the temperature
contour plot in Fig. 8.

The implementation of flow obstructions with
different shapes on the flow field was observed to
generate vortices, consequently enhancing
turbulence intensity downstream, as illustrated
in Fig. 5. This phenomenon results in improved
heat transfer by the flow obstructions. The delta
obstructions were found to cause the least flow
disturbance, while the rectangular obstructions
caused the maximum disturbance. Figure 6
indicates that the rectangular flow obstructions
produced the highest turbulence intensity. The
improved turbulence generated by the
rectangular flow obstructions increases the flow
velocity (Fig. 7), ultimately enhancing heat
transfer from the bottom surface, as depicted in
Fig. 8.

G (d)

Fig. 5. Velocity vector on an imaginary plane 1 mm above the bottom surface of the air heater with
(a) smooth, (b) delta, (c) arc and (d) rectangular flow obstructions (Re =5000)

Turbulent Intensity

(a) (b)

(9 (d)

Fig. 6. Turbulent intensity contour on an imaginary plane 1 mm above the bottom surface of an air heater with
(a) smooth, (b) delta, (c) arc and (d) rectangular flow obstructions (Re =5000)
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Fig. 7. Velocity contour on an imaginary plane 1 mm above the bottom surface of the air heater with
(a) smooth, (b) delta, (c) arc and (d) rectangular flow obstructions (Re =5000)
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Fig. 8. Temperature contour on an imaginary plane 1 mm above the bottom surface of the air heater with
(a) smooth, (b) delta, (c) arc and (d) rectangular flow obstructions (Re =5000)

The pathlines on the air heater's bottom
surface and the velocity vectors on the mid-plane
parallel to the side surface are depicted in Figures
9 and 10. At a Reynolds number of 15000, these
graphs illustrate the turbulence produced by the
delta flow obstructions.
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Fig. 9. Pathlines on the bottom surface of the air heater
with delta flow obstructions

welocity-wector-re-150
eloity Magnitude

5
4887
4333
4
3807
3333
3
2887
2333
z
1667
1333
1
06667
03333
o

[mis]

Fig. 10. Velocity vector on the bottom surface of the air
heater with delta flow obstructions (Re =5000)
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3.2.Effect of Obstruction Geometry on
Thermal Performance Parameters of the
Air Heater

The effect of the delta, rectangular and arc
obstructions on Nu was analysed, and the results
are discussed using Fig. 11.
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Fig. 11. Effects of Obstruction Geometry on Thermal
Performance of an Air Heater at Varying Fluid Flow Rates

The air heater's Nusselt number (Nu)
consistently increases with the increase in
Reynolds number (Re) for all types of
obstructions, primarily attributed to turbulence
amplification within the flow. Among different
obstruction shapes, both rectangular and arc
configurations manifest notable increases in Nu
enhancement (represented as the ratio of Nu
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with obstruction to Nu without obstruction)
across the entire range of Reynolds numbers, as
presented in Table 3. This enhancement directly
results from the increased turbulence intensity
generated by these obstructions.

Delta obstructions exhibit an enhancement
range of 1.83 to 2.14, reflecting their moderate
influence on turbulence. Arc obstructions
demonstrate an even more substantial influence,
yielding an enhancement range of 2.1 to 2.4.
However, the rectangular obstructions stand out
by achieving the highest Nu enhancement range
of 2.3 to 2.53. Rectangular obstructions exhibit
the most substantial increase in Nusselt number
(Nu) enhancement, reaching a value of 2.53 at a
Reynolds number (Re) of 5000. This result
underscores the significant impact of rectangular
obstruction geometry in enhancing heat transfer
within the air heater.

3.3.Effect of Obstruction Geometry on
Hydraulic Performance Parameters of the
Air Heater

The impact of delta, rectangular, and arc
obstructions on f was studied using numerical
techniques, and the outcomes are illustrated in
Fig. 12.
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Fig. 12. Effects of Obstruction Geometry on Hydraulic

Performance of an Air Heater at Varying Fluid Flow Rates

The air heater's Nusselt number (Nu)
consistently increases with the increase in

Reynolds number (Re) for all types of
obstructions, primarily attributed to turbulence
amplification within the flow. Among different
obstruction shapes, both rectangular and arc
configurations manifest notable increases in Nu
enhancement (represented as the ratio of Nu
with obstruction to Nu without obstruction)
across the entire range of Reynolds numbers, as
presented in Table 3. This enhancement directly
results from the increased turbulence intensity
generated by these obstructions.

Delta obstructions exhibit an enhancement
range of 1.83 to 2.14, reflecting their moderate
influence on turbulence. Arc obstructions
demonstrate an even more substantial influence,
yielding an enhancement range of 2.1 to 2.4.
However, the rectangular obstructions stand out
by achieving the highest Nu enhancement range
of 2.3 to 2.53. Rectangular obstructions exhibit
the most substantial increase in Nusselt number
(Nu) enhancement, reaching a value of 2.53 at a
Reynolds number (Re) of 5000. This result
underscores the significant impact of rectangular
obstruction geometry in enhancing heat transfer
within the air heater.

As observed from Fig. 12, the flow obstruction
creates more pressure drop (f) and flow
detachment. The f for all obstructions decreases
with Re due to the decrease in residence time of
air with the heated surface. Also, reattachment
distance increases the recirculation zone behind
the obstruction. Because of the more
considerable pressure drop caused by this, f for
air heaters with obstructions rises. f
augmentation is least for delta obstruction as
delta offers minimum flow blockage. f
augmentation (fobstruction/fsmooth) is the least
for delta obstruction as delta offers minimum
flow blockage. The friction factor augmentation is
minimum for Re = 5000 and maximum for Re =
20,000. The friction factor augmentation
(fobstruction / fsmooth) varies between 4.7 to
4.9 for delta obstructions, and the friction factor
augmentation varies between 12 to 16 for
rectangular and arc obstructions.

Table 3. Nusselt number enhancement and friction factor augmentation produced by
various obstruction geometries for various flow rates.

) Reynolds Number
Type of Obstruction
5000 10000 15000 20000

Nu/ Nuo 2.14 1.97 1.85 1.83
Delta

f/ fo 4.73 4.75 4.79 492

Nu/ Nuo 2.53 2.31 2.25 2.37
Rectangle

f/ fo 12.64 12.83 14.11 16.56
A Nu/ Nuo 241 2.21 2.12 2.2

rc
f/ fo 12.1 12.74 13.95 16.01
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3.4.Effect of Obstruction
Thermo-Hydraulic
Parameters of the Air Heater

Geometry on
Performance

The influence of the type of geometry of the
obstruction (delta, rectangular, and arc) on TEF
as a function of Re is shown in Fig. 13.
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Fig. 13. Effects of Obstruction Geometry on
Thermo-Hydraulic Performance of an Air Heater at
Varying Fluid Flow Rates

The Thermal Enhancement Factor (TEF) was
examined for delta, arc, and rectangular
obstructions across the investigated range of
Reynolds numbers (Re). The delta obstruction
yields a TEF varying from 1.07 to 1.27, signifying
an improved thermal performance compared to a
smooth duct. The highest TEF of 1.27 was
obtained at Re of 5000. The arc obstruction
produces a TEF ranging from 0.9 to 1.08, while
the rectangular obstruction presents a TEF
ranging from 0.87 to 1.05 in the investigated
range of Re.

A comparison of TEF values shows that the
delta obstructions perform better than both arc
and rectangular obstructions in enhancing the
thermo-hydraulic performance of the air heater
in the studied range of Reynolds number. This
finding underscores the potential benefits of
employing  delta-shaped  obstructions in
improving the efficiency of the air heater. Even
though rectangular obstructions create high Nu
enhancement (Nu/Nuo), the high f augmentation
(f/fo) associated with the rectangular obstruction
reduces its TEF. At the same time, low f
augmentation helps delta obstructions to create
better TEF.

Fig. 14 and Fig. 15 represent the Nusselt
number (Nu) and friction factor (f) data for the air
heater with delta flow obstructions in
comparison with the results from the previously
published works [30-33].
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Fig. 14. Effect of Re on Nu of an air heater with delta flow
obstruction along with other published results.
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Fig. 15. Effect of Re on f of an air heater with delta flow
obstruction along with other published results.

4. Conclusions

A numerical analysis of the air heater with
delta, arc, and rectangular flow obstructions was
conducted using CFD. Summary of the findings of
the current investigation are listed below.

e The incorporation of flow obstructions
yields substantial improvements in air
heater performance, often coupled with
discernible pressure differentials.

e As the air flow rate (Re) increases, the
Nusselt number (Nu) reduces, while the
friction factor (f) decreases for all types of
flow obstructions due to the increased
turbulence intensity at higher flow rates
(Fig. 9, Fig. 10).

e The Nusselt number enhancement is
significantly = higher  for  rectangular
obstructions than for other shapes for the
entire range of Reynolds numbers.
Rectangular obstruction provides Nu
enhancement of 2.53 at Re=5000.

e The friction factor augmentation varies
between 4.7 and 4.9 for delta obstructions,
and the friction factor augmentation varies
between 12 and 16 for rectangular and arc
obstructions.
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The delta flow obstructions are superior to
arc and rectangular shapes in improving air
heater performance. Maximum TEF of 1.27,
1.08 and 1.05 are obtained at Re 5000 for
delta, rectangular and arc flow obstructions,
respectively.

Delta flow obstructions are found to be
superior to arc and rectangular shapes in
improving the Thermo-Hydraulic
performance of air heaters. The effect of
inclination, blockage ratios, perforation and
pitch of the delta flow obstruction on the
performance of the air heater can be studied
in future.

Nomenclature

A

Aob

Crosssectional area of air heater (m?)

Area obstructed by the flow flow
obstruction (m?)

Aob/ A Blockage ratio

CFD

e/H

fo

ho
Nu
Nuo
P
Pi/e
Pt
Pt/b

Qs

Base width of obstruction (mm)
Fluid Dynamics

Height of obstruction (mm)
Relative Obstruction Height

Friction factor of the surface with
obstruction

Friction factor of the surface without
obstruction

Height of air heater (mm)

Convective heat transfer of the
enhanced surface (W/m?K)

Convective heat transfer of the smooth
surface (W/m?K)

Nusselt number of the surface with
obstruction

Nusselt number of the surface without
obstruction

Longitudinal pitch (m)

Relative obstruction longitudinal pitch
Transverse pitch (m)

Relative obstruction transverse pitch

Heat supplied to air (W)

QUICK Quadratic Upstream Interpolation for

Re

Convective Kinematics

Reynolds number

TEF Thermal Enhancement Factor (ratio of
enthalpy of the air heater with flow
obstruction to the enthalpy of the air
heater without flow obstruction at
identical blowing power)

w Width of air heater (mm)
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