energies

Article

Augmentation of Heat Transfer in a Circular Channel with
Inline and Staggered Baffles

Muneerah Al Nuwairan !

check for

updates
Citation: Al Nuwairan, M.; Souayeh,
B. Augmentation of Heat Transfer in a
Circular Channel with Inline and
Staggered Baffles. Energies 2021, 14,
8593. https://doi.org/10.3390/
en14248593

Academic Editor: Christopher
Micallef

Received: 22 November 2021
Accepted: 16 December 2021
Published: 20 December 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Basma Souayeh 2-3*

Department of Mathematics and Statistics, College of Science, King Faisal University, P.O. Box 400,

Al-Ahsa 31982, Saudi Arabia; msalnuwairan@kfu.edu.sa

2 Department of Physics, College of Science, King Faisal University, P.O. Box 400, Al-Ahsa 31982, Saudi Arabia
Laboratory of Fluid Mechanics, Physics Department, Faculty of Sciences of Tunis, University of Tunis El
Manar, Tunis 2092, Tunisia

*  Correspondence: bsouayeh@kfu.edu.sa or basma.souayeh@gmail.com

Abstract: This numerical investigation presents the effects of the position of baffles in the shape of a
circle’s segment placed inside a circular channel to improve the thermal and flow performance of
a solar air heater. Three different baffles” positions with Reynolds number varying between 10,000
to 50,000 were investigated computationally. The k-omega SST model was used for solving the
governing equations. Air was taken as the working fluid. Three pitch ratios (Y = 3, 4, and 5) were
considered, while the height of the baffles remained fixed. The result showed an enhancement in
Nusselt number, friction factor, j-factor, and thermal performance factor. Staggered exit-length baffles
showed maximum enhancement in heat transfer and pressure drop, while inline inlet-length baffles
showed the least enhancement. For a pitch ratio of Y = 3.0, the enhancement in all parameters was
the highest, while for Y = 5.0, the enhancement in all parameters was the least. The highest thermal
performance factor of 1.6 was found for SEL at Y = 3.0.

Keywords: heat transfer; CFD; baffles; staggered; j-factor; thermal performance factor

1. Introduction

Many engineering applications, such as chemicals production, refrigeration, car pro-
duction, and solar air heaters, require a high-performance heat exchanger (HE) to efficiently
utilize energy sources, so to achieve advantageous heat exchange with a limited cost [1-6].
Thus, several technologies have been studied in the last years to increase the rate of heat
transfer (HT) from a tube. The main strategies to increase the performance of HEs involve
increasing the surface area of the tube wall between the working fluids and reducing the
resistance of the flow across the HE. Thermal performance augmentation of HEs is a hot
topic for evaluate working in this area, and the main goal is to find the best output from an
HE for the same quantity of work in order to save money and energy. Two specific types
of techniques are used evaluate the thermal performance of heat exchangers and other
related devices—Active and Passive methods of heat transfer enhancement [7]. Active
techniques require external power sources i.e., a magnetic field, an electric field, ultrasonic
waves, corona wind, etc. The cost of the necessary equipment is very high, and its opera-
tion requires highly skilled workers. In contrast, the passive techniques of heat transfer
enhancement (HTE) are easy to operate, have a low cost, and allow an appreciable per-
formance enhancement [8-12]. Therefore, most researchers are investigating passive heat
transfer enhancement. Several THE designs are used to increase the performance of the
system. Amongst various passive methods of HTE, the use of ribs and baffles is constantly
evolving due to the higher heat transfer coefficient (HTC) and lower frictional losses. The
geometrical parameters of the ribs/baffles play a very important role in enhancing the HT
and the performance of the system [13,14]. Swirl generator geometries deliver a high HT
rate, but at the same time, the increase in pumping power cannot be ignored. An enormous
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care has been dedicated to dropping the pumping power to achieve a performance above
the unity.

Several investigations have been carried out in the past on the importance of geo-
metrical parameters for the thermohydraulic properties of the heat exchanger duct. Bhat-
tacharyya et al. [15] used perforated angular cut baffles fitted in a circular channel, with air
as the working medium and showed that Reynolds number (Re) varied between 10,000 to
52,000. The results obtained from this investigation showed intensification in heat transfer
and friction. However, the thermal performance factor in all cases remained above the
unity. Sriromreun et al. [16] performed a computational and experimental investigation
inside a rectangular channel fitted with z-shaped baffles to evaluate the thermal and flow
performance. Air was used as the working fluid, with Re varying from 4400 to 20,400.
In the same operating state, the Nusselt number (Nu), friction factor (f), and thermal
performance enhancement factor for in-phase 45° Z-baffles were shown to be much greater
than those for out-phase 45° Z-baffles. Karwa et al. [17] studied the influence of perforated
baffles on the thermal and flow performance inside a rectangular channel and compared
the results with those obtained using plain baffles. The results showed enhancement of
heat transfer, while the friction factor was reduced compared with that using plain baffles.
Promvonge and Kwankaomeng [18] carried out a numerical investigation with V-shaped
baffles having an attack angle of 45° and periodic laminar flow at different heights in a
channel and reported an enhancement of heat transfer as well as of the friction factor as
the baffles height increased. Chamoli and Thakur [19] performed an analytical investiga-
tion with perforated V-shapes baffles for evaluating the exergetic efficiency of a solar air
heater and reported an enhancement in thermal efficiency. Rashidi et al. [20] numerically
investigated the combined influence of a nanofluid and transverse twisted baffles on the
thermal and flow performance. Menni et al. [21] numerically investigated the thermal and
flow performance of a solar duct fitted with V-baffles and reported an enhancement of
heat transfer as well as of the friction factor. Samruaisin et al. [22] reported the influence of
twisted tape with transverse twisted baffles on thermal and flow performance. The findings
revealed that twisted tapes with transverse twisted baffles had greater heat transfer rates,
friction factors, and thermal enhancement factor than twisted tapes without them. Yu
et al. [23] investigated the influence of triangular baffles on the thermal performance of an
air-type PVT collector and reported a 3.6-3.9 °C increase in the outlet temperature, while
the thermal performance increased by 31%. Bensaci et al. [24] carried out a numerical and
experimental assessment to investigate the influence of the location of baffles inside a solar
air heater for heat transfer enhancement. It was revealed that not only the size and the
geometry but also the position of the baffles is an important parameter for achieving maxi-
mum heat transfer enhancement. For the purpose of enhancing the thermal performance,
Reddy and Satyanarayana [25] ran a 3-D CFD simulation of a novel solar receiver. Different
porous inserts, such as circular, trapezoidal, and square, were included in the receiver. Sari
et al. [26] carried out a numerical assessment for baffles and a vortex generator in a solar
air collector and validated the results with experiments. It was reported that the use of
a vortex generator and baffles enhanced the thermal and flow performance significantly.
Yaningsih et al. [27] studied single-phase flow heat transfer experimentally to calculate
the thermal performance of louvered swirl generator inserts. In the study, it was reported
that the HT increased with the increase of the Reynolds number, and the strip allowed
increases in HT up to 77.02% compared to a smooth tube. The strip’s slant angle plays an
important role in enhancing HT, and a large slant angle is also helpful. Wijayanta et al. [28]
investigated numerically HTE by using a special type of twisted tape. The proposed novel
geometry showed promising results in terms of HT and performance of the system. HT
increased with the rise of the attack angle, and the thermal performance was greater than
the unity in all tested cases. Wijayanta et al. [29] reported numerically the augmentation of
HT by using twisted tape with high Reynolds number. In the study, the length ratio played
an important role, and the thermal performance was almost greater than the unity in all
tested cases.
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After reviewing several articles related to heat transfer enhancement using baffles, the
authors of the present investigation found that baffles are very effective tools in heat transfer
enhancement. Short-length vortex generator inserts [29] are more beneficial than other
enhancing devices because of a remarkably better pressure loss; therefore, the geometrical
parameters of the baffles play a significant role in determining the thermal performance of
heat exchangers. Most of the previous studies used long baffle and reported a high pressure
disadvantage. Therefore, in this numerical investigation, novel effective short-length baffles
in the shape of circle’s segment were used as turbulence promoters. As compared with
the existing literature, the current work describes for the first time various effective short
lengths, baffle heights, baffle pitches, and orientations of the turbulator. The new design of
the baffles promoted shearing of the boundary layer and allowed a secondary flow in the
flow field, which resulted in a higher heat transfer rate. ANSYS Fluent 19.0 was used for
the numerical simulations. Air, with Reynolds number between 10,000-50,000, was used as
the working medium.

2. Physical Model and Governing Equations

Figure 1 shows the schematic of the fluid domain used for the numerical simulations.
In total, 15 baffles were positioned, separately, at the inlet, middle, and end of the circular
channel to investigate the influence of baffles’ positioning in the channel. The influence
of inline as well as staggered baffles in the circular channel was examined. Three pitches
(P) of 60, 80, and 100 mm were considered. The length of the circular channel was 2000
mm, and the diameter was 20 mm. A itch ratio Y = P/D =3, 4, and 5 was used throughout
the investigation to non-dimensionalize the parameter. For designing the model, the
commercially available software SolidWorks was employed. The channel was uniformly
heated with a heat flux of 2 kW/m?2. The velocity inlet on the left side of the channel
was based on a Reynolds number between 10,000 and 50,000, while the exit was the
pressure outlet. The entering flow was turbulent, with inlet turbulent intensity of 5% and
an ambient temperature of T;, = 300 K. No slip condition was considered on the channel
and rib surfaces.

(a) (b)

Figure 1. Cont.
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Flow Direction
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Figure 1. (a) Schematic of baffle, (b) schematic of channel with baffle, and (c) schematic of short length baffle.

The following assumptions were made:

The flow was steady, three-dimensional, and developing.

All simulations were performed for a fixed value of heat flux (2 kW/ m?). The
Reynolds number varied between 10,000 to 50,000.

Air was used as the working medium, and the flow was single-phase.

The thermal conductivity of the baffles, and therefore their heat absorption, were
neglected.

In the simulations performed, the commercially available software ANSYS Fluent

19.0 was used to analyze the fluid flow and heat transfer of the 3D computational domain,
using the Finite Volume Method. The incompressible steady flow of a Newtonian fluid
was investigated. The material’s properties were assumed to be constant. The effect of
buoyancy, viscous heating, and radiation were neglected. A steady-state RANS approach
was utilized for turbulence modelling to reduce the computational efforts. Consequently,
with the RANS turbulence model, the two-equation SST of Menter [30] was employed. The
governing equations are summarized below.

Continuity equation:

au,‘ -
Froie 0 (1)
Navier-Stokes equations:
ou; oP 0 ou;
P R R e}
p(ulaxl> axl + axl ((H_‘_Hturb)axl) (2)
Energy equation:
90\ 9 Viurp | 0O
(v55) = am (e 52230 ®

Equations of the turbulence model:

a(PuiK) o . i Hiurb al
axi _’YpK ﬁlPKW+ axi (nu+ O« )axi (4)
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3. Meshing and Grid Independence Study

Figure 2 shows the sample grid used in the presented simulations. The precision and
stability of numerical computations in computational numerical domains depend on the
use of high-quality grids. Three distinct grids were evaluated in the grid independence
investigation, and the average Nu and f are reported in Table 1. As a result, the grid with
1,374,386 cells was used for all simulations to reduce the simulation time.

Flow Outlet
Flow Direction >

Effected Flow Zone \

Ribbed Section

. . . ) Cross Sectional View
3-Dimentional Zoom view near ribs

Figure 2. Meshing of the Fluid Domain.

Table 1. Grid independence study.

Total Number of Grid Nodes Nu f
Re =10,000, Plain Channel
Grid 1 1,195,758 33.12 0.0411
Grid 2 1,374,386 33.76 0.0422
Grid 3 1,589,365 33.78 0.0422

4. Data Reduction
The following parameters were used in the present investigation:

. Diameter (D), mm: 20 mm

= Length (L), mm: 2000 mm

. Pitch Ratio (Y) =P/D: 3,4, and 5

. Baffle height (e), mm: 5 mm (constant throughout the simulation)

" Baffle effective length (L), mm: 150 mm (constant throughout the simulation for
inlet portion, middle portion, and exit portion)

. Baffle thickness (), mm: 2 mm (constant throughout the simulation)
The following sets of equations were utilized for the calculation:
Heat transferred to the air was given by:

Quair = m' X Cp(Tour — Tin) (6)
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Total heat loss was given by:
Qross = QHeater — Qair @)
Heat flux was given by:
q = Quir/As,, = Quir/nDL (8)
Reynolds number (Re) was calculated using the following relation [31]:
Re = 4xm' /nDy )
For the determination of the local temperature at various positions:
T(x) = Ty + (Tour = Tin)x/L (10)
For the calculation of the bulk temperature:
Ty = Tin+ Tout /2 (11)
The local convective heat transfer coefficient (i) was calculated with:
h(x) =4/T — T, (12)

where T, is the mean surface temperature at position x, and Ty is the mean temperature of
the working fluid at position x.
For calculating the average heat transfer coefficient [32]:

h=a/T,-T, (13)

where T is the surface temperature.
The Nusselt number (Nu) was given by [33]:

Nu = hD/k (14)

The heat transfer can also be obtained using the Colburn j-factor, simply called j-factor,
by [34]:
j = Nu/RCPT% (15)

For friction factor calculation, the formula used is [35,36]:

Ap
530V2

f= (16)

For calculating the thermal performance factor, the following formula can be used [37-41]:

y = Nu/Nuyg (17)

(f/f0)0.33

where the subscript 0 denotes the plain duct

5. Results and Discussion
5.1. Validation of Nu and f

The current numerical findings were compared using the Dittus—Boelter correla-
tion [42] and the Blasius correlation [43] for Nu and f, respectively, to determine the
accuracy of the numerical approach. The results are presented Figure 3a,b The deviation
in Nusselt number value was less than 1%, while for the friction factor, the deviation was
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2.7%. This indicated that the present simulation investigation showed a 95% confidence
level and was in very good agreement with well-established correlations.

1 e I o 1 - 1 > 1

120 - -
100 - -

i 80 = -

2z,

60 -

40 - -

—— Plain Channel
Dittus-Boelter Correlation
20 ] o 1 " ] 1 I
10000 20000 30000 40000 50000
Re
(a)
0.044: R B i b bl bbbt b
0.04 - -
0.036 = -
™ 0.032 . -
0.028 4 .
] [—=— Plain Channel
] Blasius Correlation
0‘024 | v o v v v SR R TEELE il Bl
10000 20000 30000 40000 50000
Re

(b)

Figure 3. Validation with a plain channel: (a) Nusselt number and (b) friction factor.
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5.2. Nusselt Number

Figure 4a—c shows the variation of Nu with Re for pitch ratios of 3.0 and 5.0 and
staggered balffles, respectively. As expected, the plain channel showed the lowest Nusselt
number values. In the case of a channel with inline baffles, the inline exit-length baffles
(IEL) showed the highest enhancement in the Nusselt number, while inline inlet-length
baffles (IIL) showed the least enhancement for all values of pitch ratio when compared
with the plain channel. For staggered baffles, staggered exit-length baffles (SEL) showed
the highest enhancement in the Nusselt number, while staggered inlet-length baffles (SIL)
showed the least enhancement when compared with the plain channel. For only staggered
baffles, staggered exit-length baffles (SEL) having a pitch ratio of 3.0 showed the highest
enhancement, while SEL having a pitch ratio of 5.0 showed the least augmentation in
Nusselt number (refer Figure 4a,b). A similar trend was observed for staggered middle-
length (SML) and staggered inlet-length (SIL) baffles. Moreover, SEL baffles showed the
highest Nusselt number, followed by SML and SIL baffles (refer Figure 4c). It is also worth
noticing for all the cases of inline as well as staggered baffles that an increase in the Re
resulted in a higher value of Nu. In the absence of baffles, the flow temperature rose steadily
and uniformly along the channel, as expected. In comparison to a smooth duct, increasing
the Re values reduced the thickness of the laminar sub-layers (smooth). The presence of
baffles in the flow field resulted in an intense mixing of fluid, which caused the rise in Nu.
In the case of staggered baffles, the mixing intensity further increased, which resulted in
higher Nu and heat transfer rate. It is evident from the results shown in Figure 4a—c, that
the insertion of baffles had a favorable effect on heat transfer enhancement.

5.3. Friction Factor

Figure 5a—c shows the variation of f with Re for pitch ratios of Y =3.0 and Y = 5.0
and staggered baffles, respectively. The figures clearly show a decrease of the friction
factor with Reynolds number. The maximum f was obtained for SEL baffles having Y = 3.0,
followed by SML and SIL (refer Figure 5a). This is because the baffles and their position
obstructed the fluid flow, resulting in a larger pressure drop and, consequently, a higher f.
The same trend was observed the case of inline baffles. When comparing the results for
different pitch ratios, the baffles having a lower value of pitch ratio were associated with a
higher friction factor, while the baffles having a higher pitch ratio were associated with a
lower friction factor (refer Figure 5c). This was due to the higher flow obstruction offered
by the staggered baffles.

5.4. Colburn j-Factor

The Chilton—Colburn j-factor comparison is a popular and effective heat, momentum,
and mass transfer analogy. Figure 6a—c shows the variation of j-factor with Reynolds
number in the different cases under consideration. Figure 6a shows the result for Y = 3.0. It
is clearly observed that the j-factor decreased with the increase of the Reynolds number.
Secondly, the j-factor for SEL at Y = 3.0 was the highest. The disturbance in the channel
generated by flow and heat transmission fully developed because the staggered baffles
were positioned at the end of the channel. This led to an increase in heat transfer and
j-factor. As compared to the plain channel, the j-factor value increased by 100% in the case
of SEL at Y = 3.0. For constant Y = 5.0, as shown in Figure 6b, the trend was similar to that
observed for Y = 3.0. The only difference was that the enhancement in all cases was lower
than that observed for Y = 3.0. This was due to the distant placing of baffles consequent to
the higher pitch. A larger gap between the baffles resulted in less swirling and mixing of
the fluid. Due to this, the enhancement in the j-factor value was less. A comparison among
various configurations of the staggered balffles is presented in Figure 6¢. It can be clearly
seen from the figure that SEL showed highest enhancement, followed by SML and SIL. In
each case, the highest enhancement was noted for Y = 3.0, followed by Y =4.0 and Y = 5.0.
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Figure 4. Nusselt Number as a function of Reynolds number: (a) constant Y = 3.0 with different
configurations, (b) constant Y = 5.0 with different configurations, and (c) staggered configuration
with different pitch ratios.
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Figure 5. Friction factor as a function of Reynolds number: (a) constant Y = 3.0 with different

configurations, (b) constant Y = 5.0 with different configurations, and (c) staggered configuration

with different pitch ratios.
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Figure 6. Colburn j-factor as a function of Reynolds number: (a) constant Y = 3.0 with different
configurations, (b) constant Y = 5.0 with different configurations, and (c) staggered configuration
with different pitch ratios.

5.5. Flow Field

Figure 7a shows the variation of the channel with SIL baffles. As clearly seen, the fluid
at the core region was cooler than the fluid near the surface of the channel. The purpose of
the baffles in the flow field is to intensify the mixing of the fluid. When the baffles were
positioned at the inlet, mixing took place but was not very intense, which resulted in a
larger temperature gradient between surface and core fluid. In the case of SEL, there was
sufficient time and space for interaction with the fluid. This resulted in a lower temperature
gradient between core and surface fluid, and the heat transfer rate increased.

Figure 7b illustrates the average local temperature of the heated surface around
the periphery at different axial positions and constant heat flux. Ts—T}, as a function of
dimensional axial distance x/D is presented in Figure 7b. It is clear from the figure that the
temperature values in the entry of the test section were nearly the same and represented
forced convection thermal conditions. Then, the temperature increased until it reached a
maximum value of nearly x/D = 90; this confirmed that the temperature difference between
the surface and the fluid temperatures along the tube length in the fully developed region
was not constant due to a change in the fluid’s properties.

Figure 8 shows the distribution of velocity in the fluid domain. It is interesting to note
the asymmetrical pressure distribution around the baffles. Figure 9 shows the distribution
of turbulent kinetic energy for inlet staggered baffles. Turbulent kinetic energy represents
the average kinetic energy per unit mass associated with a swirling motion in the turbulent
flow regime. The higher the turbulent kinetic energy, the more will be the eddies in the
flow regime.
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Figure 7. (a) Temperature distribution in the channel with staggered baffles at (SIL) Y = 3.0, Re = 20,000, (b) Ts-T}, as a
function of the dimensional axial distance x/D at different Re for SIL.
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Figure 8. Velocity contour plot in the channel with staggered baffles at (SIL) Y = 3.0 at Re = 20,000.
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Figure 9. Turbulent kinetic energy distribution in the channel with staggered baffles at (SIL) Y = 3.0, Re = 20,000.

5.6. Thermal Performance Factor

The thermal performance factor, indicated by 7, is the ratio of the enhancement in Nu
to the f value at constant pumping power. This ratio provides an efficient way to evaluate
the enhancement in thermal performance. Figure 10a—c shows the variation in the thermal
performance factor as a function of Re for Y = 3.0, Y = 5.0, and staggered baffles, respectively.
In all the studied cases, the value of thermal performance factor was higher than the unity.
This indicates that the heat transfer enhancement was higher than f for a uniform pumping
power. The highest enhancement in thermal performance was noted between Re 10,000
and 25,000. Beyond this point, the thermal performance started decreasing. As expected,
the thermal performance remained the highest for the SEL baffles, followed by the SML
and SIL baffles. A maximum 60% increase in the value of thermal performance for the SEL
baffles was found.

Figure 11 shows the comparison of the present investigation with previous investiga-
tions using a Finned tube by Mohammad et al. and a twisted oval tube by Tang et al. In
comparison to these earlier examined geometries, the current arrangement performed better.
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Figure 10. Cont.
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Figure 10. Thermal performance factor as a function of Reynolds number: (a) constant Y = 3.0
with different configurations, (b) constant Y = 5.0 with different configurations, and (c) staggered

configuration with different pitch ratios.
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Figure 11. Comparison of the thermal performance factor with those of previous studies.

6. Conclusions

The influence of a varied baffle positioning on Nu, f, Colburn j-factor, and thermal
performance factor (17) was investigated. The goal of this research was to compare various
baffle placements inside a heat exchanger tube. Three different configurations of baffles
were compared with a plain channel. The major conclusions of the present numerical
investigations are:

e  Staggered exit-length baffles showed the highest enhancement in Nusselt number,
friction factor, j-factor, and thermal performance factor, while the least enhancement
was reported for staggered inlet-length baffles.

e  For a pitch ratio of 3.0, the enhancement in all parameters was maximum, while at a
pitch ratio of 5.0, the enhancement in all parameters was the least.

e In all cases, the thermal performance factor value remained higher than the unity.
Moreover, for SEL baffles at Y = 3.0, the enhancement was maximum at 1.6.

e  Staggered exit-length baffles appeared the best in terms of positioning as regards
Nusselt number, j-factor, and thermal performance.
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Nomenclature
A Cross-section area
D hydraulic diameter, m
e baffle height, m
F; model blending functions
f friction factor
h heat transfer coefficient, W m—2 K1
HT heat transfer
j Colburn j-factor
L tube length, m
Lw baffle effective length, m
M model constant
m mass flow rate of working fluid, kg/s
Nu Nusselt number
P pitch
PD pressure drop
Py turbulent kinetic energy production term
Pr molecular Prandtl number
Pty turbulent Prandtl number
q heat flux, W m—2
Re Reynolds number
Ry average thermal resistance of wall, ohm
RANS Reynolds averaged numerical simulation
SST shear stress transport
TT twisted tape
\Y% bulk velocity, m s~
Y pitch ratio
Greek Symbols
o molecular thermal diffusivity, m? sec!
Bi model constant
Gi model constant
0% intermittency
AP pressure drop, Pa
i thermo-hydraulic performance factor
u molecular dynamic viscosity, kg m~1 s~
Wturb turbulent dynamic viscosity, kg m1s71
v molecular kinematic viscosity, m? s~
Viurb molecular kinematic viscosity, m2s!
K turbulence kinetic energy, m? s 2
w specific dissipation rate of «, s !
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