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1. INTRODUCTION

Shell-and-tube heat exchangers (STHXs) are widely used in power plants, chemical engineering, environment en-
gineering, and waste heat recovery due to their robust geometry construction, reliable operation, easy maintenance, 
and possible upgrades (Bashir et al., 2003). In shell-and-tube heat exchangers, the cross fl ow through the banks is 
obtained by means of baffl e plates, responsible for changing the direction of the fl ow and for increasing the time 
of heat exchange between fl uid and the heated surfaces. Baffl es have also the purpose of increasing turbulence 
levels and, thus, heat exchange ratios (Demartini et al., 2004). Through our bibliographic research, we found that 
there exists a wide range of studies on this subject; these may be numerical, analytical, and experimental. The fi rst 
study on the numerical analysis of the features of the fl ow and forced-convection heat transfer in a channel was 

COMPUTATIONAL THERMAL ANALYSIS 
OF TURBULENT FORCED-CONVECTION FLOW 
IN AN AIR CHANNEL WITH A FLAT RECTANGULAR 
FIN AND DOWNSTREAM V-SHAPED BAFFLE

Younes Menni,1 Ahmed Azzi,1 & Ali J. Chamkha2,3,*

1Unit of Research on Materials and Renewable Energies - URMER - Abou Bekr Belkaid University,
  BP 119-13000-Tlemcen, Algeria 
2Mechanical Engineering Department, Prince Sultan Endowment for Energy and Environment,
  Prince Mohammad Bin Fahd University, Al-Khobar 31952, Saudi Arabia
3RAK Research and Innovation Center, American University of Ras Al Khaimah, United Arab
  Emirates

*Address all correspondence to: Ali J. Chamkha, Mechanical Engineering Department, Prince Sultan Endowment 
  for Energy and Environment, Prince Mohammad Bin Fahd University, Al-Khobar 31952, Saudi Arabia; RAK 
 Research and Innovation Center, American University of Ras Al Khaimah, United Arab Emirates, E-mail: 
  achamkha@pmu.edu.sa 

Original Manuscript Submitt ed: 4/3/2018; Final Draft  Received: 3/4/2019

Turbulent forced-convection fl uid dynamic simulations were conducted to investigate the impacts of diff erent baffl  e shapes 
on the thermal aerodynamic performance of a horizontal two-dimensional channel of rectangular section with wall-mounted 
baffl  es and fi ns. The top wall was put in a constant temperature condition, as the bott om wall was thermally insulated. Two 
obstacles, having diff erent shapes, i.e., simple and 45o downstream V-shaped, were inserted into the channel and fi xed to 
the upper and lower walls, in a periodically staggered manner. The fl uid fl ow model was governed by the RANS equations 
and the energy equation. All these equations were discretized by the FVM, handled the pressure–velocity coupling with the 
SIMPLE discretization algorithm and solved using a CFD technique. This represents a very important issue in the area of 
shell-and-tube heat exchangers where the fl ow must be characterized; there is also a need to identify the velocity distribu-
tion, as well as the existence and the extension of possible recirculations.

KEY WORDS: aerodynamics, shell-and-tube heat exchangers, fi nite volume methods, fl at rectangular fi n, heat 
transfer, forced convection, turbulent fl ow, downstream V-shaped baffl  e

Downloaded from https://iranpaper.ir
https://www.tarjomano.com https://www.tarjomano.com



Heat Transfer Research 

1782 Menni, Azzi, & Chamkha

NOMENCLATURE

A Van Driest constant (= 26) Pk production rate of k, Pa·s–1·m–1

AR channel aspect ratio (W/H = 1.321) Pr molecular Prandtl number (μCp/λf)
BR blockage ratio (h/H = 0.547) Prt turbulent Prandtl number (= 0.85 at the wall)

Cp specifi c heat at constant pressure, kJ·kg–1·K–1 q wall heat fl ux, W·m–2

Cf skin friction coeffi cient Re Reynolds number (ρUDh/μ)
C1ε constant used in the standard k–ε model T temperature, K

(=1.44) T* law-of-the-wall for mean temperature, K
C2ε constant used in the standard k–ε model Tin inlet temperature, K

(=1.44) Tp temperature at the cell adjacent to the wall, K
Cμ constant used in the standard k–ε model Ts temperature of solid, K

(= 0.09) Tw temperature at the wall, K
Dh aeraulic diameter of rectangular channel u fl uid velocity in the x direction, m·s–1

(= 0.167), m u* law-of-the-wall for mean velocity, m·s–1

E constant in function wall (= 9.793) U mean axial velocity of the section, m·s–1

f friction factor Uin inlet velocity, m·s–1

Gk production of turbulent kinetic energy, m2·s–2 ui, uj mean velocity component in
h baffl e height (= 0.08), m the xi and xj direction, m·s–1

hx local convective heat transfer coeffi cient, u'
i, u'

j fl uctuation velocity component in
W·m–2·K–1 the xi and xj direction, m·s–1

H channel height (= 0.146), m up mean velocity of the fl uid at point p, m·s–1

k turbulent kinetic energy, m2·s–2 v fl uid channel width velocity in
kp turbulence kinetic energy at point p, m2·s–2 the y direction, m·s–1

L length of rectangular channel in w thickness of basis baffl es (= 0.01), m
the x direction (= 0.554), m W channel width (= 0.193), m

Lin distance upstream of the fi rst baffl e x, y Cartesian coordinates, m
(= 0.218), m yp distance from point p to the wall, m

Lout distance downstream of the second baffl e y* dimensionless distance to the wall
(= 0.174), m

Greek Symbols
n coordinate normal to the wall

Nu average Nusselt number Γ molecular thermal diffusivity, kg·m–1·s–1

Nux local Nusselt number Γt turbulent thermal diffusivity, kg·m–1·s–1

P empirical function ΔP pressure drop, Pa
P pressure, Pa ε turbulent dissipation rate, m2·s–3

Patm atmospheric pressure, Pa ε averaged dissipation rate, m2·s–3

Pi axial pith (= 0.142), m εin inlet turbulent dissipation rate, m2·s–3
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NOMENCLATURE (continued)

εp turbulent dissipation rate at point p, m2·s–3 out outlet
κ von Kármán constant (= 0.4187) p at point p
λf fl uid thermal conductivity, W·m–1·K–1 s solid
λs solid thermal conductivity, W·m–1·K–1 t turbulent
μ dynamic viscosity, kg·m–1·s–1 w wall
μt turbulent viscosity, kg·m–1·s–1 x local
ρ fl uid density, kg·m–3

Abbreviations
σk turbulent Prandtl number for k-equation (= 1.0)
σε turbulent Prandtl number for ε-equation (= 1.3) CFD computational fl uid dynamics
τw wall shear stress, Pa FVM fi nite volume method
φ universal variable representing u, v, k, ε, and T QUICK quadratic upstream interpolation

Subscripts
for convective kinetics

RANS Reynolds-averaged
atm atmosphere Navier–Stokes
f fl uid SIMPLE semi-implicit method for pressure
i, j refers to coordinate direction vectors linked equations
in inlet SOU second-order upwind

reported by Patankar et al. (1977). The authors exposed the concepts of periodically fully developed fl ow and heat 
transfer. Founti and Whitelaw (1981) carried out an experiment using the laser Doppler anemometry (LDA) tech-
nique to deduce the velocity fi elds in an axisymmetric heat exchanger with baffl e plates on the shell side surface. 
The similar distributions of the mean velocity and fl ow turbulent intensity were obtained after two sets of baffl es 
in the duct entrance region. Valencia and Cid (2002) numerically simulated the unsteady turbulent fl ow of air and 
heat transfer in a channel with two periodically mounted square bars arranged side by side to the approaching fl ow 
with a modifi ed version of the standard k–ε turbulence model. The effects of the transverse separation distance of 
the bars on the fl ow behavior and heat transfer were studied for a constant Reynolds number and periodicity length 
of the computational domain. Dutta and Hossain (2005) investigated the local heat transfer characteristics and the 
associated frictional head loss in a rectangular channel with inclined solid and perforated baffl es. A combination of 
two baffl es of the same overall size was used in this experiment. The upstream baffl e was attached to the top heat-
ed surface, while the position, orientation, and the shape of the other baffl e were varied to identify the optimum 
confi guration for enhanced heat transfer. Nasiruddin and Siddiqui (2007) reported the heat transfer enhancement in 
a heat exchanger tube by installing a baffl e. The effect of baffl e size and orientation on the heat transfer enhance-
ment was studied in detail. Three different baffl e arrangements were considered. Ozceyhan et al. (2008) submitted 
a numerical study on heat transfer and friction loss characteristics of a tube with circular cross-section ring inserts. 
The rings were inserted near the tube wall and the heat transfer enhancement was investigated related to the effect 
of spacing between the rings. Eiamsa-ard and Promvonge (2008) conducted a numerical investigation of turbulent 
forced convection in a two-dimensional channel with periodic transverse grooves on the lower channel wall. The 
results of the heat transfer coeffi cient, friction factor, skin friction coeffi cient, and thermal enhancement factor 
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were examined. Sripattanapipat and Promvonge (2009) numerically investigated the laminar periodic fl ow and heat 
transfer in a two-dimensional horizontal channel with isothermal walls and with staggered diamond-shaped baffl es. 
Effects of different baffl e tip angles on heat transfer and pressure loss in the channel were studied and the results 
of the diamond baffl e were also compared with those of the fl at baffl e. Numerical simulations of forced-convection 
incompressible fl ow in a horizontal plane channel with adiabatic walls over two isothermal tandem triangular cyl-
inders of equal size were presented by Mohsenzadeh et al. (2010) to investigate the effect of wall proximity of 
obstacles, gap space (i.e., the gap between two squares), and Reynolds number. The results showed that the wall 
proximity has a different effect on the fi rst and second triangles in fl uid characteristics especially in the lower gap 
spaced, while for heat transfer a fairly same behavior was seen. Promvonge et al. (2011) conducted a numerical 
work to examine turbulent periodic fl ow and heat transfer characteristics in a three-dimensional square duct with 
inline 60o V-shaped discrete thin ribs placed on two opposite heated walls. Effects of different rib height-to-duct-di-
ameter ratios, BR, on thermal characteristics for a periodic ribbed duct fl ow were investigated. Ali et al. (2011) 
reported experimental investigations on steady-state forced-convection heat transfer from the outer surface of hor-
izontal triangular surface cylinders in cross fl ow of air. Two different horizontal positions were considered; one 
when the vertex of the triangle faces the fl ow and the other when the fl at surface faces the fl ow. General correla-
tions were obtained as a function of Reynolds numbers in both orientations and also as a function of the blockage 
ratio when the length of the cylinder is used as a characteristic length. The experiments have been done for large 
Reynolds numbers using four cylinders. Wang et al. (2012) numerically and experimentally investigated the fl ow 
and heat transfer characteristics inside a rectangular channel embedded with pin fi ns. Several differently shaped 
pin fi ns (i.e., circular, elliptical, and drop-shaped) with the same cross-sectional areas were compared in a stag-
gered arrangement. Rao et al. (2012) conducted an experimental and numerical study to investigate the fl ow fric-
tion and heat transfer performance in rectangular channels with staggered arrays of pin fi n–dimple hybrid struc-
tures and pin fi ns in the Reynolds number range of 8200–54,000. The friction factor, Nusselt number, and the 
overall thermal performance parameters of the pin fi n–dimple and the pin fi n channels were obtained and com-
pared with the experimental data of a smooth rectangular channel and previously published data of the pin fi n 
channel. Alam et al. (2014) experimentally investigated the effect of geometrical parameters of the V-shaped per-
forated blocks on heat transfer and fl ow characteristics of a rectangular duct. In this work, extensive experimental 
data was collected on heat transfer and friction characteristics as a function of geometrical parameters of these 
blocks, namely, relative height (e/H), open area ratio (b), and relative pitch ratio (P/e). Promvonge (2015) carried 
out an experimental work to examine the heat transfer and fl ow resistance in a constant heat-fl ux square duct in-
serted with combined 30o V-fi ns and quadruple counter-twisted tapes at different relative fi n height (RB) and pitch 
(RP) values for Re in a range of 4000 to 30,000. The experimental results showed that the heat transfer and pres-
sure drop in the form of respective Nusselt number and friction factor from the V-fi nned counter-twisted tape tend 
to increase with the rise of RB but show the reversing trend with increasing RP. The thermal performance of the 
V-fi nned counter-twisted tape was considerably higher than that of the quadruple twisted tapes alone. Nanan et al. 
(2016) numerically and experimentally carried out a comparative investigation on the fl ow and heat transfer asso-
ciated with baffl e turbulators with different designs: typical straight baffl es, straight cross-baffl es, straight alter-
nate-baffl es, twisted-baffl es, alternate twisted-baffl es, and twisted cross-baffl es. The infl uence of pitch ratio from 
1.0 to 2.0 and Re numbers from 6000 to 20,000 was also examined. At the optimum condition of the smallest pitch 
ratio and the lowest Reynolds number, the twisted cross-baffl es offered the highest thermal enhancement factor of 
1.7. Li and Gao (2017) numerically studied the three-dimensional turbulent fl ow and heat transfer in the channels 
with or without baffl es. Infl uences of Reynolds number, baffl e height, and apex angle on heat transfer and pressure 
drop of the fl ow channel were investigated and discussed. Hosseinnezhad et al. (2017) numerically investigated the 
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turbulent fl ow of water/Al2O3 nanofl uid in a tubular heat exchanger with two twisted-tape inserts in the three-di-
mensional coordinate. The investigated parameters of this study were Reynolds numbers at the range of 10,000–
30,000, the effect of twist ratio of twisted-tape inserts from 2.5 to 4, co-swirl fl ow and counter-swirl fl ow of two 
twisted-tapes inside the tube, and volume fractions of nanofl uid from 1 to 4%. The maximum enhancements of 
PEC improvement in three twist ratios of 4, 3.25, and 2.5 are, respectively, 40.8, 47, and 51% and the maximum 
enhancements in three mentioned ratios are 26.5, 28.3, and 30.6%, respectively. Park et al. (2017) studied the heat 
transfer performance of a heat exchanger and the frost behavior including vortex-generating fi ns (vortex genera-
tors) at the middle of each louver fi n surface. They manufactured the louvered fi ns including the vortex generators 
and conducted experiments under dry and frosting conditions. Moreover, they investigated the air fl ow characteris-
tics and the variations in fi n temperature using a 3D computational analysis. They analyzed the frost formation 
delay and thermal performance characteristics by comparing a louvered fi n heat exchanger equipped with vortex 
generating fi ns to a conventional louvered fi n heat exchanger. The fl uid fl ow and heat transfer characteristics in 
channels with staggered or in-line obstacles, based on the baffl e geometry reconfi guration concept, were numeri-
cally and experimentally investigated by Han et al. (1991), Acharya et al. (1998), Peng et al. (2007), Rallabandi 
et al. (2011), Noghrehabadi et al. (2012), Sriromreun et al. (2012), Zaraki et al. (2015), Ghalambaz et al. (2015, 
2017a,b), Zargartalebi et al. (2015), Jamesahar et al. (2016), Wang et al. (2017a), Yang et al. (2017), Dogan and 
Oney (2017), Wang et al. (2017b), Lasbet et al. (2017), Rahmati et al. (2017), Muhammad (2017), and Fakour et 
al. (2017). In those studies, different baffl e sizes, positions, and orientations were used. Other works can be found 
in the literature, i.e., Tahir et al. (2018), Jeong et al. (2018), Lee and Park (2018), Ahmed and Dutta (2018), Jangi-
li and Bég (2018), Dhanawade et al. (2018), Nuñez and Beltrán (2018), Salari et al. (2018), Hotta 
et al. (2018), Wang et al. (2018a), Paulraj et al. (2018), Mehendale and Technolo (2018), Wang et al. (2018b), 
Kumar and Dinesha (2018), and Han et al. (2018), that studied the heat transfer and fl uid fl ows using numerical 
and experimental techniques.

The topic is of paramount importance. Shell-and-tube heat exchangers (STHXs) are used in several sectors and 
in very diverse fi elds. The improvement of their performance has been and is still of major concern to theorists and 
practitioners. Therefore, it is an ambitious attempt to work on such a topic. The work carried out within the scope 
of this article contributes to overcoming the blatant lack of research in this domain. For this reason, the effects 
of both the heat transfer and the obstacle presence (fl at rectangular fi n and V-shaped baffl e pointing downstream), 
which are arranged in a two-dimensional horizontal rectangular cross-section channel in a staggered manner, on 
the forced convection phenomenon, have been studied. This is a simultaneous aerodynamic and thermally devel-
oping turbulent fl ow. The fl uid (air) is of incompressible Newtonian type. The Reynolds-Averaged Navier–Stokes 
(RANS) and turbulence equations governing the problem are solved numerically by the Finite Volume Method 
(FVM), using the SIMPLE algorithm, by means of CFD software FLUENT.

2. MATHEMATICAL FOUNDATION 

2.1  Physical Model 

Figure 1 shows a schematic diagram of the physical problem under study. The geometry of the problem is present-
ed for two transverse, solid-type obstacles, having different shapes, i.e., fl at rectangular fi n, and V-shaped baffl e 
pointing downstream, inserted in a rectangular channel crossed by a turbulent air fl ow in forced convection. The 
geometric dimensions of our problem have been based on the experimental work of Demartini et al. (2004). The 
numerical simulations were conducted in a two-dimensional domain, which represents a rectangular duct of length 
L = 0.554 m and height H = 0.146 m, provided by two staggered obstacles, through which there is a steady tur-
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bulent fl ow of air. The fi rst obstacle to be introduced in the channel is the fl at rectangular-shaped fi n, which is put 
on the heated upper wall, at a fi xed distance Lin of 0.218 m, downstream from the start of the duct. The second 
V-shaped obstacle, pointing downstream, is placed on the insulated lower wall at a distance Pi of 0.142 m, down-
stream from the downstream side of the fi rst obstacle; it has an angle of attack α of 45o relative to the principal 
direction of the fl ow. The distance between the top of the obstacle and the wall mother attachment is 0.08 m. This 
corresponds to the area reduction of 54.794% at the obstacle edge. The distance between the second V-shaped baf-
fl e and the exit section of the channel is Lout = 0.179 m. The aeraulic diameter is Dh = 0.167 m, the basis of the 
obstacle b = 0.01 m, and fi nally the Prandtl number is Pr = 0.71.

2.2  Assumptions

In this numerical investigation, the following assumptions are adopted:

• Steady two-dimensional fl uid fl ow and heat transfer.
• The fl ow is turbulent and incompressible.
• The physical properties of the fl uid (ρ, μ, cp, and λf) and solid (λs) are constant.
• The velocity profi le at the inlet of the computational domain is uniform.
• Radiation heat transfer is neglected according to other modes of heat transfer.

2.3  Turbulence Modeling 

Based on the above assumptions, the channel fl ow model is governed by the Reynolds-averaged Navier–Stokes 
equations with the standard k–ε turbulence model, developed by Launder and Spalding (1974), and the energy 
equation. These governing equations can then be written in the conservative form as

  ( ) ( ) ϕ ϕ ϕ
⎡ ⎤∂ ∂ ∂ ∂ϕ ∂ ∂ϕ⎡ ⎤ρ ϕ + ρ ϕ = Γ + Γ +⎢ ⎥⎢ ⎥∂ ∂ ∂ ∂ ∂ ∂⎣ ⎦ ⎣ ⎦

u v S
x y x x y y

 , (1)

in which φ is a variable used to represent quantities such as velocity components u, v, turbulent kinetic energy k, 
or turbulent energy dissipation rate ε, temperature T, while the diffusion coeffi cient Γφ and the source term Sφ have 
specifi c values for the different conservation equations using the standard k–ε turbulence model as 
continuity equation
  ϕ = 1  ,  (2a)

  ϕΓ = 0  , (2b)

FIG. 1: Schematic diagram of the physical problem
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  ϕ = 0S  , (2c)

momentum equation in the X direction

 ϕ = u  ,  (3a)

 ϕΓ = μe  , (3b)

 
ϕ

∂ ∂ ⎡ ∂ ⎤ ∂ ⎡ ∂ ⎤⎛ ⎞ ⎛ ⎞= + μ + μ⎜ ⎟ ⎜ ⎟⎢ ⎥ ⎢ ⎥∂ ∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠⎣ ⎦ ⎣ ⎦
e e

P u vS
x x x y x

 , (3c)

momentum equation in the Y direction

 ϕ = v  ,  (4a)

 ϕΓ = μe  , (4b)

 
ϕ

⎡ ⎤ ⎡ ⎤⎛ ⎞ ⎛ ⎞∂ ∂ ∂ ∂ ∂
= + μ + μ⎢ ⎥ ⎢ ⎥⎜ ⎟ ⎜ ⎟∂ ∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠⎣ ⎦ ⎣ ⎦

e e
P u vS
y x y y y

 , (4c)

energy equation in the fl uid region

 ϕ = T  ,  (5a)

 
ϕ

μ
Γ =

σ
e

T
 , (5b)

 ϕ = 0S  , (5c)

energy equation in the solid region

 ϕ = T  ,  (6a)

 ϕΓ = λs  , (6b)

 
( ) ( )ϕ

∂ ∂
= ρ + ρ
∂ ∂s sS uT vT
x y

 , (6c)

the k–turbulent kinetic energy equation

 ϕ = k   , (7a)

 
ϕ

μ
Γ = μ +

σ
t

l
k

 , (7b)

 ϕ = −ρε + kS G  , (7c)

the ε–turbulent dissipation rate equation

 ϕ = ε  ,  (8a)

 
ϕ

ε

μ
Γ = μ +

σ
t

l  , (8b)
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( )ϕ ε ε

ε
= − ρε1 2kS C G C

k
 , (8c)

where 

 μ = μ + μeff l t  , (9a)

and Gk is the production rate of the kinetic energy due to the energy transfer from the mean fl ow to turbulence 
given by 

  
⎧ ⎫⎡ ⎤⎛ ⎞ ⎛ ⎞∂ ∂ ∂ ∂⎪ ⎪⎛ ⎞⎢ ⎥= μ + + +⎨ ⎬⎜ ⎟ ⎜ ⎟⎜ ⎟∂ ∂ ∂ ∂⎢ ⎥⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎪ ⎪⎣ ⎦⎩ ⎭

2 22
2k t

u v u vG
x y y x

,  (9b)

where Cμ, C1ε, C2ε, σk, σε, and σT are the turbulence model constants. Their standard values, which are used in the 
present work, are described in Launder and Spalding (1974).

2.4  Near-Wall Treatment

Momentum

The presence of a wall infl uences the velocity fi eld in its vicinity through the no-slip boundary condition. Consid-
ering the effects of the wall for the standard k–ε model, based on Launder and Spalding (1974), a law-of-the-wall 
for the mean velocity distribution is given by (Valencia and Cid, 2002; Demartini et al., 2001)

 
( )=

κ
* *1 lnu Ey  , (10a)

where 

 

μ≡
τ ρ

1 4 1 2
* p p

w

u C k
u  , (10b)

and 

  μρ
≡

μ

1 4 1 2
* p pC k y

y  , (10c)

where κ is the von Kármán constant (= 0.42), E is the empirical constant (= 9.793), up is the mean velocity of the 
fl uid at position P, kp is the turbulentce kinetic energy at position P, yp is the distance from point P to the wall, y* 
is the dimensionless distance to the wall, and τw is the wall shear stress.

Energy

The law-of-the-wall for temperature implemented in FLUENT has the following composite form (Valencia and 
Cid, 2002): 

 

( ) μ− ρ
≡

1 4 1 2
w*

w

p p pT T c C k
T

q
 , (11a)

where the heat fl ux to the channel wall qw is derived from the thermal wall function

 

( )
( )( )

μ− ρ
≡

κ +

1 4 1 2
w

w *
tPr ln

p p pT T c C k
q

Ey P
 , (11b)
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where the empirical function P is specifi ed as

 ( )
⎛ ⎞π ⎛ ⎞ ⎛ ⎞= −⎜ ⎟⎜ ⎟ ⎜ ⎟π κ⎝ ⎠ ⎝ ⎠⎝ ⎠

1 2 1 4
t

t

4 Pr Pr1
sin 4 Pr Pr

AP  , (11c)

and cp is the specifi c heat of fl uid, qw is the wall heat fl ux, Tp is the temperature at the cell adjacent to the wall, 
Tw is the temperature at the wall, Pr is the molecular Prandtl number (μcp/kf), Prt is the turbulent Prandtl number 
(0.85 at the wall), and A is the Van Driest constant (= 26).

Turbulence

The boundary condition for k imposed at the wall is (Valencia and Cid, 2002; Demartini et al., 2004)

  ∂ =
∂

0k
n

 , (12a)

where n is the local coordinate normal to the wall. The production rate kinetic energy G and its dissipation rate 
ε at the wall-adjacent cells, which are the source terms in the k-equation, are computed on the basis of the local 
equilibrium hypothesis. Under this assumption, the production rate of k and its dissipation rate are assumed to be 
equal in the wall-adjacent control volume. Thus, the production rate of k is computed from

 μ

∂ τ
≈ τ = τ

∂ κρ
w

w 1 4 1 2
p

k w
p p p

u
G

y C k y
 , (12b)

and ε is computed from 

 

με =
κ

3 4 3 2
p

p
p

C k
y

 . (12c)

The ε-equation is not solved at the wall-adjacent cells, but instead is computed using Eq. (12c).

2.5  Boundary Conditions 

Solving the system of equations obtained above requires the incorporation of boundary conditions for each depen-
dent variable. This work adopts a turbulent fl ow of air. The aerodynamic boundary conditions are chosen according 
to the experimental work of Demartini et al. (2004). The thermal boundary conditions are chosen according to the 
work of Nasiruddin and Siddiqui (2007). In the entrance region, a uniform one-dimensional velocity profi le Uin was 
prescribed, as shown in Fig. 1. The temperature Tin of the working fl uid was set equal to 300 K at the inlet of the 
channel. A turbulence intensity TIin equal to 2% was selected for the intake height. The thermal boundary condition 
consisted of the constant temperature Tw of 375 K which was applied to the upper wall of the computational domain. 
The bottom surface of the computational domain was taken as adiabatic (∂T/∂y = 0). Moreover, it was decided to im-
pose the no-slip and impermeability boundary conditions (u = v = 0) at all the solid walls. In the standard k–ε model, 
the near-wall region was simulated by wall function suggested by Launder and Spalding (1974): k = ε = 0. Note that 
the atmospheric pressure Patm is prescribed at the channel outlet, and all gradients are assumed to be zero (∂φ/∂x = 0). 
The equations to satisfy these boundary conditions are given as follows:

Inlet Boundary

• At the channel inlet (x = 0, –H/2 ≤ y ≤ H/2), the working fl uid (air) is taken at ambient conditions:

 ( ) = in0,u y U  , (13a)
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 ( ) =0, 0v y  , (13b)

 ( ) = in0,T y T  . (13c)

The kinetic energy of turbulence and its dissipation rate are prescribed, respectively, as

 ( ) 2
in in0, 0.005k y k U= = ,  (14a)

 ( ) 2
in in0, 0.1y kε = ε =  . (14b)

Wall Boundary

• At the upper wall of the channel (0 ≤ x ≤ L, y = H/2), it is imposed that 

 = = 0u v  , (15a)

 = ε = 0k  , (15b)

 T = Tw .  (15c)

• At the lower wall of the channel (0 ≤ x ≤ L, y = –H/2), it is imposed that

  = = 0u v ,  (16a)

 = ε = 0k ,  (16b)

 

∂
=

∂
0T

y
.  (16c)

• Additionally, the points of solid–fl uid contact must maintain continuity of both temperature and heat fl ux 
such that

 =s fT T  , (17a)

and

  ∂ ∂
=

∂ ∂
s f

s f
T Tk k
n n

,  (17b)

where the partial derivative with respect to n indicates a normal derivative, kf and ks are thermal conductivities of 
fl uid and solid, respectively.

Outlet Boundary

• At the channel outlet (x = L, –H/2 ≤ y ≤ H/2), it is imposed that 

 ( ) = atm,P L y P ,  (18a)

 
( )∂ϕ

=
∂

, 0L y
x

,  (18b)

where φ ≡ (u, v, T, k, ε). The fl ow Reynolds number Re, based on channel aeraulic diameter, 

  ( )= +2hD HW H W  , (19a)

Downloaded from https://iranpaper.ir
https://www.tarjomano.com https://www.tarjomano.com



1791Turbulent Forced-Convection Flow in an Air Channel

Volume 50, Issue 18, 2019

is given by

 = ρ μRe hUD  . (19b)

The skin friction coeffi cient Cf can be written as

 
.  (20a)

The friction factor f is computed by

 

( )Δ
=

ρ
2

2 hP L D
f

U
 . (20b)

In the main fl ow direction the local heat transfer coeffi cient h(x) is calculated as

 
( ) ( ) ( )

( )
−

= λ
−

w
t

w

1p

p b

T T x
h x x

y T T x  , (21a)

where λt is the turbulent thermal conductivity. The subscript p indicates the fi rst inner node from the solid wall. 
Consider that the computation is confi ned in one cycle and the difference between the wall temperature Tw and the 
bulk temperature Tb (x) is

 

( )
( ) ( )

( )
=
∫

∫
b

, ,

,
A

A

u x y T x y dA

T x
u x y dA  . (21b)

The cycle-averaged heat transfer coeffi cient h can be calculated by

 
( )= ∫

0

1 iP

i
h h x dx

P  . (21c)

The local Nusselt number Nux is estimated as follows:

 

( )
=

λf
Nu h

x
h x D

 , (22a)

where λf is the fl uid conductivity. The average Nusselt number Nu  is obtained by

 
=

λf
Nu hhD

 , (22b)

where U is the mean air velocity of the channel, and ΔP is the pressure drop across the test channel. The following 
expression represents the thermal enhancement factor (TEF):

 
( )
( )

= 0
1 3

0

Nu Nu
TEF

f f
.  (23)

The correlations of Dittus–Boelter (1930) and Petukhov (1970) can be used to normalize the average Nusselt 
number and friction factor, respectively. The quantities Nu0 and f0 are the average Nusselt number and the friction 
factor of the smooth channel, respectively. The Dittus–Boelter correlation has the form 
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 = ≥0.8 0.4 4
0Nu 0.023Re Pr for Re 10  . (24a)

The Petukhov correlation has the form 

 ( ) 2 3 6
0 0.79 ln Re 1.64 for 3 10 Re 5 10f −= − × ≤ ≤ ×  .  (24b)

3. NUMERICAL SIMULATION

The computational fl uid dynamics (CFD) software FLUENT was used to capture the thermal and hydrodynamic 
fi elds in the whole domain investigated. As a part of the same package, a pre-processor GAMBIT was used to gen-
erate the required mesh for the solver. It was fi rst attempted to use a mesh with regular space steps, but the results 
obtained were not very satisfactory. Moreover, knowing the boundary layer phenomena, it seemed quite evident to 
use a fi ner mesh on the walls (see Fig. 2). This type of mesh was then used for the rest of our study. Several grids 
were tested in order to check whether the solution is independent of the mesh.

The wall functions given by Launder and Spalding (1974) were employed to prescribe the boundary conditions 
along the faces of the obstacles and the channel walls in the computational domain. The two-dimensional channel 
fl ow model was governed by the Reynolds-averaged Navier–Stokes (RANS) equations with the standard k–ε tur-
bulence model (Launder and Spalding, 1974) and the energy equation. The fi nite volume method (FVM) (Patankar, 
1980) is used in the present study because it offers considerable advantages in terms of simplicity, reliability of 
results, and can easily be adapted to the physical problem. Moreover, it guarantees the conservation of mass, mo-
mentum, and any transportable scalar on each control volume throughout the entire computational domain. This 
is not the case for the other numerical methods. The semi-implicit method for pressure-linked equation (SIMPLE) 
algorithm (Patankar, 1980) was adopted for the discretization, and all the variables were treated with the QUICK-
scheme (Leonard and Mokhtari, 1990), except the pressure term with second-order upwind (SOU) (Patankar, 
1980). The CFD solution is assumed to converge when the relative error on φ is smaller than δ as

 

⎛ ⎞ϕ − ϕ
⎜ ⎟ < δ⎜ ⎟⎜ ⎟ϕ⎝ ⎠

*

*
max  . (25) 

Here (*) denote values of the previews iterations; φ is a generalized variable that represents the component velocity 
u and v, the temperature T, the turbulence kinetic energy k, and the turbulence kinetic energy dissipation rate ε, and 
δ is a prescribed error. Here, we select δ = 10–9 for φ ≡ (u, v, k, and ε) and δ = 10–12 for φ ≡ (T ).

FIG. 2: Mesh generated
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3.1  Grid Independence 

The grid independence tests were performed by realizing CFD simulations in the whole domain investigated, using 
different structured quadrilateral-type grid systems with the number of mesh nodes ranging from 35 to 145 along 
the height and 95 to 370 along the length of the channel. In particular, the numerical values of average Nusselt 
number Nu, and skin friction factor f  are plotted in Fig. 3 versus the mesh node density (95 × 35, 120 × 45, 
145 × 55, 170 × 65, 195 × 75, 220 × 85, 245 × 95, and 370 × 145), for Re = 8.73 × 104, respectively. The grid 
system with the number of nodes equal to 245 × 95 (in the X and Y directions, respectively) performs around 
0.350%, and 0.392% deviation for Nu and f, respectively, is compared with the grid of size 370 × 145. Therefore, 
the grid cell of 245 × 95 is selected for the rest of our study.

(a)

(b)

FIG. 3: Effect of grid density on (a) average Nusselt number and (b) friction factor at Re = 8.73 × 104
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3.2  Numerical Validation 

Then, the results obtained from our computational fl uid dynamic analysis using the FLUENT software are validat-
ed through comparison with the numerical and experimental results reported by Demartini et al. (2004) which are 
available in the literature. For this reason, the same conditions are kept. 

Figure 4 gives the validation plots of the axial velocity U and the pressure coeffi cient Cp for Re = 8.73 × 104, 
respectively. Both the numerical and experimental profi les of U and Cp are measured along the channel height at 

FIG. 4: Validation plots of (a) axial velocity and (b) pressure coeffi cient with reported data (Demartini et al., 2004) for
Re = 8.73 × 104

(a)

(b)
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locations x = 0.223 m and x = 0.525 m from the entrance, respectively. As observed in these fi gures, the compar-
ison shows that there is a qualitative agreement as well as a very good concordance between the different results. 

The current computational fl uid dynamic analysis results on heat and friction loss are also validated by compar-
ing the predicted Nusselt number Nu0 and friction factor f0 with the results obtained from the well-known steady-
state fl ow correlations of Dittus–Boelter (1930) and Petukhov (1970), respectively, for the fully developed turbu-
lent forced-convection smooth channel fl ow. The Nu0 and f0 obtained from the present smooth channel and the 
correlations of Eqs. (24a) and (24b) at Reynolds numbers of 1.2 × 104–3.2 × 104 are plotted in Fig. 5, respectively. 
As can be shown in Fig. 5, the present smooth channel results agree well with the available correlations with 
± 3.5% in comparison with the Dittus–Boelter correlation for Nu0, and ± 1.15% in comparison with the Petukhov 
correlation for f0.

FIG. 5: Verifi cation of (a) Nusselt number and (b) friction factor of smooth channel

(a)

(b)
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4. RESULTS AND DISCUSSION

4.1 Aerodynamic Aspect

4.1.1  Flow Fields

This numerical study is focused on the infl uence of fl at fi ns and downstream V-shaped baffl es on the dynamic and 
thermal behavior of the system for Re = 12,000–32,000. Flow fi elds, isotherms, frictions, Nusselt numbers, and 
thermal performances are presented in two separate parts as aerodynamics and heat transfer aspects. The airfl ow in 
turbulent forced convection in the presence of the fl at and V-shaped obstacles is characterized by the attendance of 
instabilities whose knowledge and understanding of their dynamics are very important.

The impact of the fl at rectangular fi n and the 45o downstream V-shaped baffl e on the fl ow structure of the near 
wall is presented in Figs. 6–9 in terms of stream function, mean velocity, axial velocity, and transverse velocity, 
respectively. The fl ow was simulated for the Reynolds number of 12,000, 17,000, 22,000, 27,000, and 20,000. 
As seen from Figs. 6–8, plots of aerodynamic fi elds show that the fl ow is quite disorganized at high air velocity, 
when hitting obstacles, the disturbance is consistent and it is easy to distinguish three major perturbation regions. 
In the fi rst zone, immediately upstream of the two obstacles, the fl uid is accelerated and reaches a velocity in the 
axial direction, at the approach of the obstacle; the streamlines of fl uid are defl ected. Regarding the second region, 
located between the end (the top) of each obstacle and the channel walls, the fl ow is characterized by relatively 
high velocities, approaching values  of the order of 478.518% of the inlet velocity, at the highest Reynolds number. 
This increase is generated by reducing the effect of the passage sections of fl ow. The air is then accelerated by the 
effect of contraction. Finally, the third zone is situated downstream of each obstacle. The streamlines are generated 

FIG. 6: Stream function fi elds (kg/s) as a function of Re number: (a) Re = 12,000, (b) Re = 17,000, (c) Re = 22,000, 
(d) Re = 27,000, and (e) Re = 32,000
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FIG. 7: Mean velocity fi elds (m/s) as a function of Re number: (a) Re = 12,000, (b) Re = 17,000, (c) Re = 22,000, 
(d) Re = 27,000, and (e) Re = 32,000

FIG. 8: Axial velocity fi elds (m/s) as a function of Re number: (a) Re = 12,000, (b) Re = 17,000, (c) Re = 22,000, (d) Re = 
27,000, and (e) Re = 32,000
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by the effect of the expansion of the fl ow out of the section formed by the obstacles and the channel walls. The 
most important phenomenon in this region lies in the formulation of zone of air recirculation and very low velocity 
values  are observed.

As for the transverse component of the velocity, it is interesting to note that for all the cases studied, negative 
velocity gradients are observed at the top of the rectangular fi n and positive velocity gradients at the top of the 
V-shaped baffl e (Fig. 9). The velocity for air fl ow in the channel with larger Re number is found to be higher than 
that with smaller Re number. The air fl ow velocity increases with the increase of Re number and thus, the Re = 
12,000 provides the maximum velocity value, Figs. 6–9.

The presence of the fl at rectangular fi n and 45o downstream V-shaped baffl e infl uences not only the velocity 
fi elds but also the pressure distribution in the whole domain examined, as confi rmed by Demartini et al. (2004). 
Figure 10 shows the contour plots of dynamic pressure fi eld for different baffl es for fi ve different fl ow rates in 
terms of Reynolds numbers ranging from 12,000 to 32,000, respectively. Similarly to the results in Figs. 7 and 8, the 
highest pressure values are found near the heated upper channel wall with an acceleration process that starts just after 
the fi rst and the second obstacles, due to the high velocities in that region. Concerning the effect of Re number, 
the minimum dynamic pressure value was found at Re = 12,000, which increased with an increase in Re number. 

The turbulence structure in the presence of fl at rectangular fi n and V-shaped baffl e could be easily dis-
cerned by considering the contour plots of turbulent intensity TI and turbulent viscosity TV fi elds as shown in 
Figs. 11 and 12, respectively. For a constant value of Reynolds number (for example, at the lowest Re number, 
Re = 12,000), the results show very low TI and TV values adjacent to the obstacles. In the areas behind both the 
fl at fi n and the V-shaped baffl e, recirculation cells with very low TI and TV values are observed. In the regions 
between the tip of the obstacles and the pipe walls, the TI and TV values are increased. Due to the changes in the 

FIG. 9: Transverse velocity fi elds (m/s) as a function of Re number: (a) Re = 12,000, (b) Re = 17,000, (c) Re = 22,000,
(d) Re = 27,000, and (e) Re = 32,000

Downloaded from https://iranpaper.ir
https://www.tarjomano.com https://www.tarjomano.com



1799Turbulent Forced-Convection Flow in an Air Channel

Volume 50, Issue 18, 2019

FIG. 10: Dynamic pressure fi elds (Pa) as a function of Re number: (a) Re = 12,000, (b) Re = 17,000, (c) Re = 22,000, 
(d) Re = 27,000, and (e) Re = 32,000

FIG. 11: Turbulent intensity fi elds (× 100 in %) as a function of Re number: (a) Re = 12,000, (b) Re = 17,000, 
(c) Re = 22,000, (d) Re = 27,000, and (e) Re = 32,000
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fl ow direction produced by the obstacles, the highest TI and TV values appear near the heated top channel wall 
with an acceleration process that starts just before the fi rst and the second obstacles. Also, in the fi gure, it is inter-
esting to note that the TI and TV values tend to increase with the rise of Re values, from 12,000 to 32,000. 

4.1.2  Axial Velocity Profi les in Specifi c Sections of the Channel

In order to better analyze the evolution of the air velocity in each region of the channel that is upstream, down-
stream, and between the fl at fi n and the V-shaped baffl e. We plotted dependence of axial velocity for these selected 
positions: x = 0.159 m, x = 0.189 m, x = 0.255 m, x = 0.285 m, x = 0.315 m, x = 0.345 m, and x = 0.525 m, 
marked in Figs. 13–16. For the presentation of the fi gures, Re = 12,000 is chosen as the base case.

Figure 13 shows the profi les of axial velocity upstream of the fi rst fl at rectangular fi n, for two transverse po-
sitions at x = 0.159 m and x = 0.189 m. It can clearly be seen that a reduction of axial velocities of the fl ow in 
the upper part of the channel approaches the fi rst obstacle, while in the free segment the fl ow is accelerated to the 
space beneath the next fi n to the baffl e.

Figure 14 shows the axial velocity profi les between the fi rst and second obstacles at distances equal to 0.032 m 
and 0.062 m after the fl at rectangular fi n, corresponding to positions x = 0.255 m and x = 0.285 m from the en-
trance. In the upper part of the channel, the negative velocities indicate the presence of a recirculation zone down-
stream of the fi rst fl at rectangular fi n, which has also been noticed that the fl ow is characterized by relatively high 
speeds in particular in the area between the tip of the fi n and the bottom wall of the channel, approaching values  
of the order of 294.825% of the input speed Uin, as shown in Fig. 14.

The numerical results presented by the axial velocity profi les for the two sections x = 0.315 m and x = 0.345 m, 
are shown in Fig. 15. These positions are located in the intermediate zone upstream of the second baffl e. It is noted 

FIG. 12: Turbulent viscosity fi elds (kg/m·s) as a function of Re number: (a) Re = 12,000, (b) Re = 17,000, (c) Re = 22,000, 
(d) Re = 27,000, and (e) Re = 32,000
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FIG. 13: Axial velocity profi les upstream of the fi rst obstacle—a fl at rectangular fi n—for Re = 12,000

FIG. 14: Axial velocity profi les downstream of the fi rst obstacle—a fl at rectangular fi n—for Re = 12,000
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FIG. 15: Axial velocity profi les upstream of the second obstacle—45o V-downstream baffl e—for Re = 12,000

FIG. 16: Axial velocity profi les near the channel outlet for Re = 12,000
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that the fl ow approaching the second obstacle, its velocity is reduced in the lower part of the channel, while in 
the upper part, the fl ow begins to accelerate above the second V-shaped baffl e to output. This limitation depends 
considerably on the recirculation zones downstream of each obstacle. These vortices occur in their neighborhood, 
grow and increase greatly the fl ow resistance. These disorderly movements localized and are characterized by neg-
ative values  observed in Figs. 14 and 15.

At the outlet of the channel, at the transverse position x = 0.029 m before the exit section of the channel, the ax-
ial velocity profi le is presented in Fig. 16. When the fl uid passage section is x = 0.525 m, just before the outlet of 
the channel, the value of the velocity is approximately 4.896 m/s, or 4.665 times higher than the reference velocity 
uin. These values  are only possible because of the very high recirculation rearward of the second V-shaped baffl e. 

The infl uence of the Reynolds number on the axial velocity in different sections of the channel (x = 0.159, 
0.189, 0.255, 0.285, 0.315, 0.345, and 0.525 m) is shown in Fig. 17. For the Reynolds number ranging from 
12,000 to 32,000, we fi nd that the air fl ow is accelerated in the direction from left to right (positive direction), 
increasing the size of the recirculation zones (negative direction), whereby the length of these regions recycling is 
proportional to the increase in the fl ow Reynolds number.

4.1.3  Evolution of Local Skin Friction Coeffi cient

Figure 18a shows the variation of the local skin friction coeffi cient along the insulated bottom channel wall at 
Re = 12,000. In the longitudinal area situated between 0.1 and 0.3 m, there is an increase in the coeffi cient of fric-
tion due to the orientation of the fl ow through the fi rst fl at rectangular fi n toward the bottom of the channel with 
high velocities. At the output of the channel null values of the coeffi cient of friction due to changes in the direction 
of the fl ow produced by the second V-shaped baffl e can be seen.

Figure 18b presents the variation in the local skin friction coeffi cient along the hot upper channel wall. It can 
clearly be seen that the values  of the coeffi cient of friction is very low near the fi rst fl at fi n especially in upstream 
areas; this may be caused by the absence of baffl es as obstacles. We also note the increased friction in the inter-
mediate zone due to the recirculation of the fl uid which then results in an abrupt change in direction of fl ow. We 
also note that the highest values of the coeffi cient of friction are situated in the output of the channel; these values  
correspond to signifi cant pressure drops which are caused by the effect of the expansion of the air leaving the sec-
tion formed by the second V-shaped baffl e and the heated top channel wall.

The infl uence of Reynolds number on the profi les of the local coeffi cient of skin friction along the heated upper 
channel wall is shown in Fig. 19. The Reynolds number changes ranging from 12,000 to 32,000. We noted that the 
increase in Reynolds number changes the coeffi cient of friction signifi cantly. These results are obtained because 
the increase in the Reynolds number increases the fl ow rate of introducing large areas of recycling, which leads to 
an acceleration of the air fl ow and also the coeffi cient of friction and consequently pressure drop. 

4.2  Heat Transfer Aspect

4.2.1  Temperature Field

At Reynolds number equal to 12,000, the analysis of the isotherms presented in Fig. 20 shows a reduction in tem-
perature in the areas situated between the top of each obstacle and the channel walls, due to the high velocities 
in those regions. The fi gure shows that the fl uid temperature in the vortex region, downstream of the fl at fi n, is 
signifi cantly high as compared to that in the same region of no fi n case. The temperature distribution presented 
in this fi gure shows that the onset of the vortices, near the heated upper wall has increased the fl uid temperature. 
Therefore, it is reasonable to expect that a transverse fi n can effectively improve the heat transfer characteristics 
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FIG. 17.

(a)                                                                   (b)

(c)                                                                   (d)

(e)

(f)
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FIG. 17: Effect of Reynolds number on the axial velocity profi les in specifi c sections of the channel: (a) x = 0.159 m, 
(b) x = 0.189 m, (c) x = 0.255 m, (d) x = 0.285 m, (e) x = 0.315 m, (f) x = 0.345 m, and (g) x = 0.525 m

(g)

in a solar air channel. These results seem consistent with those obtained numerically by Nasiruddin and Siddiqui 
(2017).

4.2.2  Fluid Temperature Profi les in Specifi c Sections of the Channel

The total temperature profi les shown in Figs. 21–24 in different sections of the channel are identical to those 
shown in Figs. 13–16 above.

Figure 21 shows the total temperature profi les upstream of the fi rst fl at rectangular fi n for two transverse posi-
tions at x = 0.159 m and x = 0.189 m. We note that the presence of the fl at fi n which is in the upper half of the 
channel induces a strong increase in temperature, paradoxically in the lower half, where we fi nd signifi cantly lower 
values .

In the intermediate zone, at transverse positions x = 0.255 m and x = 0.285 m downstream of the fi rst obstacle, 
as shown in Fig. 22, indicates that the fl ow is characterized by high temperatures in the top part of the channel. In 
the part against and inversely the lower part, there is a temperature reduction in the free segment located between 
the top of the fi rst obstacle and the insulated bottom wall of the channel. We also note that the nearest section of 
the fi n is the best heated section away.

Figure 23 shows the total temperature profi les upstream of the second obstacle for two transverse positions at 
x = 0.315 m and x = 0.345 m. It is noted that the fl ow approaches the second obstacle, the temperature is increased 
in the bottom of the channel, while in the upper part, the temperature is reduced compared with the previous two 
sections.

At the channel output, for x = 0.525 m, the profi les of total temperature are presented in Fig. 24. The values  of 
temperature decrease signifi cantly in both high and low regions of the channel, since it was near the exit of chan-
nel, where this section is removed plenty relative to the fi n.

Graphical representations of the total variation in temperature as a function of the Reynolds number for an axial 
position located between the fl at fi n and V-shaped baffl e are shown in Fig. 25, respectively for x = 0.255 m, x = 
0.285 m, and x = 0.315 m. It is clear that for high Reynolds numbers, temperatures drop signifi cantly. In other 
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words, there exists an inverse proportionality between increasing Reynolds number and the total temperature in 
each channel cross section. These results can certify that the heat exchange between the fl uid and the heated sur-
faces in our study is higher with low Reynolds numbers. It addition, according to analysis of our numerical results 
on axial velocity profi les in Figs. 13–17, and the total temperature profi les for different sections of the channel, it 
is found that the temperature of the fl uid is related to the velocity of fl ow.

FIG. 18: Distribution of skin friction coeffi cient profi les along the channel length for Re = 12,000 at the surface of (a) lower, 
and (b) upper walls

(a)

(b)
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FIG. 19: Skin friction coeffi cient according to the upper wall for different Reynolds numbers

FIG. 20: Fluid temperature fi elds as a function of Re number: (a) Re = 12,000, (b) Re = 17,000, (c) Re = 22,000,
(d) Re = 27,000, and (e) Re = 32,000
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FIG. 21: Profi les of air temperature upstream of the fi rst fl at fi n for Re = 12,000

FIG. 22: Profi les of air temperature downstream of the fl at fi n for Re = 12,000
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FIG. 23: Profi les of air temperature upstream of V-shaped baffl e for Re = 12,000

FIG. 24: Air temperature profi les near the channel outlet for Re = 12,000
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FIG. 25: Variation of air temperature with Re number in specifi c sections of the channel: (a) x = 0.255 m, (b) x = 0.285 m, 
and (c) x = 0.315 m

(a)

(b)

(c)
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4.2.3  Hot Upper Wall Temperature

Figure 26 shows the profi les of the hot upper channel wall temperature for Re = 12,000. The fi gure shows very 
high temperature gradients near the upper face of the second obstacle, while the lower values are found near the 
left and right faces of the fi rst obstacle. The evolution of wall temperature profi les in the given computational do-
main for fi ve different Reynolds numbers (12,000–32,000) at the surface of the hot top channel wall is shown in 
Fig. 27. There is a direct correlation between the fl ow rate and the temperature gradient.

FIG. 26: Axial variation of wall temperature along heated upper channel wall for Re = 12,000

FIG. 27: Axial variation of wall temperature along heated upper channel wall for various Re values
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4.2.4  Distribution of Nusselt Number

Figure 28 shows the evolution of the local Nusselt number Nux calculated along the hot top channel surface. The 
upper Nux values are found next to the top sharp edge of the lower wall-attached baffl e, due to the strong fl ow 
deformation in this region of the channel. The lower Nux values near the upper surface-placed baffl e are due to the 
low pressures in this area of the channel. The variation of local Nusselt number profi les as a function of Reynolds 
number is plotted in Fig. 29. The fi gure shows that the Nusselt number increases with an increase in the fl ow rate. 

FIG. 28: Local Nusselt number according to the heated upper channel wall for Re = 2000

FIG. 29: Local Nusselt number according to the upper wall for different Reynolds numbers
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4.3  Thermo-Aeraulic Performance

The performance assessments in the solar air channel with the fl at rectangular fi n and the 45o V-downstream baffl e 
are presented in terms of the average Nusselt number, friction factor, and thermal enhancement factor in Fig. 30, 
respectively. It is found in Fig. 30a that the normalized average Nusselt number increases with increasing the Re 
value. The higher Nu/Nu0 can be seen at the larger Re. This is because the larger fl ow rate causes fl ow separation 
and provides better increase in the turbulence intensity of the fl ow than the lower one. Over the range investigated, 
the increases in Nu/Nu0 with Re = 12,000, 17,000, 22,000, 27,000, and 32,000 are around 271%, 344%, 407%, 
462%, and 509% over the smooth channel, respectively. In addition, the use of fl at fi n and downstream V-shaped 
baffl e with Re = 32,000 gives higher heat transfer rate than that with Re = 17,000, 22,000, 27,000, and 32,000 
around 47%, 32%, 20%, and 10%, respectively.

Figure 30b illustrates the variation of the friction factor ratio f/f0 calculated along the hot top wall of the chan-
nel, corresponding to radial positions y = 0.073 m, and for a Reynolds number range from 12,000 to 32,000. It is 
clear that there is direct proportionality between the increase in the friction loss and the elevation in the Re num-
ber. As expected, the obtained f/f0 using the obstacles with Re = 32,000 is substantially higher than that with small-
er Re values. The average increase in the friction using the obstacles is in a range of 7.772 to 35.227 times over 
the smooth rectangular channel, depending on the Re values. In addition, the channel with a fl at rectangular fi n 
and a downstream V-shaped baffl e with Re = 32,000 shows higher skin friction loss than the one at Re = 17,000, 
22,000, 27,000, and 32,000 around 78%, 62%, 43%, and 22%, respectively.

The variation of TEF is also presented in Fig. 30 which shows that the TEF increases with the increase of Re 
number, Fig. 30c. The TEF of the channel fi tted with fl at and V-shaped obstacles is seen to vary between 1.377 
and 1573, depending on the Re values, indicating higher thermal performance over the smooth rectangular channel 
with no obstacle. Importantly, the solar air baffl ed channel at the highest Reynolds number (Re = 32,000) presents 
higher thermal performance than the one at Re = 17,000, 22,000, 27,000, and 32,000 around 12.457%, 7.251%, 
3.851%, and 1.582%, respectively.

5. CONCLUSIONS

This is an original work as it uses a novel method for the improvement of heat transfer in completely new fl ow 
geometry. Two transverse, solid-type obstacles, having different shapes, i.e., fl at rectangular fi n and 45o V-down-
stream baffl e, were introduced within the channel; they were arranged on the top and bottom surfaces in a period-
ically staggered manner in order to produce vortices which have a substantial infl uence on the turbulence intensity 
of the fl ow, thus causing a larger heat transfer enhancement in the entire domain under investigation. The fl ow 
fi eld and heat transfer were studied in the range of Reynolds number, Re = 12,000–32,000, and at Prandtl number 
Pr = 0.71. The fl ow model is governed by the Reynolds-averaged Navier–Stokes (RANS) equations with the stan-
dard k–ε turbulence model and the energy equation. The commercial CFD software FLUENT was used to simulate 
the fl uid fl ow and temperature fi elds in the computational domain based on the FVM. The order of heat transfer 
enhancement is about 271–509% for using the fl at rectangular fi n and 45o downstream V-shaped baffl e combina-
tion. However, this increase is associated with enlarged pressure drop ranging from 7.772 to 35.227 times above 
the smooth rectangular channel. Over the range investigated, the maximum thermal enhancement factor of 1573 
is achieved by the use of a combination of the fl at fi n and the 45o downstream V-shaped baffl e in a periodically 
staggered way at a Reynolds number of 32,000. 

Finally, several future developments, based on the present CFD analysis, are therefore to be considered, and the 
following research perspectives should be recommended:
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FIG. 30: Variations of (a) Nu/Nu0, (b) f/f0, and (c) TEF with the Reynolds number of the solar air channel with fl at and 
V-shaped obstacles

(a)

(b)

(c)
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 (i) Further studies are recommended to determine the best position of the V-downstream baffl e on the insulated 
bottom surface of the channel. The best geometry parameters of the channel, such as the width, thickness, 
position, inclination, orientation (upstream V-shaped and downstream V-shaped), step between the fl at rectan-
gular fi n and the baffl e, etc., must be determined.

(ii) New heat exchange surfaces should be considered by introducing perforated V-downstream baffl es. It is also 
advocated to deepen this study in order to determine the effects of several parameters, such as the porous me-
dium permeability, the number and the dimensions of pores, the Darcy number, and the thermal conductivity 
on thermal heat and fl uid fl ow. 
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