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H I G H L I G H T S

• The inclined trapezoidal vortex gen-
erator is proposed to form multi
longitudinal swirls flow.

• The upwind aligned arrangement
gives the most intense vortex strength.

• The range of Nu/Nu0, f/f0, and R3 are
1.24–3.71, 1.39–11.8, and 1.11–1.89,
respectively.

• The energy and exergy efficiency are
maximally enhanced by 24% and
31%, respectively.
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A B S T R A C T

Solar air heaters (SAHs) are widely used devices for solar energy utilization at low temperature. The low con-
vective heat transfer performance limits the energy conversion efficiency. This paper was aimed at investigating
the flow characteristics and heat transfer enhancement mechanism, thermal hydraulic performance, and energy
conversion efficiency of the SAH fitted with novel inclined trapezoidal vortex generators (ITVGs). The heat
transfer performance and flow characteristics of a simplified unit were obtained by numerical simulation. A pair
of longitudinal swirls were found close to both sides of each ITVG and the shape of vortex was rectangular in the
front view. In the range of this paper, the order of overall thermal hydraulic performance for four different
arrangements was listed as: upwind aligned (A1) > mixed staggered (A4) > upwind staggered
(A2) > downwind aligned (A3). Furthermore, the A1 arrangement was applied to study the thermal hydraulic
performance by altering parameters b/pt, e/H, and pl/H with Reynolds number ranging from 6000 to 18,000. The
range of Nu/Nu0, f/f0, EEC, and R3 were 1.24–3.71, 1.39–11.8, 0.26–0.98 and 1.11–1.89, respectively. On this
basis, energy and exergy efficiency evaluations were carried out on the practical SAH integrated by sixteen basic
units. The energy efficiency and exergy efficiency could be maximally enhanced by 24% and 31% compared with
the smooth SAH, respectively.

1. Introduction

As a renewable alternative to conventional fossil energy, solar en-
ergy is clean and abundant. With regard to solar energy utilization, it
would alleviate many challenging issues, such as energy security,

climate change, unemployment, etc. [1,2]. Solar air heater (SAH) is a
kind of flat plate heat exchangers that utilizes solar energy by absorbing
solar radiation and transferring the heat from the absorber plate to the
flowing air in the rectangular duct. It has inherent advantages of sim-
plicity, easy maintenance, and low power consumption. SAHs are
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devices for solar energy utilization at low to moderate temperature and
widely applied in many fields associated with space heating [3], drying
[4], desalination [5], and etc. [6]. However, the low heat transfer
coefficient between the absorber plate and the flowing air causes high
thermal resistance in the air side and high absorber plate temperature,
which deteriorates the energy conversion efficiency of the SAH [7].
Thus, it is necessary to enhance the heat transfer performance in the
duct of SAH so as to improve the energy and exergy efficiency. In ad-
dition, in order to facilitate the design of heat transfer enhancement
component, it is of significant importance to explore the mechanism of
flow characteristics and heat transfer enhancement in the enhanced
SAH.

In general, heat transfer enhancement techniques can be classified
into four major categories: (1) increasing heat transfer area; (2) gen-
erating secondary flow; (3) raising the turbulence intensity; and (4)
thinning boundary layer thickness [8,9]. In the past few decades, re-
searchers around the world have made continuous exploration and
developed a variety of heat transfer enhancement components in the
SAH, such as roughness [10], ribs [11], obstacles [12], baffles [13], fins
[14], corrugations [15], and etc. [6,7].

Bhushan and Ranjit Singh [10] proposed artificial protrusions and
experimentally analyzed the effect on heat transfer and friction in the
SAH. They observed 3.8 and 2.2 times maximum enhancement in
Nusselt number and friction factor. Alam and Kim [16] numerically
investigated the thermal hydraulic performance of the SAH roughened
with conical protrusions. They indicated that the secondary flow at-
tributed by sharp edge of conical ribs disturbed sub-laminar layer and
mixed the boundary flow and core flow. The maximum enhancement of
Nusselt number and friction factor were 2.49 and 7.29 times, respec-
tively. Yadav and Bhagoria [17] numerically investigated the effect of
circular transverse wire ribs on the heat transfer and fluid flow in the
SAH. A maximum overall performance of 1.65 was found with Reynolds
number ranging from 3800 to 18,000. Kumar et al. [18] experimentally
investigated the heat transfer and friction factor for the SAH equipped
with S-shaped wire ribs. The maximum enhancement in Nusselt

number, friction factor were 4.64 and 2.71, respectively. Sahu and
Prasad [19] analytically investigated the exergetic performance of the
SAH roughened with arc shaped wire ribs. Due to the heat transfer
enhancement in convective heat transfer, the maximum exergy effi-
ciency enhancement of 56% was found compared with the smooth
absorber plate SAH. In order to generate more intense secondary flows,
Promvonge [20] experimentally assessed the thermal performance of
the v-baffled SAH. The maximum overall thermal enhancement factor
was observed approximately at 1.87. Jin et al. [21] carried out a nu-
merical study on the flow characteristics of the v-baffled SAH. Helical
vortex flows were found to mix the colder mainstream and the warmer
boundary flow. Sawhney et al. [22] proposed wavy delta winglets and
experimentally obtained 3.2 and 10.9 times maximum enhancement in
Nusselt number and friction factor compared with smooth duct. Cha-
moli et al. [23] proposed modified delta winglets and numerically
found the enhanced times in Nusselt number, friction factor, and
thermal enhancement factor were 2.11–4.71, 3.77–25.19, and
1.17–2.20, respectively. Akpinar and Kocyiğit [24] experimentally
studied thermal performance of the SAH with several different types of
obstacles. The results showed that the thermal efficiency was the
highest with leaf obstacles. In order to further increase the disturbance
on the fluid, some researchers proposed larger obstacles to generate
significant flow disturbance associated with vortex flows, such as tri-
angular obstacles [12], semi ellipse shaped obstacles [25], and sphe-
rical obstacles [26].

For the purpose of reducing flow resistance, Kumar et al. [27] ex-
perimentally investigated the effect of gapped v-shaped rib on thermal
hydraulic performance with Reynolds number ranging from 2000 to
20,000. The performance reached the maximum when the relative gap
distance equaled 0.69 and the relative gap width equaled 1.0. Ravi and
Saini [28] proposed discrete staggered multi V shaped ribs for the SAH
and experimentally found that the maximum enhancement of Nusselt
number and friction factor were 9.64 and 8.53 times compared with
smooth single pass SAH. Skullong et al. [29] proposed perforated rec-
tangular and trapezoidal winglets to enhance heat transfer with

Nomenclature

Ap area of absorber plate
b width of the ITVG
cp specific heat capacity
Dh hydraulic diameter
e height of the ITVG
Ex exergy
f friction factor
h heat transfer coefficient
H heater height
I turbulence intensity
IT incident solar radiation
k turbulence kinetic energy
L heater length
m mass flow rate
N number of transparent covers
Nu Nusselt number
p pressure
pt transverse pitch
pl longitudinal pitch
Pr Prandtl number
q effective heat flux
Qs incident solar energy
Qu air obtained energy
Re Reynolds number
T temperature
Ta ambient temperature

Tf fluid temperature
Tp absorber plate temperature
Ts apparent sun temperature
um inlet mean velocity
u,v,w velocity component
UL total heat loss heat coefficient
Vh heat convection velocity
W heater width
x,y,z Cartesian coordinates

Greek symbols

β synergy angle
γ heater tilt angle
ε turbulence dissipation rate
εg emissivity of transparent cover
εp emissivity of absorber plate
ηo optical efficiency
η1 energy efficiency
η2 exergy efficiency
κeff effective thermal conductivity
λ thermal conductivity
μ dynamic viscosity
μeff effective dynamic viscosity
ρ density
Φ viscous heat dissipation
Ω fluid domain
Ωx,abs,m longitudinal vortex strength
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moderate flow resistance. The vortex flows were found and the best
thermal performance was about 2.01 for the perforated trapezoidal
winglet vortex generator. Promvonge and Skullong [30] punched hole
in the rectangular wings and experimentally found that Nusselt number
and friction factor were in the range of 3.89–5.52 times and
11.51–36.35 times over the flat-plate duct, respectively.

The above review indicates three points: firstly, this research is a hot
topic at present and the heat transfer enhancement mechanism is still
lack of adequate researches; secondly, generating secondary flow is an
effective way to enhance heat transfer; thirdly, low flow resistance is
the pursuit of researchers. As is known, random secondary flow may
cause invalid disturbance which causes extra power consumption but
has little effect on the heat transfer enhancement. Thus, it is necessary
to design a heat transfer enhancement component based on an efficient
secondary flow pattern and explore the corresponding heat transfer
enhancement mechanism.

Multi longitudinal swirls flow was found as an optimal flow pattern
in the circular tube by applying variation method combined with field
synergy optimization [31] and exergy destruction principle [32]. Be-
sides, Xiao et al. [33] found that multi longitudinal swirls flow was also
a realizable optimal flow pattern in the SAH. Moreover, in the aspect of
heat transfer enhancement analysis, Guo et al. [34] proposed field sy-
nergy principle and Liu et al. [35] extended this principle to multi-
physical quantity synergy. In the view of field synergy principle, He and
Tao [8] demonstrated that multi longitudinal swirls flow could increase
the synergy performance so as to increase the thermal hydraulic per-
formance. In addition, Zheng et al. [36] carried out a comprehensive
review on the effect of multi longitudinal swirls flow on convective heat
transfer enhancement. The multi longitudinal swirls flow was re-
commended to enhance the single phase convective heat transfer with
the penalty of moderate flow resistance.

These previous results inspire the authors to enhance the heat
transfer performance of the SAH by generating multi longitudinal swirls
flow. When the fluid passes by an inclined structure, such as a slant rod
[37], an awl-shaped slice [32], and a wedge shaped plate [9], a pair of
longitudinal swirls can be observed. Besides, such discrete structures
will not cause large flow resistance. In addition, the inclined trapezoidal
structure could bring about lower flow resistance than the inclined
rectangular structure as well as generate more intense longitudinal
swirls flow than the inclined triangular structure. Thus, this paper
proposed an inclined trapezoidal vortex generator (ITVG) to generate
longitudinal swirls flow in the SAH, thereby enhancing the heat transfer
performance in the air side to improve the solar energy utilization ef-
ficiency.

The motivation of this paper includes two points. On the one hand,
this paper aims at enhancing the heat transfer performance of the SAH
by generating multi longitudinal swirls flow. On this basis, the forma-
tion mechanism of multi longitudinal swirls flow will be revealed to
facilitate the structure design in the SAH. On the other hand, this paper
aims at investigating the thermal performance and flow characteristics
of the SAH equipped with ITVGs. On this basis, the energy and exergy
efficiency will be also investigated in the enhanced SAH. The main
work of this paper is divided into three parts: firstly, the flow char-
acteristics and heat transfer enhancement mechanism will be revealed
with streamline visualization, heat convection velocity analysis, and
arrangement analysis; secondly, the thermal hydraulic performance
will be investigated with the variation of Reynolds number and con-
figured parameters; thirdly, the enhancement in energy and exergy
efficiency will be evaluated. This paper will be conducive to the design
of heat transfer components and the improvement of solar energy uti-
lization efficiency.

2. Theoretic efficiency analysis

As shown in Fig. 1, a conventional SAH consists of glass covers,
absorber plates, and insulated bottom and edges. The absorber plate

absorbs the solar radiation and thereby the plate temperature increases.
The flowing air takes the heat away from the absorber plate when
flowing through the duct. The energy efficiency and exergy efficiency of
the SAH is closely related to the absorber plate temperature and the
heat transfer coefficient between the absorber plate and air.

2.1. Energy efficiency analysis

The obtained energy Qu of air is the difference between absorbed
solar radiation and heat loss. It is expressed as

= − −Q A η I U T T[ ( )]o T au p L p,m (1)

where Ap is the area of absorber plate, ηo is the optical efficiency, IT is
the incident solar radiation, UL is the total heat loss coefficient, Tp,m is
the mean absorber plate temperature, and Ta is the ambient tempera-
ture.

The obtained energy Qu can be also expressed as [38]

= − −Q A F η I U T T[ ( )]R o T au p L f,in (2)

where Tf,in is the inlet temperature of working fluid.
The expression of FR in Eq.(2) is written as
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The expression of UL in Eq.(2) is written as

= + +U U U UL t e b (5)

where Ut, Ue, and Ub are the top, edge, and bottom heat loss heat
coefficient of the SAH, respectively.

The top heat loss Ut is the dominant part. When the mean plate
temperature Tp,m is between ambient temperature and 373 K, Ut can be
evaluated by an empirical formula as
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where N is the number of transparent covers, εg is the emissivity of
transparent cover, εp is emissivity of absorber plate, hw is the wind heat
transfer coefficient, and other parameters are expressed as

= + − +F h h ε N(1 0.089 0.1166 )(1 0.07866 )w w p

= −C γ520(1 0.000051 )2 , γ = heater tilt angle (°),
= −n T0.430(1 100 )p,m
Through simultaneously solving Eqs. (1)–(6), Qu can be obtained.

The energy efficiency of the SAH can be expressed as

Fig. 1. The schematic of a conventional SAH.
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=η Q
A IT1

u

p (7)

The Nu of the SAH affects the energy efficiency significantly. On the
one hand, the increase of Nu can lead to the increase of FR in Eq. (3). On
the other hand, the increase of Nu can result in the decrease of mean
absorber plate temperature Tp,m and consequently cause the decrease of
heat loss coefficient UL. Thus, the increase of Nu consequently lead to
the increase of Qu, which improves the energy efficiency. Hence, the
study of thermal hydraulic performance improvement is of great im-
portance in the SAH.

2.2. Exergy efficiency analysis

The exergy balance equation is expressed as [14]

− + − =Ex Ex Ex Ex Exheat work mass,in mass,out d (8)

On the basis of Eq.(8), the exergy balance equation can be written as

⎜ ⎟
⎛
⎝

− ⎞
⎠

− − =T
T

Q m h T s Ex1 [Δ Δ ]a
a d

s
s

(9)

where Ts is the apparent sun temperature which is approximately
4500 K [39].

The incident solar energy Qs is expressed as

=Q I As T p (10)

The enthalpy difference hΔ and entropy difference sΔ between the
outlet and inlet are respectively expressed as

= − = −h h h c T TΔ ( )pout in f,out f,in (11)
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Thus, the exergy efficiency can be expressed as [39]

= −
−

η Ex
T T Q

1
[1 ]a

2
d

s s (13)

In order to improve the exergy efficiency, the enthalpy difference
hΔ should be increased. The enthalpy difference is dependent on the

obtained energy Qu. Thus, the improvement of exergy efficiency de-
mands the heat transfer improvement of the SAH. Hence, in the view of
exergy efficiency, the study of thermal hydraulic performance im-
provement is of great importance in the SAH.

3. Model description

In order to investigate the heat transfer performance and flow
characteristics of the air passageway of SAH, it is necessary to establish
the corresponding simplified physical model. This paper considers a
rectangular duct with one heated absorber plate and three insulated
smooth wall, as shown in Fig. 2. The duct width (W) and height (H) are
0.3 m and 0.025 m, respectively. Thus, the ratio of width to height is 12
and the hydraulic diameter is 0.04615 m. These parameters can be also
seen in other scientific papers [27,28,40]. The inlet length (L1), test
section length (L), and outlet length (L2) are 0.45 m, 0.6 m, and 0.25 m,
respectively. The inlet length and outlet length follow the suggestion of
ASHARE Standard [41], and therefore the influence of inlet and outlet
effect can be ignored. The uniform effective solar heat flux is assumed
to be 1000 W/m2 on the absorber plate for the convenience of simpli-
city. The same treatment can be also seen in other scientific papers
[27,40].

In order to enhance the thermal hydraulic performance of the SAH,
this paper attached new ITVGs to the absorber plate. The structure
details of an ITVG are displayed in Fig. 3. The ITVG consists of a vertical
rib and an inclined trapezoidal obstacle. The inclined trapezoidal ob-
stacle is used to deflect fluid to scour the absorber plate and generate

longitudinal swirls flow. The vertical rib is used to strengthen the dis-
turbance and connect the absorber plate and the trapezoidal obstacle.
The rib height (er) is 0.001 m and the tilt angle of the trapezoidal ob-
stacle is 45°. As for the novelty of the ITVG, there are three points.
Firstly, the present ITVGs are inclined and discrete so as to generate the
multi longitudinal swirls flow. Secondly, the present ITVG has a low
height and a narrow width, which is different from other obstacles.
Thirdly, the present ITVG structure leads to low flow blockage.

As shown in Fig. 4, the arrangements of ITVGs are upwind aligned
arrangement (A1), upwind staggered arrangement (A2), downwind
aligned arrangement (A3), and mixed staggered arrangement (A4),
respectively. The transverse pitch ratio p Wt is fixed at 0.1. In this
paper, the most efficient arrangement will be found firstly. The thermal
hydraulic performance will be subsequently investigated by altering
three configured parameters of b pt, e H , and p Hl with Reynolds
number varying from 6000 to 18,000. The width ratio b pt is set to be
0.267 and 0.333. The height ratio e H is 0.12, 0.24, and 0.36. And the
longitudinal pitch ratio p Hl is 1, 2, and 3.

4. Research methodology

In this paper, numerical simulations were carried out to investigate
the flow characteristics and heat transfer enhancement mechanism of
the SAH fitted with ITVGs. The research methodology details and re-
sults verifications are presented in this part.

4.1. Governing equations

As for the present three dimensional steady turbulent flow, the
working fluid is assumed to be continuous and incompressible with
constant thermal physical properties [13]. The Reynolds-averaged Na-
vier-Stokes equations are employed to give the solution to this problem
and the transport quantities are time averaged. In order to deal with the
curvature flow, this paper applies the RNG k-ε turbulence model that
has provided accurate results in other similar curvature flows
[13,21,23,25,40]. Thus, the conservation equations can be written as
follows:

Continuity equation:
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∂
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Energy equation:
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RNG k-ε equations:

Fig. 2. The simplified physical model for the SAH.

H. Xiao, et al. Applied Thermal Engineering 179 (2020) 115484

4



⎜ ⎟
∂

∂
= ∂

∂
⎛
⎝

∂
∂

⎞
⎠

+ −
x

ρku
x

α μ k
x

G ρε( )
i

i
j

k
j

keff
(17)

⎜ ⎟
∂

∂
= ∂

∂
⎛
⎝

∂
∂

⎞
⎠

+ − −
x

ρεu
x

α μ ε
x

C ε
k

G C ρ ε
k

R( )
i

i
j

ε
j

ε k ε εeff 1 2
2

(18)

where = +μ μ μeff t, =μ ρC k εμt
2 , = +κ λ μ Preff t t, ρ=1.1773 kg/m3,

cp=1005 J/(kg∙K), λ=0.02642 W/(m∙K), Prt=0.85, =C 0.0845μ ,
C ε1 =1.42, =C 1.68ε2 , Gk represents the generation of turbulence kinetic
energy due to the mean velocity gradients, the quantities αk and αε are
the inverse effective Prandtl numbers respectively for k and ε, and Rε is
a term for improving the accuracy of rapidly strained flows [42].

4.2. Boundary conditions

In order to save computational resources, a half width (W/2) of the
computational domain is applied. A symmetry boundary condition is
imposed at the symmetry plane of z = 0. The no slip velocity boundary
is applied for all walls. A uniform effective heat flux of 1000 W/m2 is
imposed on the absorber plate and the adiabatic thermal boundary
condition is applied for other walls. At the inlet, a uniform velocity
profile is given with Re = 6000–18,000 and the temperature profile is
uniform of 300 K. At the outlet, the pressure outlet boundary condition
is specified. In addition, the turbulent intensity at the inlet and outlet
can be estimated as [13]

= −I 0.16Re 1 8 (19)

4.3. Parameter definitions

In order to describe the thermal hydraulic characteristics, it is ne-
cessary to introduce some parameters.

Hydraulic diameter:

=
+

D WH
W H
2

h (20)

Reynolds number:

=
ρu D

μ
Re m h

(21)

Friction factor

=f
p

L D ρu
Δ

( ) 2h m
2 (22)

Heat transfer coefficient:

=
−

h
q

T Tp,m f,m (23)

Nusselt number:

=Nu hD
λ

h
(24)

The mean vortex strength of a specific cross section perpendicular
to x direction can be described by the mass weighed absolute value of x-
vorticity. It is defined as

∬
∬

=
ρu dS

ρudS
Ω

|Ω |
x

x
,abs,m

(25)

where

= ∂
∂

− ∂
∂

w
y

v
z

Ωx
(26)

In addition, the evaluation criterion R3 [43] is an indicator of
overall thermal hydraulic performance at an identical pump power
consumption, which is defined as

= Nu NuR3 c (27)

where Nuc is the Nusselt number of the smooth tube at the equivalent
Reynolds number Rec. Given a constant pump power consumption, the
equivalent Reynolds number Rec can be calculated with

=f fRe Rec c
3 3 (28)

= −f 0.34Rec c
0.25 (29)

The relationship between Nuc and Rec is given as

=Nu 0.023Re Prc c
0.8 0.4 (30)

In order to evaluate the resistance reduction performance, the cri-
terion EEC is adopted and defined as

= Nu Nu
f f

EEC 0

0 (31)

where Nu0 and f0 are Nusselt number and friction factor for the
smooth duct at the identical Reynolds number, respectively.

4.4. Grid independence and computational method

The unstructured mesh is generated by commercial software ICEM
16.0. As depicted in Fig. 5, the mesh near duct walls and ITVGs is ex-
tremely dense, which guarantees y+ < 1. The core flow region is fully
filled with hexahedron mesh and the tetrahedron mesh is applied to

Fig. 3. Structure details of the ITVG.

Fig. 4. Four arrangements of ITVGs in the SAH.

Fig. 5. Mesh details and grid independence test.
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connect the hexahedron mesh and boundary layer mesh. In order to test
the mesh independence, this paper generates five mesh systems from
coarse to dense: Mesh 1 (2.9 million), Mesh 2 (5.4 million), Mesh 3 (8.7
million), Mesh 4 (12 million), and Mesh 5 (17 million). As shown in
Fig. 5, when the grid number increases from 8.7 million to 17 million in
the condition of b pt = 0.267, e H=0.24, p Hl =2, and Re = 12,000,
the deviations of Nu and f are 0.8% and 1.3%, respectively. It indicates
that Mesh 3 is adequately dense for this simulation, and therefore, Mesh
3 is adopted in this paper.

The simulation is carried out by commercial software FLUENT 16.0.
The governing equations are discretized by finite volume method with
second order scheme for pressure and second upwind scheme for other
transport quantities. The SIMPLE algorithm is applied to handle the
velocity and pressure coupling [44,45]. In addition, this paper applies
the RNG k-ε turbulence model with enhanced wall treatment. When the
relative residual is below 10−6 for energy equation and 10−4 for other
equations or the residuals for all equations keep constant, the solution
can be considered to be converged.

4.5. Results verifications

It is necessary to verify whether the effect of inlet and outlet is
eliminated. The local Nu and f are displayed along the flow direction in
Fig. 6 in the condition of b pt = 0.267, e H=0.24, p Hl =2, and
Re = 12,000. As shown in Fig. 6, whether the Nusselt number or the
friction factor are stable in the test section. It indicates that the location
selection of the test section is reasonable.

The accuracy verifications are carried out by comparing with the
empirical formulas of smooth duct and experimental results of en-
hanced duct, respectively. As for the smooth duct, the empirical for-
mulas of Nusselt number and friction factor are expressed as [10,27,40]

Dittus-Boelter correlation:

=Nu 0.023Re Pr0
0.8 0.4 (32)

Modified Blasius correlation:

=f 0.34Re0
- 0.25 (33)

As displayed in Fig. 7(a), the Nu and f of present results agree well
with the results of empirical formulas and the average deviations of Nu
and f are less than 15% and 5%, respectively. It is similar in other
scientific papers [26], which indicates that the simulation method and
process are reasonable and reliable. As is known, the turbulence model
selection is dependent on the flow pattern. It is of great significance to
verify the present method with experimental results when similar flow
pattern is formed. The v-shaped ribs, as depicted in Fig. 7(b), has been
proved to form curvature flow [21] that is similar to the flow pattern in
this paper. Thus, this paper carries out a verification with the experi-
mental results of the enhanced duct fitted with v-shaped ribs provided
by Promvonge [20]. As depicted in Fig. 7(b), the present numerical
results agree well with the experimental results. Both of the present Nu
and f are slightly less than the experimental results and the average
deviations of Nu and f are 16.2% and 13.8%, respectively. In addition,
this paper verifies the present method with the experimental results of
delta wings [46] in the literature. The delta wing is visually similar to
the present inclined trapezoidal vortex generator. The comparison is
shown in Fig. 7(c) where the post processing of Nu is consistent with
that in the literature [46]. The variation tendency of present numerical
results is consistent with that of experimental results. The average de-
viations of Nu and f are 9.8% and 17.2%, respectively. Considering the
experimental uncertainties in velocity, pressure drop, and temperature,
the present results are reliable. Hence, the above research method can
be employed for further study in the following.

5. Results and discussions

In this part, the flow characteristics and heat transfer enhancement

mechanism will be revealed firstly. Furthermore, the effect of config-
ured parameters b pt, e H , and p Hl on thermal hydraulic performance
will be investigated. In addition, the energy and exergy efficiency will
be evaluated by applying the obtained heat transfer performance.

5.1. Flow characteristics and heat transfer mechanism

5.1.1. Streamlines and temperature distributions
Fig. 8 shows the flow pattern in the condition of b pt = 0.267,

e H=0.24, p Hl =2, and Re = 12,000 with A1 arrangement. As shown
in Fig. 8(a), the front view of 3D streamlines indicates that multi
longitudinal swirls flow is formed in the flow direction. There are two
vortex cores symmetrically distributed on both sides of each ITVG. In
the front view, the shape of vortex is rectangular. Fig. 8(b) shows the
tangential velocity in the transverse plane of x = 0.65 m. It is shown
that the transverse flow is regular and not disordered. Warm fluids near
the absorber wall flow from the absorber plate to the bottom while cold
fluids in the core flow region flow in the opposite direction. Ultimately,
the fluid domain is fully disturbed.

Fig. 9 shows the pressure distribution around the ITVG so as to in-
vestigate the formation mechanism of the swirl flow. The working
condition is b pt = 0.267, e H=0.24, p Hl =2, and Re = 12,000 with
A1 arrangement. As depicted in the plane 1 of Fig. 9, in the front of
ITVG, the fluid is deflected to scour the absorber wall. With fluid
flowing forward, the static pressure is gradually increased so that the
fluid is extruded to two sides of the ITVG where the static pressure is
relative low. Thus, the fluid is accumulated between two transversely
neighboring ITVGs and gradually flows from the absorber plate to the
bottom, as the working fluid flows forward. In this way, multiple pairs
of vortices are formed. As depicted in the plane 3 of Fig. 9, in the back
of ITVG, the static pressure is the lowest, and therefore, the fluid below
the ITVG is driven by pressure difference and flows from the bottom to
the back of the ITVG. Simultaneously, the fluid between two transver-
sely neighboring ITVGs flows away from the absorber plate to supply
fluid for the bottom region. As a result, the multi longitudinal swirls
flow is enhanced. Ultimately, the multi longitudinal swirls flow is
formed when the fluid passes by the ITVGs periodically.

Fig. 10 displays the variation of local vortex strength, Nu, and f
along the flow direction in the condition of b pt = 0.267, e H=0.24,
p Hl =2, and Re = 12,000 with A1 arrangement. The longitudinal
vortex strength reaches the maximum near the ITVGs and gradually
weakens with the dissipation of vortex. Correspondingly, due to the
fluid mixing that the longitudinal vortex brings about, Nu also reaches
the maximum near the ITVGs and gradually decreases as the vortex
strength weakens. The friction factor increases sharply in a narrow
region around the ITVGs, but on the whole, it is at a low level due to the
benefit of longitudinal swirls flow. Thus, it is worth noting that this
kind of flow pattern can enhance heat transfer performance with

Fig. 6. Verification of the test section.
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moderate flow resistance.
Figs. 11 and 12 show the temperature distributions in the condition

ofb pt = 0.267, e H=0.24, p Hl =2, and Re = 12,000 with A1 ar-
rangement. As shown in Fig. 11, the temperature distributions in the
transverse plane of the enhanced duct is more uniform than that of
smooth duct. It indicates a higher temperature gradient of the enhanced
duct near the absorber plate, which is conducive to heat transfer be-
tween absorber plate and working fluid. Besides, the temperature field
is an alternate distribution of warm fluid and cold fluid near the ITVGs,
which is conducive to the heat transfer between fluid and fluid. In the

present enhanced SAH, the cold fluid in the core flow is deflected to
scour the heated absorber wall, thereby reducing the wall temperature.
As shown in Fig. 12, the mean absorber plate temperature is decreased
from 348 K to 327 K compared with the smooth duct. Hence, the mean
temperature difference between absorber plate and working fluid is
decreased correspondingly. As a result, the heat transfer performance is
improved.

5.1.2. Heat convection velocity analysis
In order to further investigate the heat transfer enhancement

Fig. 7. Verifications with the (a) empirical formulas, (b) experimental results of v-shaped ribs and (c) experimental results of delta wings.

Fig. 8. Flow pattern: (a) front view of 3D streamlines and (b) tangential velocity in the transverse plane of x = 0.65 m.
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mechanism in a new perspective of heat convection intensity, this paper
carries out a heat convection velocity analysis in the condition of
b pt = 0.267, e H=0.24, p Hl =2, and Re = 12,000 with A1 ar-
rangement. Heat convection velocity [9] is the component of fluid ve-
locity in the temperature gradient direction. It reflects the beneficial
component of fluid velocity that contributes to heat convection. The
component value is mathematically defined as

= ∇
∇

=V T
T

βU U·
| |

| | cosh (34)

where a larger absolute value of Vh stands for higher local heat con-
vection intensity, whether the value is negative or positive.

On this basis, the mean heat convection velocity is defined as

∭

∭
=

∇

∇
V

T βdV

T dV

U| || | cos

| |h,m
Ω

Ω (35)

As for the duct flow, integrating the energy equation Eq. in the test
section, it yields

∭ ∬ ∬ ∭∇ = → ∇ + → ∇ +
+

ρc TdV n κ TdS n κ TdS dVU· · · Φp
Ω in out

eff
wall

eff
Ω

(36)

Neglecting the sum of heat conduction of inlet and outlet, it be-
comes

∭ ∬ ∭∇ = → ∇ +ρc TdV n κ TdS dVU· · Φp
Ω wall

eff
Ω (37)

In the range of this research, the maximum ratio of viscous heat
dissipation to absorbed heat from the absorber plate is 2.5% and the
average ratio is 0.4%. Thus, the heat dissipation term can be neglected
and it yields

Fig. 9. Pressure distribution and swirl flow formation mechanism.

Fig. 10. Local vortex strength, Nu, and f along the flow direction.

Fig. 11. Temperature distributions in the transverse plane of x = 0.65 m: (a) enhanced duct, (b) smooth duct.
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∭ ∬∇ = → ∇ =ρc TdV n κ TdS QU· ·p
Ω wall

eff u
(38)

The absorbed heat can be also calculated by the Newtonian cooling
formula as

= −Q hA T T( )u p p,m f,m (39)

Comparing Eq. (38) with Eq. (39), the heat transfer coefficient is
written as

∭=
−

∇h
ρc V

hA T T
T dV

( )
| |p h,m

p p,m f,m Ω (40)

Thus, the Nusselt number can be expressed as

∭= ∇Nu ρc V
λA

T dV2 | |¯p h,m
p Ω (41)

where the dimensionless temperature gradient is defined as

∇ = ∇
−

T T
T T

¯
( ) D

p,m f,m 2
h

(42)

The integration of dimensionless temperature gradient magnitude
can be expressed as

∭= ∇T T dVΔ¯ | |¯m
Ω (43)

Substituting Eq. (43) into Eq. (41), the Nusselt number can be also
expressed as

=Nu ρc V
λA

T2 Δ¯p h,m
p

m
(44)

Thus, the enhanced ratio of Nusselt number is expressed as

=Nu
Nu

V
V

T
T

Δ¯
Δ ¯s

h

h

,m

,m,s

m

m,s (45)

where Nus, Vh,m,s, and TΔ m̄,s are taken from present simulation re-
sults of smooth duct at the same Reynolds number.

It indicates from Eq. that there are two available aspects for heat
transfer enhancement. On the one hand, Vh,m should be increased in the
view of changing velocity distribution. The available two methods are
increasing the synergetic effect between velocity field and temperature
field to increase βcos as well as deflecting the working fluid from the
low temperature gradient region to the high temperature gradient re-
gion. On the other hand, TΔ¯m should be increased in the view of
changing temperature distribution. The available two methods are de-
creasing the mean temperature difference between absorber plate and

Fig. 12. Temperature distributions at the test section of absorber plate: (a) enhanced duct, (b) smooth duct.

Fig. 13. The contribution of V Vh h,m ,m,s and T TΔ¯ Δ ¯m m,s to Nu Nus

Fig. 14. The distribution of Vh in the transverse plane of x = 0.65 m.
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working fluid as well as forming a temperature distribution with al-
ternate warm fluid and cold fluid.

In order to investigate the heat transfer enhancement mechanism in
the perspective of heat convection intensity, it is significant to in-
vestigate the contributions ofV Vh h,m ,m,s and T TΔ¯ Δ ¯m m,s to Nu Nus in the
present SAH. Fig. 13 displays the variation of local Nu Nus, V Vh h,m ,m,s,
and T TΔ¯ Δ ¯m m,s along the flow direction. The average Nu Nus,
V Vh h,m ,m,s, and T TΔ¯ Δ ¯m m,s of the test section are 1.99, 1.62, and 1.23,
respectively, which verifies the derived theoretical relation in Eq. (45).
The V Vh h,m ,m,s, which represents the enhancement of heat convection
intensity, is the dominating reason of heat transfer enhancement. It
indicates that the increase of βcos and fluid deflection in the fluid
domain is of great significance for heat transfer enhancement. The

T TΔ¯ Δ ¯m m,s also contributes to heat transfer enhancement. When the
working fluid passes by the ITVG, the TΔ¯m is increased sharply to the
maximum due to the combined effects of local absorber plate tem-
perature decrease and fluid mixing. Subsequently, while the heat con-
vection intensity increases to the maximum, the TΔ¯m decreases due to
the decrease of the temperature gradient magnitude in the fluid do-
main. That is the reason that the peak value of T TΔ¯ Δ ¯m m,s comes prior
to that ofV Vh h,m ,m,s. Both ofVh,m and TΔ¯m contribute to the heat transfer
enhancement and the following investigation lies in the enhancement
mechanism of Vh,m and TΔ¯m , respectively.

It is necessary to compare theVh and ∇T| |¯ of enhanced duct with that
of smooth duct. Figs. 14 and 15 display the distributions of Vh and ∇T| |¯
in the transverse plane of x = 0.65 m, respectively. As depicted in
Fig. 14, the local distribution of Vh is changed and the local absolute
value of Vh is increased at most places. It indicates that the local heat
convection is strengthened at most places. Though negative value of Vh
appears, the region where the Vh is positive dominates the cross section,
which leads to a positive value of Vh,m. More importantly, in the near
absorber plate region where the temperature gradient is relatively high,
the Vh is increased and positive, which is the main reason for the in-
crease of Vh,m. As depicted in Fig. 15, the temperature gradient near the
absorber plate is dramatically increased in the enhanced duct, which
leads to the increase of TΔ¯m . As a result, with the increase of Vh,m and

TΔ¯m , the heat transfer performance is improved.

5.1.3. Arrangements analysis
Arrangements always affect the flow pattern. It is necessary to in-

vestigate the flow characteristics and heat transfer performance with
different arrangements. In this part, this paper compares the stream-
lines, the strength of longitudinal vortex, the temperature distributions,
and the corresponding thermal hydraulic performance for different
arrangements in the condition of b pt = 0.267, e H=0.24, p Hl =1,
and Re = 12,000. In this way, the most excellent arrangement will be

selected for subsequent research.
Fig. 16 displays the streamlines for four different arrangements. The

streamlines are bent and the longitudinal swirls flow is formed no
matter what arrangement is. When the arrangement is chosen as A1,
A2, and A4, the streamlines are bent strongly when passing by the first
row of ITVGs. When the arrangement is chosen as A3, the streamlines
are bent slightly. The above comparison indicates that the upwind ar-
ranged ITVG can disturb fluid more drastically than the downwind
arranged one. The reason can be explained as follows. The mass flow
rate in the core flow region is much higher than that in the boundary
flow region. The upwind arranged ITVG deflects the fluid from the core
flow region to the boundary flow region. Compared with the mass flow
rate in the boundary region, the deflected fluid mass flow rate is rela-
tively high, which drastically changes the velocity in the boundary
layer region. However, the downwind arranged ITVG deflects the fluid
from the boundary flow region to the core flow region. Compared with
the mass flow rate in the core region, the deflected fluid mass flow rate
is relatively low, which slightly changes the velocity in the boundary
and core region. Thus, the upwind arrangement is superior to the
downwind arrangement in the aspect of disturbing fluid.

In order to compare the fluid disturbance strength and longitudinal
vortex strength in a quantitative way, Fig. 17 shows the variations of
u uyz,m m and Ωx,abs,m along the flow direction. The u uyz,m m is the ratio
of average tangential velocity to the inlet velocity, which represents the
fluid disturbance strength. The Ωx,abs,m denotes the average absolute
value of x-vorticity, which represents the longitudinal vortex strength.
As depicted in Fig. 17, the variation of u uyz,m m is similar to that of
Ωx,abs,m. In addition, when the arrangement is chosen as A2, the long-
itudinal swirl flow is crushed by the ITVGs in second row, which in-
dicates that the A2 arrangement is inferior to the A1 arrangement.
When the arrangement is chosen as A4, the longitudinal swirl flow is
slightly strengthened by the ITVGs in second row. The disturbance
caused by the second row is less intense than that caused by the first
row, which indicates the A4 arrangement is also inferior to the A1 ar-
rangement. Furthermore, the u uyz,m m and Ωx,abs,m of A1 arrangement
are both larger than those of A2, A3, and A4 arrangements. It demon-
strates that the A1 arrangement is superior to other three arrangements
in the aspect of fluid disturbance and vortex strength.

High efficiency of the SAH demands for low absorber plate tem-
perature. The absorber plate temperature is closely related to the ar-
rangements. Fig. 18 displays the temperature distributions of the ab-
sorber plates for four different arrangements. The more effective the
heat transfer enhancement structure is, the lower the absorber wall
temperature is. As depicted in Fig. 18, the A1 arrangement leads to the
lowest average and maximum temperature of the absorber plate. The
order of the average absorber plate temperature value is listed as:

Fig. 15. The distribution of ∇T| |¯ in the transverse plane of x = 0.65 m.
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A1 < A4 < A2 < A3. It demonstrates that the fluid disturbance in
A1 arrangement is effective and conducive to the decrease of absorber
plate temperature. Fig. 19 shows the variations of Nu Nu0, f f0, R3, and
EEC for four different arrangements. It can be seen from Fig. 19(a) and
(b) that both of the Nu Nu0 and f f0 in A1 arrangement are the highest
compared with other arrangements. Besides, Fig. 19(c) shows that the
EEC of all cases are near 0.5, which indicates that the flow resistance
performance are similar for the four arrangements. In addition, as de-
picted in Fig. 19(d), the overall thermal hydraulic performance of A1
arrangement is also the highest.

Thus, the A1 arrangement is considered to be the best arrangement
and chosen for the subsequent research.

5.2. Thermal hydraulic performance

In this part, the A1 arrangement is chosen for researching the
thermal hydraulic performance of the SAH fitted with ITVGs in the
variation condition of b pt = 0.267,0.333, e H=0.12,0.24,0.36, and
p Hl = 1,2,3.

In the above discussions, it demonstrates that the thermal hydraulic

performance is closely related to the longitudinal vortex strength. In
order to investigate the effect of parameters, it is necessary to display
the variation of longitudinal vortex strength with the variation of
parameters p Hl , b pt and e H . As depicted in Fig. 20(a), the decrease
of longitudinal pitch leads to the increase of vortex strength. Besides, as
depicted in Fig. 20(b), the longitudinal vortex strength is sensitive to
the parameter e H and the e H should be increased to disturb the core
flow for the purpose of guaranteeing intense longitudinal vortex. In
addition, it presents that the increase of b pt also leads to the increase of
longitudinal vortex strength, especially with a large e H .

The indicators of thermal hydraulic performance are chosen as
Nu Nu0, f f0, EEC, and R3. Figs. 21 and 22 display the variations of
these indicators. In the condition of identical Reynolds number, both
Nu Nu0 and f f0 are generally increased with the increase of e H and
the decrease of p Hl . The Nu Nu0 and f f0 of b pt = 0.333 is generally
slightly larger than those of b pt = 0.267 when all else held identical.
The reason is that wider ITVGs can deflect more fluid so as to form more
intense longitudinal vortex. These regularities are similar to those of
longitudinal vortex strength. With the increase of Reynolds number,
f f0 is always increased while Nu Nu0 may decrease. The reason is that

Fig. 16. Streamlines for four different arrangements in the condition of b pt = 0.267, e H=0.24, p Hl =1, and Re = 12,000.

Fig. 17. (a) u uyz,m m and (b) Ωx,abs,m for four different arrangements in the condition of b pt = 0.267, e H=0.24, p Hl =1, and Re = 12,000.
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the Nu of the smooth duct is also considerably large when Reynolds
number is high. There is one detail worth noting. As shown in
Fig. 22(a), Nu Nu0 decreases with e H increasing from 0.24 to 0.36
when Reynolds number exceeds 15,000 in the condition of

b pt = 0.333, p Hl =1. It owes to the unwanted backflow in the back of
ITVGs, which suppresses the formation of longitudinal swirl flow. Thus,
in order to avoid the backflow, it is recommended in this paper that b pt
is below 0.333 and that e H is below 0.36. In addition, due to the

Fig. 18. Temperature distributions of the absorber plates for four different arrangements in the condition of b pt = 0.267, e H=0.24, p Hl =1, and Re = 12,000.

Fig. 19. (a) Nu Nu0, (b) f f0, (c) EEC, and (d) R3 for four different arrangements

H. Xiao, et al. Applied Thermal Engineering 179 (2020) 115484

12



demand of moderate flow resistance, it is dispensable to decrease p Hl
below 1.

To sum up, the range of Nu Nu0 and f f0 are 1.24–3.71 and
1.39–11.8, respectively. The range of EEC and R3 are 0.26–0.98 and
1.11–1.89, respectively. The overall performance criterion R3 is com-
paratively better in the condition of e H = 0.24 and p Hl = 1. Besides,
the criterion EEC is larger when b pt is equal to 0.267, which indicates
that the flow resistance reduction performance is better. Thus, this
paper recommends the combined parameters of p Hl = 1, e H=0.24,
and b pt = 0.267.

5.3. Energy and exergy efficiency evaluation

Through the above investigations, the thermal hydraulic perfor-
mance of a basic unit is obtained. Generally, the practical SAH is an
integration of several such units. It is interesting to explore the effect of
ITVGs on thermal performance and power consumption of the practical
SAH. The power consumption is dependent on the friction factor, while
the energy and exergy efficiency is dependent on the Nusselt number of
the duct.

Refer to the Ref. [38], the adopted practical SAH is integrated with
sixteen identical units and the size is of × ×0.025 m 1.2 m 4 m, as de-
picted in Fig. 23. The tilt angle is 45° and one glass cover is used. The
optical efficiency is 0.82 and the emissivity is 0.1 and 0.88 for the

Fig. 20. The effect of configured parameters on longitudinal vortex strength: (a) p Hl , (b) b pt and e H .

Fig. 21. The variation of thermal hydraulic performance with b pt = 0.267: (a) Nu Nu0, (b) f f0, (c) EEC, and (d) R3.
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absorber plate and glass cover, respectively. The ambient temperature
is 273 K and the duct inlet air temperature is 303 K. The wind heat
transfer coefficient is 10W (m ·K)2 and the sum of back and edge loss
coefficients is 1W (m ·K)2 . The Reynolds number ranges from 6000 to
18,000 and the corresponding mass flow rate is 0.072–0.216kg s. The
thermal hydraulic performance of the duct is taken from the above
investigations. Subsequently, the energy efficiency and exergy effi-
ciency can be evaluated by Eq. (7) and Eq. (13).

Fig. 24 displays the variations of energy efficiency with the Rey-
nolds number. The energy efficiency increases as the Reynolds number
increases. Besides, the energy efficiency is increased with the increase
of Nu. In the range of this research, the absolute value of energy effi-
ciency can be maximally enhanced by 10.7%. The increased part is
approximately 24% of the energy efficiency of smooth SAH at identical
Reynolds number. Furthermore, when e H is beyond 0.24 and p H is
below 2 (or Nu Nu0 approximately exceeds 2.5), the increase of heat
transfer performance only leads to tiny improvement of energy effi-
ciency. Fig. 25 displays the variations of exergy efficiency with the
Reynolds number. In the condition of identical Reynolds number, the
exergy efficiency is increased with the increase of Nu and the absolute

value can be maximally increased by 2.1%. The increased part is ap-
proximately 31% of the exergy efficiency of the corresponding smooth
SAH. Similar to the energy efficiency, when Nu Nu0 is beyond 2.5, the
effect of Nu Nu0 on the exergy efficiency is also not obvious. With the
increase of Reynolds number, the exergy efficiency of the smooth SAH
increases while that of enhanced SAH generally decreases. Thus, in the
range of this research, the exergy destruction is slightly decreased in the
smooth SAH while it is increased in the enhanced SAH with the increase
of Reynolds number. Fig. 26 displays the variations of power con-
sumption with the Reynolds number. It indicates that the increased
power consumption is not large.

5.4. Comparisons

The recommended configured parameters of p Hl = 1, e H=0.24,
and b pt = 0.267 is picked out for the comparison with other previous
works. The typical heat transfer components are chosen as conical
protrusion [16], v shaped baffle [20], wavy delta winglet [22], perfo-
rated trapezoidal winglet [29], and punched rectangular wing [30]. As
depicted in Fig. 27, the enhancement in Nusselt number of present

Fig. 22. The variation of thermal hydraulic performance with b pt = 0.333: (a) Nu Nu0, (b) f f0, (c) EEC, and (d) R3.

Fig. 23. The integration of a practical SAH.
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research is moderate, while the penalty increasement in friction factor
is relatively low. Fig. 28 displays the variations of energy efficiency and
exergy efficiency with the increase of power consumption. The energy
efficiency, exergy efficiency, and power consumption are obtained by
applying the Nusselt number and friction factor to the integrated SAH
introduced in the above section. As depicted in Fig. 28, both energy and
exergy efficiency of present research are relatively high.

6. Conclusion

This paper proposed ITVGs to generate multi longitudinal swirls
flow in the SAH. Three major conclusions were drawn as follows:

(a) In the aspect of mechanism. A pair of longitudinal swirls were found

close to both sides of each ITVG. In the flow direction, the long-
itudinal vortex was rectangular and leaded to fully fluid mixing.
The temperature distribution in the cross section was more uniform
and the mean temperature of the absorber plate was dramatically
decreased compared with the smooth SAH. The enhancement in
convective heat transfer mainly owed to the increase of mean heat
convection velocity. In the range of this paper, the upwind aligned
(A1) arrangement generated the most intense longitudinal swirl
flow and gave the highest thermal hydraulic performance.

(b) In the aspect of thermal hydraulic performance. The enhancement
in Nusselt number was moderate, while the penalty increasement in
friction factor was relatively low. The range of Nu Nu0, f f0, EEC,
and R3 were 1.24–3.71, 1.39–11.8, 0.26–0.98 and 1.11–1.89, re-
spectively. The configured parameters of p Hl = 1, e H=0.24, and

Fig. 24. The variations of energy efficiency: (a) b pt = 0.267, (b) b pt = 0.333.

Fig. 25. The variations of exergy efficiency: (a) b pt = 0.267, (b) b pt = 0.333.

Fig. 26. The variations of power consumption: (a) b pt = 0.267, (b) b pt = 0.333.
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b pt = 0.267 was recommended in this paper.
(c) In the aspect of efficiency analysis. In the range of this research, the

energy efficiency was maximally enhanced by 24% compared with
the corresponding smooth SAH. The exergy efficiency was maxi-
mally enhanced by 31% compared with the corresponding smooth
SAH. Both energy and exergy efficiency of present research were
relatively high compare with previous typical works.
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