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In this paper, a heat transfer optimization approach is brought in with focusing on exergy destruction to
properly deal with the trade-off between irreversibility of heat transfer process and pump power con-
sumption in turbulent flow for solar air heater. Thus, the exergy destruction minimization principle is
mathematically extended to three dimensional turbulent flow and governing equations are derived with
variation method. Successively, the optimized flow field for solar air heater is obtained at Re = 12,000 by
applying SST k–x turbulence model. Furthermore, with detail analysis of velocity and temperature dis-
tribution, it is found that the longitudinal swirl flow is generated through this optimization approach.
Besides, within the scope of this study, the total heat transfer exergy destruction and average absorber
temperature are maximally decreased by about 65% and 30 K respectively in the test section compared
with the plain duct. And the maximum Nusselt number and friction factor are increased to 1.81 and
3.13 times over plain duct respectively. These results indicate that the optimization approach is effective
for improving the thermal-hydraulic performance of solar air heater. Finally, the inclined vortex plate is
designed to realize this kind of optimized flow field successfully. This work will promote technique devel-
opments of solar air heater.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Solar energy, which is environmental friendly and abundant, is
regarded as the linchpin of sustainable energy development pro-
gram [1–3]. Solar air heaters are widely applied in many fields
including space heating, crop drying, water desalination, textile
etc. [1] due to their inherent simplicity, easy maintenance, and cost
effectiveness. It is important to improve the thermal-hydraulic
performance of solar air heater in turbulent flow owing to exces-
sive heat loss to environment. In order to improve the thermal effi-
ciency of solar air heater, many researchers concentrate on
increasing heat transfer coefficient in the air side so as to decrease
the absorber temperature, thereby reducing the heat loss to envi-
ronment. Fins are applied to increase the efficiency of solar air hea-
ters from the perspective of expanding heat transfer area [4–6].
Besides, artificial roughness on the absorber plate is effective to
enhance forced convective heat transfer with moderate increase
of friction factor in solar air heater ducts [7,8]. Bhushan and Singh
[9] carried out an experimental investigation to analyze the effect
of protruded roughness in a rectangular channel. Kumar et al. [10]
experimentally studied the thermal performance of multi v-shaped
rib with gap roughness on the heated plate, which showed that
Nusselt number was enhanced much over smooth duct. Jin et al.
[11] numerically investigated the effect of staggered multiple V-
shaped ribs on thermo-hydraulic performance. Yadav and Bhagoria
[12] presented a two-dimensional numerical investigation of the
effect of equilateral triangular sectioned rib roughness on heat
transfer and fluid flow in an artificially roughened solar air heater.
Other heat transfer components, such as spherical inserts [13], baf-
fles [14] and heat storage materials [15], also have drawn wide
attention in recent years.

However, the design of a heat transfer component relies heavily
on skills and experience of designers. The effectiveness is some-
what random with widely varied overall performance. Thus, it
gives the author a hint that the design efficiency may be raised
when heat transfer components are designed under the guidance
of optimized flow field. Hence, it becomes a primary issue to find
the optimized flow pattern for solar air heaters.

With variation method introduced into viscous flow problems
[16], some researchers focused on applying the functional variation
method to obtain optimized flow field [17–20], which is called heat
transfer optimization. Wang et al. [21,22] optimized the convective
heat transfer of laminar flow in the tube with the application of
exergy destruction minimization, which significantly increased
the heat transfer rate. In this study, the available potential is
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Nomenclature

A, B, C0 Lagrange multipliers
Cp specific heat capacity
Dh hydraulic diameter
EEC efficiency evaluation criterion
Exd,DT total exergy destruction of heat transfer
Exd,Dp total exergy destruction of fluid flow
exd,DT local exergy destruction rate of heat transfer
exd,Dp local exergy destruction rate of fluid flow
f friction factor
H duct height
h heat transfer coefficient
I turbulence intensity
J Lagrange functional
k turbulence kinetic energy
L test section length
L1 inlet section length
L2 outlet section length
Nu Nusselt number
P pump power consumption
PEC performance evaluation criterion
Pr Prandtl number
Prt turbulent Prandtl number
p pressure
q effective solar heat flux
Re Reynolds number

Sg entropy generation rate
T time averaged temperature
T0 ambient temperature
Tm fluid bulk temperature
Tw mean absorber wall temperature
Tw(x) local averaged absorber wall temperature
U time averaged velocity vector
ur maximum tangential velocity in the cross section
um inlet mean velocity
V volume
W duct width
x,y,z Cartesian coordinates

Greek symbol
b,h field synergy angles
j thermal conductivity
jt turbulent thermal conductivity
jeff effective thermal conductivity
l dynamic viscosity
lt turbulent dynamic viscosity
leff effective dynamic viscosity
q fluid density
U viscous dissipation
X control volume
x specific dissipation rate
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introduced as a new thermodynamic parameter, which is defined
as e = h-T0s. In the meanwhile, Liu et al. [23–25] proposed some
effective methods to realize the longitudinal swirling flow which
was obtained through the above optimization. Recently, Liu et al.
[26] optimized the catalyst porosity distribution in solar parabolic
trough receiver-reactors by the variation method so that the solar
energy was utilized more effectively. These previous results inspire
the author to utilize variation method to find the optimized flow
pattern.

In addition, exergy analyses can express the irreversibility of
heat transfer process as well as evaluate the performance of solar
energy system effectively based on the second law of thermody-
namics [27–29]. Particularly, focusing on energy and exergy analy-
ses, Alta et al. [4] conducted an experimental comparison study of
three different solar air heater types, which presented that thermal
efficiency increased with the decrease of irreversibility. In other
words, heat transfer can be effectively enhanced by the way of
minimizing exergy destruction. Lower heat transfer exergy
destruction usually indicates lower temperature difference of the
research object. Besides, a narrower temperature difference
between working fluid and heat exchange surface means that the
heat transfer coefficient has been improved. In this case, the heat
transfer performance can be enhanced when heat transfer exergy
destruction is reduced. Thus, heat transfer enhancement is consis-
tent with exergy destruction minimization.

Therefore, it is a prospective study to obtain optimized flow
field of solar air heater with exergy destruction minimization prin-
ciple to guide the design of heat transfer components. In the fol-
lowing, the mathematics physics model of solar air heater is
established firstly. And then, the exergy destruction minimization
principle is extended to turbulent flow so that the optimized flow
field can be obtained with applying SST k–x turbulence model.
Furthermore, the optimized results are displayed to elaborate fluid
flow and heat transfer pattern with detail analyses of temperature
contour, velocity distribution, absorber wall temperature, and
exergy destruction. Finally, the novel inclined vortex plate is
suggested for improving the thermal-hydraulic performance of
solar air heater under the guidance of optimized flow field.
2. Computational physical model

2.1. Physical model and boundary condition.

As depicted in Fig. 1(a), conventional solar air heater consists of
glass cover, absorber plate, back insulated cover and blower [7]. In
order to reduce the complexity of heat transfer in such solar air
heater, the simplified horizontal simulation model is displayed in
Fig. 1(b). The total length is 1500 mm including inlet section, test
section, and outlet section. The absorber plate is fixed at the top
of the duct and the length of test section is 1000 mm. The inlet
length and outlet length are 330 mm and 170 mm respectively,
which follows the suggestion of ASHRAE standard 93-2003 for tur-
bulent flow regime [30]. The height H is equal to 25 mm and the
width W is 300 mm. Hence, the hydraulic diameter is 46.15 mm
[31].

For saving computational resources, the width of computational
domain is from z = 0 to z =W/2 and a symmetry boundary condi-
tion at the z = 0 plane is used. A uniform effective solar heat flux
of 1000 W/m2 is imposed on the absorber plate [10–12]. In the
numerical simulation process, the temperature boundary condi-
tion at the top of inlet section is also a uniform heat flux of
1000W/m2 so as to guarantee no temperature entrance effects
on the test section. Other walls are all adiabatic. The velocity and
temperature are both uniform at the inlet of the duct and given
as 4.15 m/s and 300 K, respectively. Thus, the Reynolds number
is 12,000 and the turbulent intensity at the inlet can be estimated
as [14]:

I ¼ 0:16Re�1=8 ð1Þ
In addition, the pressure outlet boundary condition is specified

at the outlet of the duct.



Fig. 1. Conventional solar air heater (a) and simplified simulation model (b).
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2.2. Parameter definitions.

Thermophysical characteristics are important to heat transfer
and fluid flow. The density (q) and specific heat (Cp) are assumed
to be constant at 1.165 kg/m3 and 1005 J/(kg∙K) respectively. In
order to reflect heat transfer and fluid flow characteristics more
accurately, both laminar dynamic viscosity and thermal conductiv-
ity are varied with temperature. When the air temperature ranges
from 280 K to 470 K, the following correlations are applied to esti-
mate the laminar dynamic viscosity (l) and thermal conductivity
(j) of air[6]:

l ¼ 1:6157þ 0:06523T � 3:0297� 10�5T2
� �

� 10�6 ð2Þ

j ¼ 0:0015215þ 0:097459T � 3:3322� 10�5T2
� �

� 10�3 ð3Þ

In order to express the thermo-hydraulic characteristics in the
duct, some related parameters which are Reynolds number (Re),
friction factor (f), heat transfer coefficient (h), and Nusselt number
(Nu) should be defined. Moreover, some parameters to evaluate the
thermal-hydraulic performance should be also utilized. The related
parameters are given as follows:

Reynolds number:

Re ¼ qumDh

l
ð4Þ

Friction factor:

f ¼ Dp
L=Dhð Þqu2

m=2
ð5Þ

Heat transfer coefficient:

h ¼ q
Tw � Tm

ð6Þ

Nusselt number:

Nu ¼ hDh

j
ð7Þ

where um is the inlet mean velocity in the duct, Tw is the mean
absorber plate wall temperature, and Tm is the fluid bulk tempera-
ture of test section in the rectangular duct.

Field synergy principle [32–34] is widespread in evaluating per-
formance of convective heat transfer. Local field synergy angles b
and h, which represent heat transfer performance and flow resis-
tance respectively, are defined as:

b ¼ arccos
U � rT
Uj j � rTj j ; h ¼ arccos

U � �rpð Þ
Uj j � �rpj j ð8Þ

Besides, integrated mean synergy angles in this paper are given
as:
bm ¼ arccos
P

U � rTð ÞidViP
Uj j � rTj jð ÞidVi

;

hm ¼ arccos
P

U � �rpð Þð ÞidViP
Uj j � �rpj jð ÞidVi

ð9Þ

The performance evaluation criterion (PEC) proposed by Webb
[35] is extensively used for heat transfer enhancement in exchan-
ger design at identical pump power, which is calculated as:

PEC ¼ Nu=Nu0

f=f 0ð Þ1=3
ð10Þ

Another efficiency evaluation criteria (EEC) is written as the fol-
lowing form [22]:

EEC ¼ Nu=Nu0

f=f 0
ð11Þ

where Nu0 and f 0 are empirical values of plain duct at the same Rey-
nolds number, respectively.

As known from the formula expressions of the two evaluation
criterion, EEC is more sensitive to resistance than PEC. Therefore,
PEC is adopted to investigate the overall thermal-hydraulic perfor-
mance while EEC is suitable for investigating the resistance reduc-
tion performance.

3. Exergy destruction minimization principle in turbulent flow

In order to describe the turbulent flow in solar air heater, the
Reynolds-averaged Navier–Stokes equations are employed based
on the Reynolds Stress Model. Besides, the velocity, temperature,
and pressure are time averaged terms in this paper for conve-
nience. For the purpose of simplifying the present three-
dimensional, turbulent, and steady air flow, the following assump-
tions are adopted for the governing equations: (a) the fluid is con-
tinuous and incompressible, (b) the effects of gravity and volume
dilation are negligible, and (c) natural convection and radiation
are also not taken into consideration. Thus, the theoretical deriva-
tion of convective heat transfer optimization can be carried out in
the following.

As for convective heat transfer problem without inner heat
source, ignoring viscous dissipation in heat transfer process, the
entropy generation rate can be written as [36]:

Sg ¼ jeff rTð Þ2
T2 ð12Þ

where jeff is effective thermal conductivity in turbulent flow.
Thus, the total exergy destruction of heat transfer can be

expressed as:

Exd;DT ¼
ZZZ

X

T0SgdV ¼
ZZZ

X

T0
jeff rTð Þ2

T2 dV ð13Þ
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where the ambient temperature T0 is equal to 298 K.
On the other hand, the total pump power consumption is equiv-

alent to the sum of change in kinetic energy and viscous dissipa-
tion [37], which can be given as:

P ¼
ZZZ

X

qU � U � rð ÞU þU½ �dV ð14Þ

where the viscous dissipation U is given as:

U ¼ leff

2
rU þrUT

� �2
ð15Þ

where leff is effective dynamic viscosity in turbulent flow.
In the present problem, the pump power consumption is also

equal to the total exergy destruction caused by pressure difference
[22]. It can be given as:

P¼
Z Z Z

X

qU � U �rð ÞUþU½ �dV¼
Z Z Z

X

r� U �leff rUþrUT
� �� �

�U �rp
� �

dV

¼
Z Z Z

X

�U �rpð ÞdV ¼RRR
X

exd;DpdV

ð16Þ

The purpose of the present work is to deal with the trade-off
between the irreversibility of heat transfer and power consump-
tion in solar air heater. The optimized flow field can be obtained
when the total exergy destruction of heat transfer is minimum
with constant power consumption. Hence, with the constraint of
continuity and energy equations, the Lagrange function of exergy
destruction can be constructed as:

J ¼
ZZZ

X

T0
jeff rTð Þ2

T2
þ C0 qU � U � rð ÞU þU½ �þ

Ar � qUð Þ þ B r � jeffrTð Þ � qCpU � rT
� �

( )
dV ð17Þ

where A, B, and C0 are Lagrange multipliers. A and B are functions of
space, and C0 is constant.

In order to get the optimized results, the variation calculus is
taken on the above Lagrange function. With proper treatment to
operator A and boundary condition [21], the variation of functional
J can be simplified as:

dJ¼
Z Z Z

X

C0 ðU �rÞ qUð Þ�r� leff rUþrUT
� �� �

�BqCp

C0
rTþrp

� �
dUdV

þ
Z Z Z

X

r� qUð ÞdAdVþRRR
X

r� jeffrTð Þ�qCpU �rT
� �

dBdV

þ
Z Z Z

X

r� jeffrBð ÞþqCpU �rBþ2T0

T2

jeff

T
rTð Þ2�r� jeffrTð Þ

� �� 	
dTdV

þt
C

2T0
jeffrT

T2
�jeffrB

� �
dT þ Bd jeffrTð Þ

h i
dS

ð18Þ

Taking functional variation with respect to Lagrange multipliers
A, B, U, and T on functional J, respectively, the governing equations
for the optimized flow field can be obtained one by one. Thus, the
optimized turbulent time-averaged partial differential equations
can be constructed as:

Continuity equation:

r � qUð Þ ¼ 0 ð19Þ
Energy equation:

qCpU � rT ¼ r � jeffrTð Þ ð20Þ
Momentum equation:

qU � rU ¼ �rpþr � leff rU þrUT
� �� �

þ Cp

C0
qBrT ð21Þ
Scalar equation B:

�qU � rB ¼ r � jeff

Cp
rB

� 	
þ 2T0

CpT
2

jeff

T
rTð Þ2 �r � jeffrTð Þ

� �
ð22Þ

where the boundary condition of Eq. (22) depends on the tempera-
ture boundary condition. The relationship can be expressed as:

2T0
jeffrT

T2 � jeffrB
� 	

dT þ Bd jeffrTð Þ ¼ 0 ð23Þ

When the temperature boundary condition is a constant heat
temperature, it can be specified as:

B ¼ 0 ð24Þ
And when the temperature boundary condition is a constant

heat flux, it can be specified as:

rB ¼ 2T0rT

T2 ð25Þ

The source term qCpBrT=C0 in Eq. (21), which is governed by
energy equation and scalar equation B, represents the additional
thermal effect exerted on fluid. In practice, as long as the real addi-
tional force which is equal to this source term is realized in
momentum equation, the optimal fluid flow can be formed. As
for numerical simulation, when the effective turbulent viscosity
and thermal conductivity are calculated with proper turbulent
model, the optimized flow field can be obtained by simultaneous
solving Eqs. (19)–(22). For handling the coupling of pressure and
velocity, there are some algorithms and the SIMPLE algorithm is
usually selected [38,39]. Besides, the effective viscosity and ther-
mal conductivity can be given as:

leff ¼ lþ lt ð26Þ

jeff ¼ jþ jt ¼ jþ lt=Prt ð27Þ
where lt and jt are turbulent viscosity and thermal conductivity,
respectively. The turbulent Prandtl number Prt is usually equal to
0.85.

4. Computational model verification

The overall computational fluid dynamics (CFD) simulation is
based on the commercial software FLUENT 16.0. Some methods
are applied for the numerical simulation of heat transfer and tur-
bulent fluid flow. The user defined function (UDF) and user defined
scalar (UDS) are utilized so that the source term in Eq. (21) is
included and that Eq. (22) can be solved. Some researchers have
observed that the Shear Stress Transport (SST) k–x turbulence
model could provide good numerical results in three dimensional
duct [13,40,41]. Thus, the SST k–x turbulence model [42] is
employed to deal with turbulence flow, which is expressed as:

@

@t
qkð Þ þ @

@xi
qkuið Þ ¼ @

@xj
Ck

@k
@xj

� 	
þ Gk � Yk ð28Þ

@

@t
qxð Þ þ @

@xi
qxuið Þ ¼ @

@xj
Cx

@x
@xj

� 	
þ Gx � Yx ð29Þ

where Gk represents the production of turbulence kinetic energy k;
Gx represents the generation of specific dissipation rate x; Ck and
Cx represent the effective diffusivity of k and x, respectively; Yk

and Yx represent the dissipation of k and x due to turbulence.
The low-Re correction is taken into consideration while curvature
correction and production limiter are also applied. Besides, the tur-
bulent viscosity can be calculated by utilizing k and x, which is
detailedly defined in Ref. [42]. In addition, the finite volume
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formulation is applied to discretize the governing conservation
equations with second order discretization scheme for pressure,
second order upwind discretization scheme for energy, momentum,
k, x, and B. The SIMPLE algorithm is used to solve the puzzle of
pressure-velocity coupling. When the relative energy residual value
is less than 10-6 as well as others are less than 10-4 or all relative
residual values keep constant, the calculation is considered to con-
verge at the right results.

The hexahedral grids of the duct domain are generated with the
software GAMBIT 2.4.6. For the sake of describing the complex flow
in the boundary layer region, the enhanced wall treatment is
employed and the meshes attached to the duct wall are extremely
dense, which guarantees yþ 6 1. The grid independence has been
carried out for the enhanced duct with optimized flow field when
C0 is equal to 5 � 103 and the Reynolds number is equal to 12,000.
Model 1, Model 2, Model 3, and Model 4 represent four different
grid numbers: 1.27 million, 2.67 million, 4.53 million, and 8.34
million, respectively. As the results displayed in Fig. 2, the compu-
tational deviation caused by mesh density is quite small when the
grid number is greater than 4.53 million. The relative Nusselt num-
ber deviation and friction factor deviation between Model 3 and
Model 4 is approximately �0.17% and �0.60%, respectively. Hence,
the grid system of Model 3 is independent. The comparison of ther-
mal–hydraulic characteristics between plain duct and empirical
formula is also implemented to validate the numerical results of
Model 3 at Re = 12,000. The empirical formulas of Nusselt number
and friction factor are Dittus-Boelter correlation and Modified Bla-
sius correlation [9–11].

Dittus-Boelter correlation:

Nu0 ¼ 0:023Re0:8Pr0:4 ð30Þ
Modified Blasius correlation:

f 0 ¼ 4� 0:085Re�0:25 ð31Þ
Compared with empirical formulas, errors of Nusselt number

and friction factor are both less than 3%, which demonstrates that
the grid system Model 3 is adequately accurate. Therefore, consid-
ering the compromise of solution precision and time consumption,
the grid system of Model 3 is adopted in the following simulation.

5. Heat transfer optimization results discussion

In order to describe the optimized flow, the basic characteristics
of flow and heat transfer pattern will be researched based on
qualitative analyses, including temperature contours and velocity
distributions in the cross section. Furthermore, the quantitative
study of the optimized flow pattern will be carried out with
Fig. 2. Grid independence verification at Re = 12,000.
analyses of exergy destruction, field synergy, Nu=Nu0, f=f 0, and
absorber wall temperature.
5.1. Heat transfer and fluid flow pattern

It shows in Fig. 3 four temperature contours in the cross section
� = 0.8 m perpendicular to the x axis with different C0 at
Re = 12,000. The wall temperature is high in some places and low
in other places at an arbitrary given C0. The lower temperature of
the fluid near the wall indicates an increased heat transfer coeffi-
cient. It is apparent that the temperature distribution is changed
significantly with the decrease of C0, because the additional ther-
mal effect on flow field is stronger and stronger. With the distur-
bance on temperature field gradually enhanced, the change of
temperature distribution appears in the boundary flow region first
and then the mixing of hot and cold fluid is gradually thorough. As
displayed in Fig. 3, the high temperature fluid tends to migrate
from the absorber plate towards the bottom and the blue cold fluid
is on the contrary. In addition, with the decrease of C0, the range of
temperature in the transverse section becomes narrower and nar-
rower accompanied by a reduction of the temperature difference
from 78 K to 38 K in the scope of research. It indicates that the tem-
perature is distributed more uniform as a result of less exergy
destruction caused by heat transfer. In this way, heat transfer is
enhanced and the optimized temperature distribution is obtained
in the view of exergy destruction minimization. In order to reveal
the detail cause of such temperature distributions, the velocity dis-
tribution is discussed in the following.

As depicted in Fig. 4, it shows the variation of tangential veloc-
ity with different C0 in the cross section of x = 0.8 m at Re = 12,000.
It is observed that vortices are produced in the cross section, which
indicates that longitudinal swirls are generated along the flow
direction. These counter-rotating vortices bring cold fluid from
the core region to scour the boundary layer and extrude the hot
fluid in this area. In this way, the core flow rapidly reaches the
boundary region, resulting in a lower temperature near the wall.
Besides, with flowing along the duct, the fluid is sufficiently mixed
so that the temperature tends to be uniform. Obviously, with the
decrease of operator C0, the influence scope of vortices becomes
wider. For the decrease of C0 causes the increase of additional ther-
mal effect imposed on fluid, consequently the longitudinal swirl
flow is enhanced to form large vortices. With the appearance of
large vortices as well as the annihilation of some small vortices,
the number of existing vortices tend to be decreased. On the other
hand, with C0 decreasing, small disturbance emerges prominently
near the absorber wall. It is conducive to heat transfer and may
lead to the generation of new small vortices. In addition, it can
be found that the velocity ratio of maximum tangential velocity
to mean velocity (ur=um) is also increased in the cross section.

The tangential velocity mixes hot and cold fluids and decreases
the angle between velocity and temperature gradient, thus the
convective heat transfer can be enhanced. However, due to the
increase of tangential velocity, more related viscous dissipation is
produced during fluid flow, leading to an increased pump power
consumption. Further observation, it can be obtained, with the
increase of pump power consumption, vortices are appeared in
the boundary region first and then extended to core flow region.
When vortices are strong enough in core region, new disturbance
looms in the boundary region again. It indicates that the key region
where extra heat transfer enhancement measures are urgently
needed is varied from boundary flow region to core flow region
and then back to boundary flow region, which depends on the
increase of pump power consumption. With the application of heat
transfer optimization, the pump power consumption can be effec-
tively utilized in the key region of heat transfer enhancement.



Fig. 3. Temperature contours with the variation of C0 in the plane of x = 0.8 m.

Fig. 4. Tangential velocity distribution with the variation of C0 in the plane of x = 0.8 m.
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Thus, the optimized flow field can achieve high heat transfer coef-
ficient at low pump power consumption.

Therefore, temperature distribution and velocity distribution
are closely related and the formation of temperature field can be
attributed to the longitudinal swirling flow which is conducive to
enhancing the overall thermal-hydraulic performance.

5.2. Exergy destruction analyses

The exergy destruction is the focus of this article so that the
variation of exergy destruction should be displayed. Usually, the
exergy destruction of heat transfer process is far larger than that
of pump power consumption. That is to say, the exergy destruction
needs to be divided into heat transfer exergy destruction and pump
power consumption. And the two parts should be discussed sepa-
rately. The expression of exergy destruction rate, which is equal to
available potential loss, can be written in incompressible turbulent
flow as [22]:

exd ¼ exd;DT þ exd;Dp ð32Þ

where exd;DT ¼ T0Sg and exd;Dp ¼ �U � rp.
Thus, the local integrated exergy destruction is defined as:

Exd xð Þ ¼
Z x

0:33

Z H

0

Z W=2

�W=2
exd x; y; zð Þdzdydx ð33Þ

It is shown in Fig. 5 local exergy destruction rate distributions
caused by heat transfer (exd;DT) and fluid flow (exd;Dp) in the plane
ofx = 0.8 m with C0 = 5 � 103. Local heat transfer exergy destruc-
tion distribution rate is related to the corresponding temperature
contour. Higher temperature gradient may result in higher heat
transfer exergy destruction. Lower heat transfer exergy destruction



Fig. 5. Distributions of local exergy destruction rate caused by (a) temperature
difference and (b) pressure loss in the plane of x = 0.8 m.
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always indicates lower temperature difference. As is depicted in
Fig. 5(a), it can be found that high heat transfer exergy destruction
rate region is restricted to the area near the absorber wall, and that
most region of the cross section accompanies with low heat trans-
fer exergy destruction rate. In this way, total heat transfer exergy
destruction has been minimized at a given power consumption
with the variation method, leading to lower temperature differ-
ence of the whole domain. Thus, heat transfer performance has
been improved. Comparing Fig. 5(a) with Fig. 5(b), it is found that
low heat transfer exergy destruction rate is attributed to high
exergy destruction rate of fluid flow. It is illustrated in Fig. 6 the
local integrated exergy destruction along x direction. Exd;DT xð Þ and
Exd;Dp xð Þ are respectively caused by temperature difference and
Fig. 6. The local integrated exergy destruction caused by (a) temperature d

Fig. 7. Variations of thermal-hydraulic characteristics, total exergy destruct
pressure difference of test section. Based on the optimization prin-
ciple in this paper, the line in Fig. 6(a) is the lowest limit of local
integrated exergy destruction of heat transfer process at the corre-
sponding given pump power consumption presented in Fig. 6(b).
Along with the increase of pump power consumption, the lowest
limit is subsequently lower. The total heat transfer exergy destruc-
tion can be maximally reduced by about 65% compared with plain
duct in the scope of research, which demonstrates the effectiveness
of this optimization approach.
5.3. Thermal and hydraulic analyses

When C0 ranges from 5 � 104 to 103, pump power consumption
increases from 0.24 W to 0.4 W. As illustrated in Fig. 7, total heat
transfer exergy destruction decreases as heat transfer performance
is enhanced. As the heat transfer exergy destruction decreases, the
mean synergy angle bm also decreases, which means that the syn-
ergistic effect between velocity and temperature gradient is
improved. Besides, both total exergy destruction of fluid flow and
mean field synergy angle hm are increased with the increase of
power consumption. In order to describe the characteristics of heat
transfer and fluid flow intuitively, ratios Nu=Nu0 and f=f 0 are uti-
lized. On the whole, the maximum Nusselt number and friction
factor are increased to 1.81 and 3.13 times over plain duct respec-
tively within the scope of this study. It is clear that both Nu=Nu0

and f=f 0 increase as pump power consumption increases. Due to
the fact that the increase of Nu=Nu0 exceeds that of f=f 0 with the
increase of power consumption, the optimized flow field can
achieve high heat transfer enhancement with low increase of
resistance.
ifference and (b) pressure difference of test section along x direction.

ion, and field synergy angles with the increase of power consumption.



Fig. 8. Variations of local averaged absorber wall temperature of test section.
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Absorber wall temperature is another important parameter for
evaluating the heat transfer performance. Reducing absorber wall
temperature can bring benefits of less heat loss to environment.
A lower wall temperature indicates a better efficiency. The defini-
tion of local averaged absorber wall temperature is expressed as:
Tw xð Þ ¼
R x
0:33

RW=2
�W=2 T x; zð ÞdzdxR x

0:33

RW=2
�W=2 dzdx

ð34Þ

As depicted in Fig. 8, the absorber wall temperature is
decreased when C0 is decreased. And the averaged absorber tem-
perature can be maximally decreased by about 30 K compared
with plain duct. When the longitudinal swirl is generated, the syn-
ergistic effect of velocity and temperature gradient is greatly
improved due to the generation of tangential velocity. Besides,
working fluid is mixed fully. In this case, heat transfer performance
is enhanced so that the temperature difference reduces. Thus, heat
Fig. 9. Streamlines in the duct fitted with
transfer exergy destruction is decreased and the absorber wall
temperature is lowered. In conclusion, the longitudinal swirl flow
is an effective flow pattern for heat transfer enhancement.
6. Optimized flow pattern realization in solar air heater.

This part aims at the realization of optimized velocity field in
solar air heater. The longitudinal swirl flow has been realized in
tube through many methods, such as ribbed tube [24], slant rods
inserts [23], and conical strips inserts [25]. Through those previous
works, the author has found that a pair of vortices can be produced
when the fluid passes by the inclined rod and plate. In this way, the
longitudinal swirl flow can be generated. Thus, a novel insert is
designed and detailed illustrated in the local magnified picture in
Fig. 9. The ellipse-shaped inner structure is used to disturb the fluid
and generate longitudinal flow and two ends of the inclined vortex
plate are mounted on the absorber plate and bottom respectively.
As for grid system in simulation, the grid near the inserts is also
extremely dense, which always guarantees yþ � 1 so that the total
grids is over 11 million. The generated streamlines which visual-
izes the flow are depicted in Fig. 9 for Re = 12,000. Obviously, when
the fluid flows through the duct, the streamlines are bent by the
guide of inclined vortex plate periodically, which indicates a strong
perturbation of the fluid in the whole test section.

In Fig. 10, the inspection of velocity and temperature distribu-
tion has been conducted in the plane of x = 0.8 m at Re = 12,000.
It is apparent that each inclined vortex plate produces a pair
counter-rotating vortices. Therefore, while flowing forward, the
fluid in the duct periodically flows from the core region to the wall,
and then flows from the boundary region to the core region so as to
form longitudinal swirls. With further analyses, it can be deduced
that no backflow occurs so that the resistance does not increase
much in this way. The results of the above analyses agree well with
the design ideas. Thus, the inclined plate can be applied to solve
the problem of longitudinal swirl flow realization.

In addition, for the duct fitted with inclined vortex plates, some
important numerical results are listed in Table 1. Definitely, the
heat transfer and fluid flow characteristics can be improved with
the optimization of structure parameters and arrangements. The
inclined vortex plates at Re = 12,000.



Fig. 10. Tangential velocity distribution and temperature contour in the duct mounted with inclined vortex plates.

Table 1
Numerical results of the duct with inclined vortex plate at Re = 12,000.

Nu/Nu0 f/f0 bm hm PEC EEC Tw ur/um

2.46 4.92 89.49� 86.97� 1.45 0.5 326 K 0.72
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vortex plate location and the distance between two plates can be
both adjusted, and structure parameters such as slant angle and
plate width can be also optimized. The optimized structure param-
eters and arrangements can be obtained with genetic algorithm
[43]. However, the aim of this part is only the flow pattern realiza-
tion of longitudinal swirl flow. The further optimization work of
this kind of inserts needs the joint efforts of researchers.

7. Conclusion

This paper conducts an approach for optimizing the thermal-
hydraulic performance of solar air heater in turbulent flow in order
to find the optimized flow pattern. With using the variation
method, governing equations are derived when total exergy
destruction reaches the minimization point in the heat transfer
and fluid flow process. The optimized flow field is obtained by solv-
ing the derived governing equations with the SST k–x turbulent
model. With analyses of results, this paper allows following points:

(a) Longitudinal swirl flow is an effective flow pattern for
enhancing heat transfer with moderate resistance. With
the increase of pump power consumption, the key region
where extra heat transfer enhancement measures are
urgently needed is varied from boundary flow region to core
flow region and then back to boundary flow region.

(b) Heat transfer performance is improved as total heat transfer
exergy destruction decreases. In the meanwhile, total exergy
destruction of fluid flow and fluid resistance are both
increased.

(c) Within the scope of this research, the total heat transfer
exergy destruction and average absorber temperature can
be maximally reduced by about 65% and 30 K respectively
compared with plain duct. Besides, the maximum Nusselt
number and friction factor are increased to 1.81 and 3.13
times over plain duct respectively.

(d) A pair of vortices can be produced after the fluid passes by
the inclined rod and plate. Thus, the inclined plate can be
applied to realize the longitudinal swirl flow.
The future work is to optimize structure parameters and
arrangements of the proposed inclined plates in solar air heaters
so that the overall thermal-hydraulic performance can be
improved. Furthermore, it needs the effort of researchers to con-
ceive of novel structures to realize the obtained optimized flow
pattern.
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