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A B S T R AC T

It is based on the heat transfer analysis of double-pass solar air heater with V-groove absorber, 
and used CFD software to make numerical simulation for the air fl ow paralleling with the 
V-groove in the air heater. The comparisons of simulation data with the experimental ones 
are made, it shows that the average difference between them is less than 8%, and the method 
of simulation is reliable. It is found by simulation that if the air fl ows across the V-groove in 
the air heater, the parameters of air heater, such as outlet air temperature, inlet-outlet pressure 
drop and effi ciency of heat collected would be higher than the ones of parallel-fl ow under the 
same conditions; if the included angle of V-groove is increased, the inlet-outlet pressure drop 
of air in the heater would be decreased appreciably, and the outlet air temperature decreased 
obviously; if the height of V-groove is reduced about 10%, the inlet-outlet pressure difference 
of air in the heater would be reduced considerably, but the outlet temperature of it would be 
reduced seldom.
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1. Introduction

Solar air heaters are main equipments used in agri-
cultural products dehydration, architecture heated, HD 
desalination, and so on. So far, many theories, experi-
ments, and numerical simulation researches of solar air 
heater have been carried out.

Flat plate heater is one kind of common air heat-
ers. It has several advantages, such as simple structure, 
the ability of absorbing direct and scattered radiation 
simultaneously, etc. Now, the study of fl at plate heater 
are mainly focused on reducing heat loss from its glass 
cover, using the higher selectivity absorbing coat, 
enhancing surface heat transfer of absorber plate, choos-
ing the high transmittance and high intensity materials 
of its cover, etc.

Absorber plate is one of the main components of 
air heater, the shape of its surface is directly bound up 
with the property of heat absorbing and heat transfer. 
Bopche [1] had made some turbulators on absorbing 
plate, and concluded by experiments that it could 
enhance the heat transfer factor and friction factor by 
2.82 and 3.72 times respectively than that of the plain 
absorber plate. Gupta [2] tested the properties of sev-
eral absorber plates with different sizes of expanded 
metal mesh on it, and compared the test results with the 
fl at absorber plate’s ones, then the suitable roughness 
parameters of expanded metal mesh were determined. 
Esen, Ozgen [3−6] and their colleagues arranged alu-
minum cans on absorber plates in staggered and in 
order respectively in double-pass air heater. By experi-
ments, it was showed that heat transfer between air 
and the surface of absorber plate was enhanced com-
paring with that without obstacles. The exergy analysis
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show that the largest irreversibility is occurring at 
the fl at plate collector in which collector effi ciency is 
smallest. Ho [7] studied the infl uence of recycle on 
performance of baffl ed double-pass fl at plate solar air 
heaters with internal fi ns, the experiment had been 
performed that it can enhanced heat transfer rate, but 
the fl ow resistance and energy cost were increased. 
The thermal performance of a double-glass and dou-
ble-pass solar air heater with a packed bed above the 
heater absorber plate was experimentally and theo-
retically investigated by Ramadan [8], the infl uence 
of mass fl ow and porosity of the packed bed material 
on the performance of heater were also studied, it was 
advisable to use the packed bed materials which have 
higher density and lower porosities, furthermore, rec-
ommended to operate the system with packed bed 
at 0.05 kg/s or lower to have a lower pressure drop 
in the system. An experimental studies for fl at plate, 
fi nned and V-groove air heaters by Karim [9], V-groove 
heater was found to be the most effi cient, whereas, the 
fl at plate heater was the least effi cient, the double-pass 
air heater lead to a further improvement comparing 
to single pass one. The mathematical models of heat-
ers, such as with the V-plate, fl at plate, single air pass, 
double air pass, and with or without fi ns were given 
by Yuan [10], as well as the instantaneous effi ciency 
computing methods. A numerical investigation of tur-
bulent forced convection in a two-dimensional channel 
with periodic transverse grooves on the wall of lower 
channel was conducted by Eiamsa-ard [11], in order to 
investigate the infl uence of turbulence models on the 
results, computations based on a fi nite volume method 
were carried out by utilizing four turbulence models: 
the standard k−e, the renormalized group (RNG) k−e, 
the standard k−ω, and the shear stress transport (SST) 
k−ω turbulence models. The predicted results of using 
several turbulence models indicated that the RNG and 
k−e turbulence models generally provide better agree-
ment with available measurements than others, so the 
k−e turbulence model was choose to simulate the com-
plex fl ow. The results were shown that the heat trans-
fer rate of absorber with rectangle was 1.58 times than 
the smooth plate. Kumar [12] used the Fluent software 
to simulate the rough absorber plate, the results were 
that the k−e (RNG) model was good at evaluating this 
kind of plates and the friction coeffi cient of it, and it 
can given the optimal value fi nally.

The V-groove plate has many advantages, such as 
it can refl ect the incident light many times, absorbs 
the energy converted from the light, and increases the 
heat transfer area between air and absorber. Therefore, 
in order to study the property of the V-groove double-
pass solar heater in this paper, the CFD software is 

used to simulate the air heaters under different fl ow 
state and different V-groove structures separately, 
the results can be referenced for this kind of solar air 
heater’s design.

2. Analysis of structure and heat transfer

2.1. Structure and parameters

The shape of the V-groove double-pass solar air 
heater is rectangular block with V-groove heat absorb-
ing plate in it. Its structure is shown in Fig. 1.

To compare the simulation results with the test 
data from the literature [9] and to validate the accu-
racy of the numerical simulation, the structure param-
eters that are the same as the experiment ones are used 
in simulation. The parameters are: the length of the 
absorbing plate is 1.9 m, the width of it is 0.7 m; the 
height of V-groove is 5 cm, the thickness of it is 1 mm, 
the included angle is 60°, the material is stainless steel; 
the air inlet section of heater is 0.0175 m2.

2.2. Heat transfer network

For solar air heater, as the sun light passes through 
its glass cover(c), most part of the energy is absorbed by 
the V-groove, and converted to heat.
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(a) The schematic of the air heater

(b) Schematic of cross-section
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absorber plate glass cover up-channel down-channel
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Fig. 1. Schematic of the air heater and its cross-section.
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When the air fl ow enters the air heater, it fi rstly 
enters into the up-channel, and makes a convection 
heat transfer with V-groove and glass cover, then fl ows 
into the down-channel, also makes a convection heat 
transfer with V-groove and the insulation bottom 
board (b). Meanwhile, V-groove transfers heat with (c) 
and (b) respectively by radiation because of the tem-
perature difference between them. The heat dissipates 
into the environment by the convection and radiation 
between the glass cover (c) and ambient air (a). The 
coeffi cient of total heat loss is Ut. It is the same as the 
convection and radiation heat transfer exists between 
(b) and (a), the coeffi cient of total heat loss is Ub.

To analyze the heat transfer network in double-pass 
air heater, taking the parallel fl ow as an example, the 
transfer network is shown in Fig. 2.

For every node of the heat transfer network in Fig. 2, 
the energy balance equations can be written under 
steady working state. The temperature Tc, Tp, Tb can be 
calculated by the methods provided in literature [11].

In the energy balance equations, the heat transfer 
coeffi cient between heat absorber and air, the coef-
fi cient between air and glass cover, etc., should be 
calculated by program, in which the heat transfer for-
mulas are used.

For convenience, based on the fi nite volume 
method, the fl uid and heat transfer simulation software 
is used to acquire the heat transfer performance of the 
air heater.

3. Numerical simulation for fl ow fi eld of air heater

Taking account of the turbulent fl ow of air in the 
collector, the standard k– ε model of fl uent software is 
adopted. To facilitate the calculation of the heat transfer 
performance of collector in different structures and dif-
ferent fl ow patterns, the fi nite volume method is used to 
disperse the whole fl ow fi eld of collector and the heat-
absorbing plate.

3.1. Control equations

The basic control equations for fl ow fi eld calculation 
include continuity equation, momentum equation and 
energy equation. All above equations are in Reynolds-
averaged equation forms. In the Cartesian coordinates, 
the mass conservation equation is:

( ) 0i
i

U
t x
ρ ρ∂ ∂+ =

∂ ∂  
(1)

 In this equation, Ui is correspond to the average veloc-
ity of x, y, z direction respectively, r is average density.

 Momentum conservation equation is:
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Here, i, j = 1, 2, 3, P represents average pressure,  
ruiuj represents Reynolds stress tensor. From Buoss-
niesq’s hypotheses, the relationship between Reynolds 
stress and time averaged velocity gradient is:
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In this equation, μi is turbulent viscosity coeffi cient, k 
is turbulent kinetic energy, this two parameters can be 
solved by turbulent model equations.

Energy conservation equation is:
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Fig. 2. Heat transfer network of solar air heater.
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T—temperature, K; h—coeffi cient of heat transfer, W/(m2.K); U—
coeffi cient of heat loss, W/(m2.K); S—the actual absorbing radia-
tion energy, W/m2. The subscripts: g—the glass cover; P—V-groove 
absorber; b—insulation bottom board; a—air; f1,f2—the air fl ows in 
the up-channel and down-channel; c—convection heat transfer; r—
radiation heat transfer; t—total radiation and convection heat transfer.
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In above equation, T represents average temperature, 
G is effective heat transfer coeffi cient, rujq  is turbulence 
heat fl ow. The energy equation is an energy balance rela-
tionship comprehensive taking account of the thermal 
conductivity, convection and radiation. In the last item 
of Eq. (4), the Φ, 

.
q and rq∇ ⋅  represent the source items of 

heat fl ow produced respectively by viscous dissipation, 
burning and radiation.

Additional scalar equations include k equation:
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In the two equations, Gk represents the turbulence 
kinetic energy caused by the laminar fl ow gradient; 
Gb is the turbulence kinetic energy caused by buoyant 
force; Ym is fl uctuation caused by the transitive diffus-
ing in a compressed turbulence fl ow; C1, C2 and C3 are 
constants, sk

 and sε
 are the Prantl turbulence numbers 

of k and e equations.
Turbulence swirl viscosity mt is determined by the 

following formulas:
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The constants in the model are: C1ε = 1.44, C2ε = 1.92, 
Cm = 0.09, σk = 10, σε = 1.3.

3.2. Computational modeling and meshing

To establish computational model for the fl ow fi eld of 
parallel fl ow in the collector, Gambit software is used to 
plot meshes, as shown in Fig. 3. The structured hexahe-
dron gridding is adopted for the whole control volume. 
To ensure the accuracy of calculation, non-homogeneous 
structured meshes are plotted on the boundary layers 
of the V-groove heat-absorbing plate, and the density 
of meshes is increased near the boundary of V-groove.

(a) Flow fi eld and V-groove

(b) Meshes in V-groove

Fig. 3. Calculation model.

(c) Local meshes of V-groove

The size of the fi rst layer of meshes close to the bound-
ary is 0.5 mm, then the size of meshes increases at the 
rate of 1.2 layer by layer. The meshes in the airfl ow 
direction are plotted equably. The distance between two 
near mesh is 5 mm.

If the number of meshes increased by 1/3 times, 
which is about 53 × 104. It’s shown that the calcula-
tion results of former and later are almost the same. 
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Therefore, the meshes are independent. The needed 
number of meshes is about 40 × 104.

3.3. Boundary conditions

The numerical simulation calculation of the dou-
ble-pass air heater with V-groove absorber involves 
convection heat transfer between air and the sur-
face of V-groove, and the heat conductivity inside 
the V-groove. This problem is the one of conjugated 
heat transfer between fluid and solid. The effective 
method to solve it is to disperse the entire control 
regions and the different heat transfer processes in 
various regions, and then to combine them to solve it.
But the generalized coefficient of diffusion and the 
generalized source item in general control equations 
of different regions are not the same, therefore the 
coupled interfaces are transferred to the inner regions 
in calculation.

 During the calculation, the item S, which is the 
effective solar energy absorbed by heat-absorbing 
plate, is transferred to be the source item. For the abso-
lute temperature of V-groove, glass cover and bottom 
board are not very higher, so the radiation heat trans-
fer between V-groove and glass cover, V-groove and 
bottom board, ambient air and glass cover, ambient 
air and bottom board are ignored respectively. The 
effects of air viscosity on the pressure losses are con-
sidered, and the default value for air viscosity in the 
software is used.

The heat produced by unit volume is calculated by 
the following formula [13]:

( ) CeG ta A
F

v
τ•

=
 

(8)

Here, GT is solar radiation intensity, W/m2; (ta)e 
is the product of effective transmissivity and effective 
absorption rate of solar radiation, taking 0.87; Ac is the 
effective heat absorption area of collector, m2; v is vol-
ume of the collector, m3.

To research the energy losses of air fl uid passing 
through the air heater, the air is considered as ideal gas, 
and the relationship of its P, V and T can be calculated 
by ideal gas state equation.

3.4. Solving the control equations

In each control equation, the fi rst order of disper-
sion form is adopted by the variables and the coupling 
methods of pressure-velocity and the simple algo-
rithm are used by solver. The default relaxation fac-
tors in the software are adopted. The residuals of each

variable are set as 1×10−4. If the process of calculation is 
not convergence, the relaxation factors can be adjusted 
smaller properly.

4. Numerical simulation

4.1. Simulation and comparison for parallel fl ow

The experimental conditions provided by literature 
[9] are under clear sky, between 2 h before and 2 h after 
of solar noon. The air fl ow rate and inlet air temperature 
were not changed. The collector slope was 10°. The solar 
irradiation must be above 630 W/m2, the fl uctuation of 
it was less than 50 W/m2. The wind speed across the col-
lector was less than 4.5 m/s, etc.

To insure the numerical simulation and experiment 
under the same conditions, according to the parameters 
of experiments, the temperature of air entering the col-
lector is taken as 312 K, the frames and bottom of collec-
tor are viewed as insulated in the simulation.

The expression of convection heat transfer coeffi -
cient between glass cover and ambient air was offered 
by the literature [13], it was hw = 2.8 + 3.0 V, here, V was 
the wind speed. As V = 4.5 m/s, hw = 16.3 W/(m2 ⋅ °C); 
V = 2.5 m/s, hw = 10.3 W/(m2 ⋅ °C). The expression of hw is 
also suitable to use in the inclination cover. For the wind 
speed under experimental condition was not supplied 
detailed by the literature [9], so that hw was approxi-
mately taken as 10 W/(m2 ⋅ °C) in the numerical simula-
tion referencing other test data at lower wind speed [13].

As the solar radiation is constant, the outlet air tem-
peratures of simulation and test ones from the litera-
ture [9] of air heater are shown in Fig. 4. It indicates: as 
the mass fl ow of air increases, the outlet temperature 

Fig. 4. Outlet temperatures changed with air mass fl ows.
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decreases; the simulation data are greater than the test 
ones. The maximum error between the simulation data 
and the test ones is 8.2%, the average error between 
them is 5.2%.

As the mass fl ow is 0.031 kg/s, and the other param-
eters are not changed, the air temperature differences 
between the outlet and the inlet of air heater changed 
with the radiation intensity are shown in Fig. 5. The 
results show: as the radiation intensity increases, the dif-
ferences of temperature between the outlet and the inlet 
are increased; the biggest error between them is 5.2%, 
and their average error is 4.3%.

In above comparisons, the errors between simula-
tion data and test ones are mainly caused by the test-
ing errors, the accuracy of supposed solar energy values 

absorbed by the V-groove, the deviation of heat transfer 
coeffi cient between the cover and the ambient air, the 
ignored radiation heat transfer in the simulation cal-
culation, and so on. It is known from the comparisons 
that the simulation results are basically consistent with 
the experimental ones, that mean the boundary condi-
tions assumed in simulation for the fl uid-solid coupling 
model are basically right, and the simulation method 
could be applied to predict the performance of air heaters
under similar conditions.

4.2. Comparison of cross-fl ow with parallel –fl ow

In order to compare the performance differences of 
cross-fl ow with parallel-fl ow in the air heater, supposing
the size, the material, and the boundary of absorber 
plate are the same under various simulation conditions, 
only the direction of air fl ow is changed.

As the mass fl ow is 0.031 kg/s, and the solar radia-
tion intensity is 600 W/m2, the simulated temperature 
fi eld of the parallel-fl ow and the cross-fl ow are shown 
respectively in Fig. 6 and Fig. 7. The two fi gures indicate 
that the temperatures of absorber plate in cross-fl ow are 
lower than the corresponding ones in parallel-fl ow. The 
reason is that: the turbulence is formed in the V-groove 
under the cross-fl ow, so the heat transfer rate between 
absorber plate and air is enhanced; meanwhile the 
inlet-outlet pressure drop of air is increased too. The 
pressure drop of air in cross-fl ow is 3 Pa higher than 
that of parallel-fl ow by simulation.

The velocity fi elds of simulation for above two fl ow 
types are shown in Fig. 8 and Fig. 9 respectively. Fig. 10 
shows the comparison of the inlet-outlet temperature rise 
in air heater under different solar radiation intensities.
It indicates that the temperature rise of simulation for Fig. 5. Outlet-inlet temperature differences changed with 

solar radiation intensities.

Fig. 6. Temperature fi eld of parallel-fl ow. Fig. 7. Temperature fi eld of cross-fl ow.
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parallel-fl ow is a little higher than the experimental value;
the temperature rise of the cross-fl ow is higher than that of 
the parallel-fl ow under the same condition. It means that 
the solar collecting effi ciency of the cross-fl ow is higher 
than that of the parallel-fl ow.

4.3. Simulations for different absorbers’ included angles

The included angle q of the V-groove absorber is shown 
in Fig. 11. If q is changed, the infl uence of fl ow resistance 
and heat transfer rate on the cross-fl ow in air heater would 
be more obviously than that on the parallel-fl ow.

Fig. 11 shows the relation of outlet air tempera-
tures and outlet-inlet pressure drops changed with q. 
The outlet temperature of air heater decreased with
q increased. When q is increased from 60° to 120°, the 
outlet temperature is decreased about 9K. The reason 
is that the larger q of the V-groove in the same of area 
is, the less surface of heat transfer is; the weaker distur-
bance from the V-groove to the air fl ow is, the lower of 
the heat transfer rate is.

The pressure drop would be decreased with q 
increased. As q is increased from 60° to 120°, the pres-
sure drop is decreased by 1.4 Pa. For the larger of q is, 
the less fl ow resistance of V-groove to air is.

In a word, the outlet temperature of air heater 
decreased obviously, while the pressure drop decreased 
a little with q of V-groove increased.

4.4. Numerical simulation of the V-groove height changed

To reduce the air pressure drop in cross-fl ow state, it 
could be considered to reduce the height of the V-groove. 

Fig. 8. Velocity vectors of parallel-fl ow.

Fig. 9. Velocity vectors of cross-fl ow.

Fig. 10. Temperatures changed with solar radiation intensities.
Fig. 11. Outlet air temperatures and outlet-inlet pressure 
drops changed with q.
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It is assumed to reduce the height of the V-groove from 
10% to 60% separately under the same boundary and 
initial conditions, and to simulate its fl ow fi eld of cross-
fl ow with the CFD two-dimension model. The simula-
tion results are shown in Fig. 12.

Fig. 12 indicates that the air temperature in the out-
let of heater reduced with the decrease of the height of 
V-groove. The reason is that: as the height of V-groove 
is decreased, the disturbing for the air fl ow by the sharp 
angle of V-groove is decreased gradually. Meanwhile, 
the air fl ow section is increased, the fl ow rate and the 
heat transfer coeffi cient are reduced, therefore, its outlet 
temperature is decreased.

When the height of the V shape decreased by 10%, 
the pressure drop decreased larger, it is about 1.1 Pa, it 
indicates that the sharp angle of the V-groove has a large 
resistance to the fl uid. As the reducing percentage of the 
V-groove’s height is increased, the surface of absorbing 
plate tends to gentle, so the pressure drop is decreased 
slowly. When the height of V-groove is reduced from 10% 
to 60% of total height, the pressure drop is about 0.7 Pa.

5. Conclusion

Using the standard k−e model in fl uent software and 
the liquid-solid couple calculation method, it is predicted 
the fl ow properties of double-pass solar air heater with 
the V-groove absorber accurately in this paper. From the 
simulation results of this study, the heat transfer effect in 

air cross-fl ow state is higher than that in the parallel-fl ow 
state. When the height of V-groove is reduced by 5~10%, 
the air fl ow resistance in air heater reduces obviously. So 
it is suggested to use the cross-fl ow state and the reduced 
height of V-groove when it is necessary to use double-
pass solar air heater with V-groove absorber.
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