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Abstract: This paper presented a novel solar collector that can work in air or water heating mode
depending on the seasonal requirement. The dual-function solar collector (DFSC) integrated with
a building as well as a reference building without the DFSC were built to test thermal behavior in
passive air heating mode during winter. The buildings were equipped with an apparatus to control
the room temperature. During the testing procedure, experimental study on the DFSC system was
carried out under two conditions, where the indoor temperature was controlled and non-controlled.
The results showed that the average temperature of the test room was about 3.43 ◦C higher than
that of the reference room under the non-controlled condition. When the room temperature was
controlled at 18 ◦C, the power consumptions of the test room and reference room were 4.322 kWh
and 7.796 kWh, respectively. Consequently, the corresponding daily power consumption saved could
reach up to around 3.5 kWh. Moreover, a dynamic numerical model on the DFSC along with the
building was developed taking the fin effect of the Cu-tubes into account. The numerical results are
found to be well consistent with the measured data. A parametric study on with/without Cu-tubes
and depth of the air channel was carried out. It is found that the existing Cu-tubes functioning as
water heating can enhance the air heating efficiency when the depth of air channel is of a suitable size.

Keywords: flat plate solar collector; dual-function; passive air heating; numerical modeling

1. Introduction

The utilization of renewable sources such as solar energy for building heating is an effective
method to lower electricity consumption [1]. Trombe wall, which is known as one of the easiest and
cheapest architectural devices to utilize solar energy, has been widely used [2,3]. The performance of
Trombe wall has been analyzed. Bojic et al. [4] studied the use of a Trombe wall in Lyon-France and
proved that it can reduce the yearly heating consumption by up to 20%.

Many scholars have modified the traditional Trombe wall in order to improve their efficiency.
Different configurations have been developed, such as the Trombe–Michel wall [5], the Barra-Costantini
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wall [6], and the PV-Trombe wall [7]. There are various components to help improve the efficiency, such
as glazing, insulation, shading devices, vents, wall’s materials and thicknesses, and air channel depth.
Bellos et al. [8] proposed a Trombe wall with extra glazing in the massive wall, and it was compared
with the classic Trombe wall and the insulated wall. Results showed that the indoor temperature
was higher compared to the conventional cases and the lighting of the internal space was improved.
Briga-Sá et al. [9] studied the non-ventilated and ventilated Trombe wall with various thickness in the
storage wall. Results showed that energy heating needs can be reduced by 16.36% if a Trombe wall is
added to the building envelope. Mootz and Bezian [10] set up the theoretical model of Trombe wall to
analyze the influence of air channel depth on performance. Result indicated that there was a slight rise
of efficiency when the channel depth exceeded 20 mm, and a channel depth between 15 and 20 mm
was recommended. Burek and Habeb [11] conducted an experimental study on the mass flow rate and
heat transfer in the Trombe wall. Results showed that the mass flow rate increases with the increasing
heat input and air channel depth.

The application of Trombe wall can reduce energy consumption for space heating in winter, but it
is problematic in temperate climates due to undesired heat gains and overheating phenomena in
summer [12]. To extend the use of the passive heating system beyond the heating season and solve the
overheating problem, some strategies have been proposed. Solar shading and activating ventilation
were regarded as useful techniques to address these unfavorable problems [13].

Rockendorf et al. [14] designed a hybrid wall which has pipes attached to the surface, so that fluid
could flow through the pipe system and cool the absorber. Results showed that more than 75% of the
absorbed heat could be removed by the fluid and effective cooling was achieved. Based on this idea, a
dual-function solar collector (DFSC) integrated with building was developed. Ji et al. [15,16] presented
an experimental analysis on the performance, concluding that the indoor temperature was increased
by 20 ◦C in winter, and the water heating efficiency was 37% in the non-heating season. In addition,
the cooling load of the building could be reduced effectively in summer. Sergio L et al. [17] designed
an air/water heating system that contained an air-to-water heat exchanger with the aim of alternative
summer use, and hot air provided by the solar air heater was used for water heating while operating
in summer conditions.

In the previous studies [16], DFSC was integrated with hotbox, the envelop of which are a
lightweight insulation with a weak heat capacity, so there was a large temperature fluctuation within
a day: The maximum room temperature was up to 29.8 ◦C and the minimum temperature was
only about 0.5 ◦C; the temperature fluctuation was nearly 30 ◦C. In this paper, DFSC was integrated
with a building, and the thermal characteristic in passive air heating mode was studied via both
experimental and numerical approaches. Additionally, a reference room without the DFSC was also
built. The innovations of the present work are as following: (i) Southern façade of the test building
was made of bricks with high heat capacity, so the experiment can more accurately reflect the practical
operation than the previous research. (ii) Comparative experiments were carried out in two conditions:
Controlled indoor temperature and non-controlled indoor temperature. Indoor temperature was
controlled so the effect of DFSC on building heating load can be directly obtained. (iii) Cu-tubes
welded to the absorber plate would affect the heat transfer between the absorber and air flow. This
factor has been taken into account when the theoretical model was established. (iv) The theoretical
model was validated by the experiment and the impact of flow channel structure was investigated.

2. Experiment Setup

2.1. Description of the DFSC

The structure of the dual-function collector is shown in Figure 1. The collector has a length of
200 cm, a width of 100 cm and a thickness of 10 cm. The solid lateral surface of the DFSC channel
and back sheet are well insulated from outside. The upper surface of the collector module covers a
3.2 mm-thick flat glass. The aluminum absorber is situated between the glazing cover and back sheet,
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and its front surface is coated with selective material to maximize the absorption of the incident solar
radiation. Cu-tubes welded on the rear surface of the absorber form the water flow channel in water
heating mode. The absorber plate divides the air interlayer between the glass cover and the backboard
of the module into the upper and lower parts: The cavity between the absorber plate and the bottom
floor is the air flow channel in passive air heating mode. The up cavity between the absorber plate
and glass cover can reduce the heat loss. The backboard is composed of 2 cm glass fiber along with
iron plates for both inside and outside of the channel sides. Two opening vents with the dimension of
36 cm × 12 cm are positioned at the top and bottom of the blackboard of the module for the air heating
mode of the DFSC. The parameters characteristic of the collector are listed in Table 1.
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Figure 1. Schematic diagram of the dual-function solar collector.

Table 1. Parameters characteristic of the collector.

Materials Density
(kg/m3)

Specific Heat
(J/kg K)

Thermal Conductivity
(W/m K) Absorptivity Emissivity Thickness

(mm)

Glazing 1 2500 750 1.05 0.038 0.83 3.2
Absorber 2720 933 237 0.9 0.05 0.4
Insulation 15 1210 0.04 - - 20
Cu-tubes 8933 397 393 - - 0.8

1 Transmittance of the glazing is 0.912.

2.2. Experimental System

A hot box was built on the roof of an office building located in Hefei (31.89◦ N and 117.3◦ E), China.
The experimental platform consists of two separate rooms with the same structure and dimensions.
As shown in Figure 2a, the left room was equipped with two DFSCs called test room and the right
one is the reference room. The dimensions of each room are 3.9 m (Width) × 3.9 m (Length) × 2.6 m
(Height). The southern wall was constructed with bricks and all the other exterior walls and partitions
of the hot box are made of insulation material sandwiched in metal plates. The appearance of the
system is shown in Figure 2b. The thermal properties are listed in Table 2. In general, the experimental
system can work in two different modes: Passive space heating in winter and water heating in other
seasons. In this paper, we focus on the thermal behavior on the passive heating mode.
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view showing the test room building.

Table 2. Parameters characteristic of the building envelop.

Materials Density
(kg/m3)

Specific Heat
(J/kg K)

Thermal Conductivity
(W/m K) Absorptivity Emissivity Thickness

(mm)

Brick (SW) 1920 835 0.72 0.5 0.9 370
Steel panel 8030 502 16.27 0.5 0.9 0.5
Polystyrene 15 1500 0.04 - - 300 (F)/50 (W)

SW—south wall; F—floor; W—other walls.

The cross-section view of the test room is shown in Figure 3. Modules were combined with the
southern wall and the upper and lower vents connected the air channel and the indoor space for air
circulation. The air vents would be opened at 8:00 when the heat could be delivered into the room
through the passive circulation and closed at 17:00 to prevent heat loss from the room. The passive
heating experiments were carried out in good weather conditions on 18–19 January and 3 March.
The temperature measurement points include the absorber plate of DFSC, lower vent (air inlet), upper
vent (air outlet), and the inner surface of the wall. In order to obtain the indoor temperature distribution,
temperature sensors were arranged at three positions from top to bottom in the indoor centerline both
in the test room and the reference room. Temperatures of building envelop, indoor air and components
of the collector are important for the thermal behavior investigation of the system. In addition, they
could be used for model validation. Figure 3 shows the positions of sensors. Temperatures were
measured by the T-type thermocouples with an accuracy of ±0.5 ◦C. The solar radiation received
by the south wall facade was monitored by pyranometer (model TBQ-2, ±11.104 µv/W m−2 and
±11.601 µv/W m−2). The horizontal wind speed was captured by the anemometer (model EC21A).
Both the test room and reference room were equipped with a temperature control system so that the
room temperature can be controlled to a fixed value. The electric consumption of the temperature
control system was recorded. All the measured values were recorded by the data acquisition unit
(Agilent model HP34970A) at an interval of 30 s.
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3. Numerical Modelling

The numerical model for passive air heating mode of the building with DFSC module was
established. The model comprises three coupled parts: The DFSC model, the building envelops model,
and the indoor air model by considering the solar radiation irradiated in the collector and absorbed
by the absorber plate, convective heat transfer between the cavity air and the absorber plate, heat
conduction through the backboard of DFSC and the wall, flow and heat transfer of the indoor air.

3.1. Modeling of DFSC

The essential components of the collector are the glass cover, the backboard, and the absorber
plate. The air is heated by flowing in the channel through the buoyancy effect, the temperature
difference in width direction could be neglected. On the other hand, the temperature distribution
along the thickness direction can be neglected because of the miniature thickness of plate. Under the
assumption that the temperatures of the glass cover, absorber, and the back plate vary only in the
direction of air flow, the dynamic energy balance equations were established. The temperatures of the
air stream and essential components can be obtained by solving the energy equations.

3.1.1. Governing Equations

The energy equation of the glass cover is one dimensional in the length direction:

ρgcgdg
∂Tg

∂t
= kgdg

∂2Tg

∂z2 + hcpg(Tp − Tg) + hrpg(Tp − Tg) + hca(Ta − Tg) + hrs(Ts − Tg) + αgS (1)

The energy equation of the absorber plate is one dimensional in the length direction:

ρpcpdp
∂Tp

∂t
= kpdp

∂2Tp

∂z2 − (hcpg + hrpg)(Tp − Tg)− hrpb(Tp − Tb)− hcp f (Tp − Tf ) + αpτgS (2)

Equation of the air stream in air channel of DFSC is given as

ρ f c f d
∂Tf

∂t
= ρ f c f ud

dTf

dz
+ hcp f (Tp − Tf ) + hcb f (Tb − Tf ) (3)
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where d is the depth of the air channel (distance between absorber plate and backboard), hcp f is the
convective heat transfer coefficient between the air flow and absorber plate, u is the speed of air flow.
The DFSC has a similar construction to the conventional passive air collector except the absorber
plate is partially welded with Cu-tubes as shown in Figure 1. The additional tubes can affect heat
transfer between the absorb plate and the air stream. Moreover, the tubes affect the speed of air flow by
changing the cross-sectional area of air channel. Taking the tubes into account, the calculation method
of hcp f and u is described in Section 3.1.2.

The energy equation of the interior plate of backboard is given as

ρbcbdb
∂Tb
∂t

= kbdb
∂2Tb
∂z2 + hcb f (Tf − Tb) + hrpb(Tp − Tb) +

kR
dR

(Tw,1 − Tb) (4)

where dR is the thickness of the insulation layer of backboard, and Tw,1 is the temperature of the
outermost node of the southern wall that is attached with the backboard of DFSC.

3.1.2. Relative Heat Transfer Coefficient

The convective heat transfer coefficient in the air channel can be calculated by introducing the
Nusselt number as

hc =
Nuk

d
(5)

where d means the depth of the air channel (the interval between two planes). The Nusselt number for
the air channel is calculated by Reference [18]:

Nu = max

{
1, 0.288

(
Ra
KA

)0.25
, 0.039Ra0.33

}
for the case in which air vents were closed (6)

Nu = 0.107Gr1/3 for the case in which air vents were open (7)

where the aspect factor KA = L/d (ratio between the length and the depth), Ra = Gr · Pr, and Gr is
Grashof number which is calculated by Reference [18]

Gr =
βgL3(Tsur − Tf )

ν2 (8)

where Tsur is the temperature of absorber plate or the interior plate of the backboard.
Based on the Equation (5), the convective heat transfer coefficients between air stream and the

interior plate of backboard can be calculated directly. However, there are several Cu-tubes welded on
back side of the absorber plate, so the surface exposed to the air flow channel is not flat. Heat exchange
between air stream, absorber plate and Cu-tubes is shown in Figure 4. The convective heat transfer
coefficient between the air stream and absorber plate is different from the traditional flat plate without
tubes. In air heating mode, the inner water channel composed by the Cu-pipe is closed and there is no
water but air inside the pipes. The Cu-tubes can be seen as fins that increase the heat transfer area.Energies 2018, 11, 2402 7 of 19 
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As shown in Figure 4, for the differential element of the tube, the energy balance equation can be
obtained that

qφ = qφ+dφ + dqconv (9)

Based on Fourier law, it is known that

qφ = − k
r

At,C
dT
dφ

(10)

where At,C is the cross-section area. The conduction heat rate at φ + dφ can be expressed as

qφ+dφ = qφ +
dqφ

dφ
dφ = − k

r
At,C

dT
dφ
− k

r
At,C

d2T
dφ2 dφ (11)

The convection heat transfer is calculated by

dqconv = hdAS(T − T∞) (12)

We can obtain that
hr2

kd
(T − T∞)− d2T

dφ2 = 0 (13)

To simplify the form of equation, several parameters are defined as: m2 = h
kd , α = rφ, θ(α) =

T(α)− T∞, then we can obtain
d2θ

dα2 −m2θ(α) = 0 (14)

θ(α) = C1emα + C2e−mα (15)

To evaluate the C1 and C2, it is necessary to specify appropriate boundary conditions which are
described as

θ(0) = C1 + C2 = Tb − Tf = θ(b) (16)

dθ

dα
|α=π = C1emπ − C2e−mπ = 0 (17)

It can be obtained that
θ

θb
=

cosh m(πr− α)

cosh mrπ
(18)

Fin efficiency can be defined as [19]

η f in =
q f in

qmax
(19)

where

q f in = −2kAt,C
dθ

dα

∣∣∣∣
α=0

= 2kdmθbtanhmrπ (20)

and
qmax = hAsθb = 2hπrθb (21)

where As is the exposed area that contains the tubes and plate. Then the convection coefficient can be
calculated by

hcp f 2 = hc · (Nη f inPt + wp)/wp (22)

where hc is the convection coefficient for un-finned flat surface.
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The air flow in the channel of DFSC is driven by the stack pressure, and the velocity can be
calculated by [7]

u =

√√√√ 0.5gβ(Tout − Tin)L

ξin(
Aairc
Ain

)
2
+ λ f

L
De

+ ξout(
Aairc
Aout

)
2 (23)

where λ f is the friction loss coefficient of the channel, ξin and ξout are the partial resistance loss
coefficients of the inlet vent and outlet vent, respectively. ξin = 1.0, ξout = 1.5. De is the hydraulic
diameter of the air channel (m); Aairc is the cross section of air channel (m2); Aout, Ain are the areas of
the outlet and inlet vent, respectively (m2); λ f could be calculated by [7]

λ f = 0.316Re−0.25 for turbulent flow, (24)

λ f =
96
Re

(1− 1.20244χ + 0.88119χ2 + 0.88819χ3 − 1.69812χ4 + 0.72366χ5) for laminar flow, (25)

where χ is the ratio of the depth and width of the air channel.
The calculation method of the convective heat transfer coefficient on exterior surface of the

collector and the natural convective heat transfer coefficient in the air layer between the glass cover
and absorber plate are the same as reference [15].

3.2. Modeling of Building

The essential components of the building envelope are the walls. The heat flux through walls of
the building envelope is determined by one-dimensional along its thickness, so the energy balance
equation of the wall is given as

ρwcw
∂Tw

∂t
= kw

∂2Tw

∂x2 (26)

Equation (24) is for ceiling, floor and four directions of the walls. The boundary conditions of the
envelope are the energy balance on the surface, which is between the heat conducting from the surface
to the inside of the wall and the heat transferring from surface to its ambient. The boundary condition
at the exterior wall surface is

− kw
∂Tw

∂x
|x=0 = hca(Tw − Ta) + hra(Tw − Ts) (27)

The southern wall is divided into two parts: The parts of exterior wall surface covered by DFSC
and the remaining exposed parts. The parts covered by DFSC can be calculated coupled with the
backboard of DFSC. For the south façade that remains exposed

− kw
∂Tw

∂x
|x=0 = hca(Tw − Ta) + hra(Tw − Ts) + αwS (28)

The boundary condition at the interior surface of the envelop is

− kw
∂Tw

∂x
|x=Dw = hc(Tw − Troom) (29)

The convective heat transfer coefficient on inner surface of the walls is calculated by [20]

hc = 2.03∆T0.14 (30)

The convective coefficient on the ceiling is expressed as [20]

hc = −0.166 + 0.484ACR0.8 (31)

where ACH is the air exchange rate.
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3.3. Modeling of Indoor Air

The heat balance equation for the room air needs to be discussed in two conditions: The vents are
open or closed. When the upper and lower vents of the system are closed, the whole room can be seen
as a node. The energy equation of the indoor air is expressed as

ρ f VroomC f
dTroom

dt
= ∑ hcw, i Aw,i(Ti − Troom) (32)

When the vents are opened, the heat exchange caused by the air flowed from the channel of DFSC
into the room should be considered. In this situation, the energy equation of the indoor air is given as

ρ f VroomC f
dTroom

dt
= ∑ hcw,i Ai(Tw,i − Troom) + ρ f uAairc(Tout − Troom) (33)

3.4. Numerical Approaches

As a result of the finite difference method, the energy equations were transformed into algebraic
equations, which were solved by the iteration method. In the solution procedure, the initial conditions
including temperatures of different walls and operative environmental parameters such as solar
radiation, the temperatures of indoor and outdoor were given based on the experimental data. In this
study, numerical simulation under unsteady state was run with FORTRAN.

Temperatures of indoor temperature, envelops of building, air outlet, components of DFSC and
the mass flow rate of air can be obtained by the numerical simulation. So, the efficiency of DFSC could
be calculated by

ηa =
.

mCp(Tout − Tin)/(SAc) (34)

4. Results and Discussion

4.1. Model Validation

To validate the developed model, an experiment of the DFSC system was carried out from 18–19
January under the condition of non-controlled indoor temperature. During the whole test procedure,
the air vents remained open from 8:00 to 17:00 and the water valves were closed. The experimental
parameters including the vertical solar radiation and the temperatures of outside ambient are shown
in Figure 5.Energies 2018, 11, 2402 10 of 19 
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Figure 5. Solar radiation intensity and outdoor air temperature on 18 and 19 January.
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Figure 6 shows the numerical and experimental temperatures of the absorber plate and the outlet
of DFSC. The temperature deviation of the absorber plate is less than 4 ◦C. The temperature deviation
of the outlet air is less than 3 ◦C during the daytime when the air vents are open. When the air vents
were closed, experimental outlet temperature was higher than the numerical results. It is because the
vents were blocked by the insulation blocks, and the temperature sensor located at the upper vent was
close to the wall when the vent was filled with the block. The temperature obtained by the sensor was
the wall temperature rather than the air temperature in this period of time.
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Figure 6. Comparison of measured and predicted temperatures of absorber plate and outlet of DFSC
(E—experiment; S—simulation).

The numerical and experimental room temperature is shown in Figure 7. The curves represent
the temperatures at three different heights in the room (upper, middle and lower positions). It can be
seen that the temperature deviations are less than 2.5 ◦C.Energies 2018, 11, 2402 11 of 19 
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The model of building involves the walls of four directions, the floor and ceiling. Due to the
large heat capacity and the exposed external surface, it is necessary to analyze the heat process of the
southern wall. With the exception of the southern wall, the heat transfer processes of other walls with
identical materials are the same, so the temperatures of western and northern wall can be represented
by the value of the eastern wall. The numerical and experimental results are given in Figure 8. It can
be seen that the curves are well matched during the night when the air vents are closed. It is worth
mentioning that temperature deviations during the daytime are slightly larger compared to that in the
night. This is because air flow in the test room would be more intense when the air vents were opened
at the daytime, and the room air leakage through the interface would cause more heat loss in practice.
The temperature deviation of the ceiling is less than 2.5 ◦C and that of both the southern and eastern
walls are less than 1.0 ◦C.
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Figure 8. Comparison of measured and predicted temperatures of the building envelope
(E—experiment; S—simulation).

The mean deviations of temperature obtained through numerical simulation and experiment are
given in Table 3. Based on the above analysis, it can be concluded that the numerical results could
make a fairly good prediction of the thermal characteristics of the DFSC, air flow and the building
envelop under dynamic outdoor conditions.

Table 3. The mean deviations of temperature obtained through numerical simulation and experiment.

Position Mean Deviation (◦C)

Absorber plate 1.2
Outlet of DFSC 2.6

Indoor air (up/middle/low) 0.4/0.43/0.45
Interior surfaces of envelop (ceiling/south/east) 0.74/0.39/0.46

4.2. Experimental Results

4.2.1. Non-Controlled Condition of Indoor Temperature

The experiment on the DFSC system and reference room has been operated on during
18–19 January. The ambient conditions have been given in Figure 5 in Section 4.1. The maximum global
solar radiation on the vertical plane for the two days were 750 W/m2 and 668 W/m2. The maximum
and minimum ambient temperature on 18 January were 4.0 ◦C and −3.4 ◦C, and the corresponding
values on 19 January were 10.3 ◦C and −0.7 ◦C respectively.
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Figure 9 shows the temperature of the test room and outdoor ambient. According to the figure,
an obvious temperature gradient existed in daytime when the vents were open. The temperatures
of different height positions were uniform when the air vents were closed at night. Analysis of
the temperature variation along the height indicates that there was a pronounced increase in the
early hours on 18 January. As time went by, an increase of solar intensity enhanced the temperature
difference and the peak value of 6.3 ◦C was reached around 13:00.
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Figure 9. The air temperature distribution of test room and the ambient temperature.

Figure 10 shows the average indoor temperature of the test room and reference room. In general,
the temperature of the test room was much higher than the reference room, the effect of DFSC was
obvious. The average air temperature of the test room was 8.24 ◦C, while the reference room was only
4.81 ◦C, and the test room average temperature was increased by about 3.43 ◦C after the use of the
DFSC. The maximum values of the indoor temperature in the test room and the reference room on the
first day were 13.6 ◦C and 6.3 ◦C, and the corresponding values on the second day were 14.6 ◦C and
8.1 ◦C, respectively. In addition, the maximum temperature of the test room was reached earlier than
the reference room. This was because the heat gain of reference room was mainly obtained through
the heat conduction of the walls, and the heat gain of test room was transferred not only through the
conduction, but also by the air circulation of the DFSC.
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Figure 11 shows heat output of the DFSC. It can be seen that outlet temperature reached up
to 51.1 ◦C and heat output through the collector reached 633.1 W during the experimental period.
The inlet temperature has been significantly increased by flowing through the collector under the
heated pressure, so the indoor air of the test room can be heated rapidly by the DFSC.
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4.2.2. Controlled Condition of Indoor Temperature

In order to evaluate the effect of DFSC on the heating load of building in winter, the temperature
control device (electric heating system) was turned on, and the indoor temperature was set to 18 ◦C.
The control strategy of the indoor temperature was: The electric heating device was turned on
automatically once the indoor temperature decreased below 18 ◦C. Otherwise, the electric heating
device was turned off if the indoor temperature reached 18 ◦C. Considering the impact of the heat
storage of the walls, the temperature control device was turned on to enable the indoor temperature to
reach a steady state at the beginning of the experiment. Figure 12 shows the ambient temperature and
the solar radiation during the test time.
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Figure 13 shows the electric power consumption of the test room and reference room. In order to
keep the room temperature at a constant of 18 ◦C, both rooms consumed some electricity. However,
it can be seen in general that the energy consumed by the test room was less than the reference room.
With the ambient temperature and solar irradiance increasing, the electric power consumed by the two
rooms decreased while the electric power consumed by the test room decreased faster than reference
room due to the DFSC. From 10:30 to 16:30, the electric power consumed by the test room remained
at zero, which meant that the test room could maintain the indoor air temperature by the DFSC
without needing additional electric power. In contrast, the reference room needed electric heating
all the time to maintain a room temperature of 18 ◦C. As the vents were closed at 17:00, the electric
power consumption for the two rooms increased, and the value of both get closer along with time.
The experimental results show that the daily power consumption of the test room and reference room
are 4.322 kWh and 7.796 kWh, respectively. A power consumption of 3.5 kWh can be saved in a single
day. Overall, the winter heating load of building can be significantly reduced by the use of the DFSC
operated in passive air heating mode.Energies 2018, 11, 2402 15 of 19 
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Figure 13. Electric power of test room and reference room.

4.3. Effect of Inner Structure

The numerical simulations are performed to investigate the thermal efficiency of the DFSC and
the effect of inner parameters on the efficiency. In the simulation, experimental data on 18 January is
used. Figure 14 shows the variation of efficiency from 9:00 a.m. to 5:00 p.m. during the open period of
air vents. The highest and lowest efficiency of the DFSC are 47.2% and 33.9%, respectively. The mean
daily efficiency is 44.3%.

The structure of Cu-tubes welded on absorber plate aims for the function of water heating.
However, few investigations on the effect of the tubes on the passive air heating of the collector have
been reported. In what follows, comparisons of a traditional passive solar air collector without the
Cu-tubes and the DFSC are made. Figure 15 shows the daily efficiency of the DFSC and traditional
passive solar air collector. It can be seen that the efficiency of the DFSC is higher than the traditional
passive solar air collector. The tubes increase the heat exchange area of absorber plate, so they act like
fins and enhance the heat transfer effect between air flow and absorber plate. The daily efficiency is
44.3% for the DFSC and is 43.6% for the traditional solar air collector.
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Figure 15. The daily efficiency of DFSC and traditional passive solar air collector that with no tube.

The effect of the air channel depth on the daily average efficiency of DFSC and the traditional
passive solar air collector is shown in Figure 16. It can be seen that either the efficiency of DFSC or
traditional solar air collector are increased with the increase of the channel depth. The increase of
the thermal efficiency is noticeable until the depth of air channel is greater than 40 mm. Therefore,
the depth of air channel is preferably set at 40 mm. In this condition, the structure of Cu-tubes aimed
at the function of water heating is beneficial to the thermal performance of passive air heating.

Experiments on the buildings with and without the DFSC were carried out under two conditions:
The set-point room temperature of 18 ◦C, and without a controlled room temperature. Without the
control of the room temperature, the average temperature of the test room was 8.24 ◦C and the reference
room was only 4.81 ◦C. Under the set-point temperature 18 ◦C, the power consumption of the test
room and reference room were 4.322 kWh and 7.796 kWh, respectively.
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Based on the analysis of Figures 6–8, it can be concluded that the numerical results could make a
fairly good prediction of the thermal characteristics of the DFSC, air flow and the building envelop
under dynamic outdoor conditions. Adopting the validated model, the impact of Cu-tubes welded
on the absorber was analyzed. When the air channel depth is low (less than 30 mm), efficiency of
the traditional solar air collector is higher than the DFSC, and Cu-tubes have a negative effect on
the performance of passive heating in this situation. When the depth exceeds 30 mm, performance
of the DFSC is better than the traditional solar air collector. However, the depth of air channel is
preferably set at 40 mm according to the general trend, so Cu-tubes could improve the performance in
this condition.

The building-integrated dual-function solar collector is able to provide passive space heating in
cold winter, and water heating in warm seasons. In this work, experiments were carried out in three
typical days in winter to investigate the thermal behavior of passive heating, which is not enough to
study the annual characteristics of the system. In future studies, the performance of DFSC in water
heating mode would be investigated and experiments under different conditions would be carried out.

5. Conclusions

The module of a dual-function solar collector (DFSC) was integrated with a building located in
Hefei, China. Based on the experimental and numerical study, the following can be concluded:

Comparative experiment showed that room temperature can be increased by about 3.43 ◦C in
winter due to the use of the DFSC.

When the room temperature was set at 18 ◦C, power consumption of 3.5 kWh could be saved in
one day after use of the DFSC.

The numerical results indicated that mean daily thermal efficiency of the DFSC was 44.3%.
The efficiency of the DFSC is higher than traditional passive solar air collector that with no water tube.
The tubes can increase the heat exchange area of absorber plate. On the other hand, influence of the
air channel depth on the thermal efficiency of the DFSC has been analyzed. The results showed that
the depth had a prominent effect on efficiency of the DFSC until the corresponding value was greater
than 40 mm.
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Nomenclature

A area (m2)
C specific heat capacity (J/kg K)
d thickness or depth (m)
De hydraulic diameter (m)
Gr Glashov number
hc convective heat-transfer coefficient (W/m2 K)
hr radiative heat-transfer (W/m2 K)
k thermal conductivity (W/m k)
L length (m)
N numbers of Cu-tubes
P perimeter (m)
q heat flux (W)
r radius of Cu-tubes (m)
S solar radiation (W/m2)
t time (s)
T temperature (K)
u velocity (m/s)
v volume (m3)
w width (m)
Greek symbols
α absorptivity
β expansion coefficient
ε emissivity
η efficiency
λ friction loss coefficient
ν kinematic viscosity (m2/s)
ρ density, kg/m3

τ transmittance
ξ partial resistance loss coefficient
Subscripts
a air
b interior plate of backboard
f air stream
g front glazing
i walls in different direction
in inlet
out outlet
p absorbing plate
r insulation
s sky
t Cu-tube
w wall
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