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The solar kang, which integrates the positive features of the solar air collecting system and the con-
ventional Chinese kang, could serve as a low-polluting heating device alterative to the traditional kang,
feasible for the rural households in northern China. On the basis of the dynamic heat transfer model
developed in the previous work, we conducted a series of numerical parametric analysis in the light of
energy storage of the kang body, energy distribution, and temperature variations of the upper kang plate.
It was found that the solar kang body normally absorbed most of the airflow heat input due to large
convective heat transfer area in the air space. The thermal physical parameters of the upper kang plate,
including the thermal capacity and the thermal conductivity, had significant influence on the kang’s heat
transfer process and the according temperature variations. The results from this numerical study could

be useful for the thermal design of such new local heating systems.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

At present, around 100 million tons of coal is consumed every
year for heating in northern rural China, which results an emis-
sion of around 300 million tons of CO,, 1 million tons of SO,, and
70 million tons of NOy [1]. Development of new feasible technolo-
gies for housing heating is considered as a critical way to decrease
solid fuel use and improve indoor/outdoor air quality in developing
countries.

The Chinese kang, serving as a heated bed that normally recovers
thermal energy from a solid fuel cooking stove, is widely used as a
local heating device in northern rural China [2]. However, the cook
stove usually emits high level of pollutants due to low combus-
tion efficiency of solid fuels, usually straw, wood and other biomass
residues, resulting significant health challenges [3]. To tackle this
problem, we have developed a new Chinese solar kang system,
which integrates the low-cost, easily maintained solar air collecting
system and the traditional kang system, as Fig. 1 presents, to reduce
certain amount of non-clean energy use [4]. In the solar kang sys-
tem, solar energy is firstly stored in the kang body by the convective
heat transfer with the warm airflow, which is circulated from the
solar air heater into the hollow cavity of the kang body by a small
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fan during the daytime. The heat is released into the room grad-
ually when the kang body gets sufficiently warm. The traditional
solid fuel stove, fume space and chimney are still accommodated
in the new system, serving as the auxiliary heating system with
consideration of uncertain weather conditions and cost effective-
ness.

To better understand the thermal performance of this new
house heating system, in this study, we began by introducing the
dynamic heat transfer model briefly, and then singled out three
parameters based on the thermal model and the heat transfer pro-
cess. A series of numerical parametric analysis on the new kang
body in consideration of energy storage of the kang body, energy
distribution and temperature variations of the upper kang plate
was then carried out on the basis of model simulation. Experiments
were conducted to validate the simulation results under certain
circumstances.

2. The dynamic heat transfer model and validation
2.1. The model

The model of the integrated system has three parts according
to the thermal process, including the model of the heating source
(the solar air heater and the stove), the kang body, and the room.
The model of the solar air heater could be developed either by the
detailed heat transfer process (white box model) [5] or the collector
efficiency equation (black box model) [6], and an equivalent heat
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Nomenclature

A heat transfer matrix

B thermal disturbance matrix

C thermal capacity matrix

G specific heat (J/(kg K))

F heat transfer area (m?)

h heat transfer coefficient (W/(m?2 K))

S heat storage coefficient (24 h) (W/(m? K))

T temperature matrix

Ratio the interior surface area of the upper kang plate/the

exterior surface area of the upper kang plate, the
interior surface area equals the convection heat
transfer area between the airflow and the upper
kang plate.

Q heat (M])

1% volume (m3)

Subscripts

ka airflow in the kang air space

ka,kp from the airflow to the kang plates
ka,kpi  from the airflow to the kang plate i
ka,k1 from the airflow to the upper kang plate
ka,k2 from the airflow to the south kang plate
ka,k4 from the airflow to the north kang plate
ka,k5 from the airflow to the west kang plate
ka,k6 from the airflow to the east kang plate
kf fume in the kang fume space

kpi kang plate i

room, k1 from the room to the upper kang plate

kp,k1 from the other kang plates to the upper kang plate
ekl internal energy of the kang plate
par partition plate

Greek letters

Tcharging  thermal charging period

A thermal conductivity (W/(mK))
0 density (kg/m?3)

power could be employed to replace the complicated burning pro-
cess simulation in the stove model [2]. The dynamic heat transfer
model of the room was developed based on the state space method
used in a building energy simulation program DeST [7,8], which
considers the dynamic heat conduction in the envelop, internal sur-
face long-wave radiation, convection with indoor and outdoor air,
and multi-zone interaction by conduction and ventilation.

The heat transfer process of the solar kang is so different from
the conventional kang, and the model of the solar kang is thus the
innovative point of the integrated system and developed under the
following assumptions that:

. Both the air and fume are considered as an ideal gas.

. The gas flow is fully mixed either in the air or the fume space.

. The airflow inside the kang air space has a uniform velocity.

. Temperatures of the kang plates only vary along the thickness.

. There is no leakage between the air and fume space.

. The effect of wind is ignored, meaning that smoke always flows
upward from the stove to the chimney during the firing time,
and the fume mass flow is only driven by the buoyancy force in
the fume system.

DU WN =

Based on the coupled heat transfer process between the air,
fume, and the thermal storage of the kang plates, the dynamic

Chimney

? () Fan (with a controller)

Air space B
Partition plate
\\ //—jfume
Fume space
Stove Kang body

Fig. 1. Schematic view of the solar kang system with supplemental heat from the
stove.

thermal process of the kang body could be finally transformed into
the matrix form as Eq. (1):

CT =AT +B (1)

where, the diagonal matrix C is the thermal capacity matrix of
the kang body, having close relationship with the thermal capacity
CppV of each kang plate. B is called the thermal disturbance matrix,
mainly influenced by the solar irradiance on the kang plate and the
other heating resources in the room. The symmetric matrix A is
the heat transfer matrix, which is closely related to the convective
heat transfer resistance in the air space, view factors between dif-
ferent kang plates, thermal conductivity of the kang plate, and the
comprehensive heat transfer resistance between the kang and the
room. T is the temperature matrix, also the solution of Eq. (1).

Aniterative procedure is employed to simulate the kang system.
The component temperatures of the kang body could be calculated
after assuming the indoor air temperature, and finally adjusted
until all the temperature differences between the guessed and cal-
culated values are less than 0.1°C. It is noticed that the solar air
heater normally would not work with positive efficiency when
there is solid fuel burning due to the high inlet air temperature
of the heater. Therefore, there are three typical working scenarios
in the whole day: only fan (solar air heater) is on, only firing (stove)
is on, and there is not any heating source to heat up the kang body.
Each working scenario could be realized by setting the working
schedule of the fan and stove in the model. For more details about
the model of solar kang system please refer to the detailed model
of the solar kang system [4].

2.2. Model validation

An experiment, to validate the accuracy of the theoretical kang
body model, was carried out in the Rural Energy and Environment
Laboratory of Tsinghua University, located in the suburb of Beijing,
China. The test space contains two test rooms and one auxiliary
room. The layout of the test room and the solar kang system is
presented in Fig. 2, and detailed physical information on each com-
ponent is shown in Table 1. A conventional solar air heater, with
solar collecting dimensions 2 m (length) x 2 m (width), was located
at the south window of the test room 2 to provide solar heat dur-
ing the daytime. A conventional stove, which is used for providing
heat during the night by burning wood, was located in the auxiliary
room.

The test was carried out from January 17 to January 20, 2011,
which was almost the coldest period in Beijing. The outdoor air tem-
perature varied from —15 to 10 °C, and the maximal solar irradiance
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Table 1
Physical properties of the test room and the kang system.
Component Thickness (mm) p (kg/m?) A (W/(mK)) G, (J/(kgK)) S (W/(m2K))
Test room
External Solid brick wall 370 1800 0.81 880 9.65
wall EPS 50 30 0.04 1380 0.36
Cement 20 1800 0.93 840 10.10
Interior Solid brick wall 120 1800 0.81 880 9.65
wall Cement 20 1800 0.93 840 10.10
Roof Waterproof 20 600 0.17 1470 3.33
Precast concrete slab 150 1600 0.81 840 8.90
Cement 20 1800 0.93 840 10.10
Floor Concrete 150 2500 1.74 920 17.20
Cement 20 1800 0.93 840 10.10
Window Double plastic-steel window Heat transfer coefficient is 3.0 W(m?2 K)
Kang body
Upper/bottom Precast concrete slab 50 1600 0.81 840 8.90
plate Cement 10 1800 0.93 840 10.10
Vertical Solid brick 60 1668 0.43 750 6.26
plate Cement 10 1800 0.93 840 10.10
Partition plate Iron 4 7753 52.00 490 -
Chimney
Chimney Iron 1 7753 52.00 490 -

on the solar collecting area changed between 800 and 1000 W/m?.
The fan was set to work when the outlet air temperature of the
solar air heater was higher than the interior surface temperature
of the upper kang plate, normally from 9:30 to 15:00 during the
test. The wood burning was set to last from 16:00 to 17:30, and
the inlet of the kang fume space was sealed after burning, ensur-
ing that there was no or little airflow once the firing process was
completed.

Temperatures at the kang plates, as well as in the kang air
space and fume space were measured, and results were compared
with the simulation results. Considering the asymmetric temper-
ature distribution of the kang and the interior surfaces of the
envelop, several temperature measuring points were put uniformly
on these surfaces and along the fume flow direction to get the
average values. Besides that, all the measured temperatures were
checked by the heat flux of each kang plate on the basis of the
energy conservation, ensuring that the measurement data were
reliable.

The measured and simulated temperature variations of the air
and fume temperatures in the kang body, as well as the upper
kang plate are shown in Figs. 3 and 4, respectively. It is shown
that the main trend of the simulation and measurement was in
accordance although there were some discrepancies, which were
possibly caused by testing point positions, leakage between the air
and fume space, and computational error of the empirical formulas
used in the model. Nevertheless, the dynamic heat transfer model
of the solar kang could present the thermal performance of the new
kang body, and is used for the following thermal analysis.

3. Parametric analysis

The heat transfer process of the solar kang is very different from
the conventional kang, and thus the parametric analysis on the new
kang body is considered as the key point in this paper. According
to the normal evaluation standard, the kang body, serving as some
thermal storage equipment, is normally regarded to work with bet-
ter thermal performance if it could absorb more convection heat
transfer under the same airflow heat input the kang body during
the thermal charging period, and release heat into the room during
the desired period, such as night.

Based on the heat transfer process, the energy stored in the kang
body, also the convection heat transfer from the warm airflow to

the interior surfaces of the kang plates Qg kp, could be expressed
as:

Qra,kp = / tha,kpikai(tka — lypi) - dT (2)
T,

charging {

It is presented from the above equation that Qg kp is mainly
determined by the convective heat transfer resistance in the kang
air space, normally defined as 1/(hF) [9]. The less the convective
heat transfer resistance is, the more the airflow heat would transfer
to the kang plates, and that may eventually lead to the higher energy
storage under the same airflow heat input. In order to present the
thermal performance of the kang body, the thermal performance
of either the solar air heater or the stove is not included in the
following parametric analyses.

In the heat transfer process between the kang body and the
room, many factors have impact on the heat release of the kang
body, such as the thermal construction of the kang and the room,
view factors between different kang plates, comprehensive heat
transfer coefficients between the kang and the room, etc. In this
paper, we chose to consider the thermal impact of the thermal
capacity CppV and the thermal conductivity A of the upper kang
plate, in terms of presenting the thermal storage performance of
the solar kang itself.

Next, serial numerical analyses of the above three parameters
were conducted by changing one parameter at a time on the basis of
the “base case” scenario. Their impacts on the kang body’s thermal
performance were compared under the same working condition in
the light of energy storage of the kang body, energy distribution
and the temperature variations of the upper kang plate.

3.1. Base case study

The test room and the solar kang system mentioned above,
shown in Fig. 2 and Table 1, were used as the calculation condi-
tions in the base case. The weather condition in the simulation is
shown in Fig. 5. With consideration of the thermal mass of the kang
and room, the first 26 days of simulation was for eliminating the
impact of the initial guessed values [8], and there was no heat input
the kang body during this period to ensure that the kang with dif-
ferent parameters could work with the same initial thermal state
in the last two days, and make the results comparable. Moreover,
only solar air heater worked for heating the kang in the last two
days in the simulation, and thermal wave input the kang body is
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Fig.2. Layoutofthe testroom and the kang system, (a) ichnographic view, (b) profile
view (A-A), (c) the solar kang body.

presented in Fig. 6, with total airflow volume rate 500 m3/h. Dur-
ing the whole simulation period, there was not any other heating
source in the room and the solar irradiance from the south win-
dow was obstructed by an opaque object, such as black-out cloth,
ensuring that there was no thermal disturbance on the kang body.

Fig. 7 presents the periodical temperature variations of the
upper kang plate, changing with the thermal wave input the kang
body. The maximal temperature of the interior surface of the upper
kang plate could be as high as around 30 °C, while that of the exte-
rior surface around 25 °C. Meanwhile, the time delay of these two
surfaces was about 2.5-3.0 h due to the kang’s thermal mass. It is
also shown in Fig. 7 that the temperature of the upper kang plate at
the end of the simulation period was higher than the initial state,
meaning that part of the heat input turned into the internal energy
of the kang, and this is visually expressed in accumulated energy
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Fig. 3. Measured and simulated temperatures of the fume and air space in the kang
body.

distribution of the kang body, as Fig. 8 presents. Additionally, Fig. 8
also presents that 78% of the total airflow heat input was trans-
ferred to the kang body by convection between the warm airflow
and the walls of the kang air space under the calculation condi-
tion during the thermal charging period. Then, this amount of heat
transformed into the heat release into the room (around 67% of the
total airflow heat input) and the internal energy of the kang body
(about 11% of the total airflow heat input) gradually during the cal-
culation period. It is also noticed that the upper kang plate releases
the most part of the heat, around 42% during the simulation period,
while the other kang plate releases around 3% -7% of the total heat
input, respectively. Based on such heat transfer process, it could be
observed that:

¢ The solar kang body could serve as a high-efficient thermal stor-
age terminal, which could absorb most of the airflow heat during
the charging period.

e The most proportion of the solar heat could be stored in the upper
kang plate compared with the other plates due to large convective
heat transfer area between the upper kang plate and the airflow.

3.2. The impact of the convective heat transfer resistance in the
kang air space

Decreasing the convective heat transfer resistance is benefi-
cial to strengthen the convection heat transfer, and thus may help
to increase energy storage of the kang body, and eventually be
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Fig. 4. Measured and calculated temperatures of the upper plate.
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beneficial to boost the heat release into the room. In order to study
this impact, we reduced the convective heat transfer resistance in
the kang air space by increasing the interior surface area of the
upper kang plate, which could be realized by making interior sur-
face in V-groove shape. The quantity Ratio, defined as the interior
surface area of the upper kang plate divided by the exterior surface
area of the upper kang plate, is chosen to present the times of area
increase from the base heat transfer area.
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Fig. 7. Temperature variations of the upper kang plate.
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Fig. 8. Accumulative energy distribution of the kang body during the simulation
period.

As Fig. 9 presents, there was no notable rise in the total energy
storage of the kang body with the increase of the heat transfer area.
This could be explained by the fact that the convection heat transfer
coefficient in the kang air space varied around 5W/(m? K) under
such working scenario according to the heat transfer model [4], and
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(Ratio=the interior surface area of the upper kang plate/the exterior surface area of
the upper kang plate. In which, the interior surface area equals the convection heat
transfer area between the airflow and the upper kang plate)

Fig. 9. The variations of the accumulated convection heat transfer between the air-
flow and the walls in the kang air space with the change of the interior surface area
of the upper kang plate.
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Table 2
Thermal capacity of the upper kang plate with variation of the thickness of the upper
kang plate.

Thickness of Specificheat  Density (p) Volume (V) Thermal
the precast (Gp) capacity (C,pV)
concrete
kJ/(kg K) kg/m?3 m3 KkJ/K
50 mm 0.18 272.2
100 mm 0.84 1800 0.36 544.3
150 mm 0.54 816.5

the according heat transfer area reached around 8 m? when Ratio
was only 1.0, so the convective heat transfer resistance in the pass
could be as low as 0.03 K/W according to the definition. The value
was so low that it would not decrease greatly with the increase of
either the heat transfer area or the heat transfer coefficient due to
the (—1) relationship of (hF).

Moreover, as the accumulated solar heat distribution shown in
Fig. 9, with the increase of the heat transfer area, more convection
heat was transferred to the upper kang plate, which was domi-
nantly caused by the increase of the convective heat transfer area
between the warm airflow and the upper kang plate, and thus
the reduction of the convective heat transfer resistance accord-
ingly. But it is noticed that such impact receded until the quantity
Ratio turned to 4.0, namely the convective heat transfer would be
increased by only 1.0 MJ when the quantity Ratio increased from 4.0
to 6.0. That was possibly caused by fact that the reduction of the
convective heat transfer resistance between the upper kang plate
and the warm airflow would not decrease greatly when the heat
transfer area was big enough.

3.3. The impact of the thermal capacity of the upper kang plate

It is known that the upper kang plate with appropriate ther-
mal capacity could maintain certain level of warmth during the
required period, and therefore the thermal capacity of the upper
kang plate is regarded as one of the critical parameters in the kang
thermal design [10]. In order to study the impact of the thermal
capacity on the thermal performance of the kang body, different
thermal capacities were obtained by changing the thickness of the
upper kang plate, as Table 2 presents, without affecting the thermal
physical properties of the kang plate.

As Fig. 10 presents, the temperature varied at the lower level
with larger thermal capacity during the solar heater working
period, while at the upper level during the night. Under the simu-
lation condition, the maximal interior surface temperature of the
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Fig. 10. Temperature variations of the upper kang plate with the increase of the
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Fig. 11. Energy balance analyses of the upper kang plate with the increase of the
thickness of the upper kang plate.

upper kang plate decreased from about 30°C to 26 °C and that of
the exterior surface dropped from around 25°C to 18°C when the
thermal capacity of the upper kang plate increased from 272 kJ/K
to 817KJ/K, and the time delay of the kang plate increased to
around 1.5 h accordingly. Therefore, the data pointed the temper-
ature wave decay and time delay of the upper kang plate with the
increase of the thermal capacity.

From the view of its thermal process presented in Fig. 11, the
upper kang plate absorbed almost the same amount of convection
heat from the warm airflow possibly due to the same convective
heat transfer resistance in the pass. However, the average temper-
ature of the kang plate decreased with the increase of the thermal
capacity, and thus reduced the temperature differences between
the room and the kang, also that between the interior surface of the
upper kang plate and the other kang plates. That helped to decrease
the heat release into the room, and the long-wave radiation to the
other kang plates as well. On the basis of energy conservation, the
reduction of this amount of heat was eventually transformed into
internal energy of the kang plate during the simulation period.

3.4. The impact of the thermal conductivity of the upper kang
plate

Increasing the thermal conductivity of the kang plate mate-
rial could help to strengthen the thermal conduction along the
thickness of the kang plate, leading to change of the thermal pro-
cess in the kang body. In order to show the effect on the solar
kang, we chose three thermal conductivity of the upper kang plate,
0.43W/(mK), 0.93W/(mK), and 2.93 W/(mK), whose value was
close to that of solid brick, cement, and marble, respectively.

As Fig. 12 presents, the maximal temperature difference
between the interior and exterior surface decreased from 9.4°C to
2.3°C with the thermal conductivity increased from 0.43 W/(m K)
to 2.93 W/(mK), meaning that the increase of the thermal conduc-
tivity of the kang plate helped to decrease the temperature wave
difference between the interior and exterior surface. That helped
to enlarge the temperature differences between the interior sur-
face of the upper kang plate and the warm airflow, as well as that
between the interior surface of the upper kang plate and the par-
tition plate, which led to more convective heat transfer from the
warm airflow to the upper kang plate, and the long-wave radiation
heat transfer from the partition plate to the upper kang plate as
well. Finally, all the heat was eventually transformed into the heat
released to the room on the basis of the energy conservation, as
shown in Fig. 13.
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4. Conclusions

Using the numerical model developed previously for a new solar
kang system, we conducted parametric analyses on kang’s three
parameters, namely the convective heat transfer resistance in the
kang air space, the thermal capacity and the thermal conductiv-
ity of the upper kang plate, in the light of energy storage of the
kang body, energy distribution, and the temperature variations of
the upper kang plate. Simulation results have led to the following
conclusions:

(1) Reducing the convective heat transfer resistance in the kang air
space would not lead to notable rise of kang body’s energy stor-
age when only the solar collecting system worked, which was
mainly due to large convective heat transfer area in the kang air-
flow pass. However, more convective heat could be transferred

to the upper kang plate by increasing the convective heat trans-
fer area between the upper kang plate and the warm airflow, but
this effect would also diminish until the according convective
heat transfer resistance became low enough.

(2) The thermal physical parameters of the upper kang plate,
including the thermal capacity and the thermal conductivity,
played a significant role in determining the thermal process in
the kang body and its temperature variations. The upper kang
plate with larger thermal capacity helped to decrease the heat
release to the room and stored more solar heat during the sim-
ulation period. While, larger thermal conductivity of the upper
kang plate would be beneficial to strengthen the convective
heat transfer with the warm airflow and the long-wave radi-
ation with the partition plate, and finally increased the heat
release into the room.
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