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How to create a healthy and comfortable indoor environment without causing a substantial increase in energy consumption has
become a strategic problem that the development of all countries must face and solve. According to the climatic conditions of
Qinba Mountains in China, combined with the characteristics of local rural residential buildings and residents’ living habits, the
field survey and theoretical analysis were used to study the thermal environment status and the heating energy consumption
condition of local rural residential buildings. (e thermal design method of walls for the local rural energy-saving buildings based
on the indoor uniform radiation field was explored by using the outdoor comprehensive temperature function expressed by the
fourth-order harmonic Fourier series as the boundary condition of the wall thermal analysis. ANSYS CFX was adopted to study
the suitability of the energy-saving wall structure designed by the above method. (e results show that the indoor thermal
environment of local rural residential buildings in winter is not ideal and the heating energy consumption is high, but this area has
the geographical advantage to develop solar energy buildings. It is proposed that the indoor thermal comfort temperature of local
rural residential buildings in winter should not be lower than 14°C. When the internal surface temperature of the external walls in
different orientations are equally based on the design principle of uniform radiation field, the heat transfer coefficient of the east
wall, the west wall, and the north wall of the local rural residential buildings is 1.13 times, 1.06 times, and 1.14 times of the south
wall heat transfer coefficient, respectively. (e energy-saving structural wall with KPI porous brick as the main material and the
south wall heat transfer coefficient of 0.9W/(m2·K) is the most suitable energy-saving wall for local rural residential buildings.

1. Introduction

Many research studies have shown that good environmental
conditions can enhance people’s productivity and happiness
[1–4]. People spend more than 90% of their time indoors,
especially for the old, the weak, the sick, and the disabled
[5, 6]. (erefore, a comfortable indoor thermal environment
is necessary. However, with the improvement of indoor
thermal comfort, the proportion of building energy con-
sumption is also increasing [7–9]. At present, energy con-
sumption in buildings already accounts for nearly 40% of
total energy consumption in China, a figure which is still
rising [10–12]. If the rapid growth of building energy
consumption cannot be controlled, the present development
model will bring negative effects to the sustainable devel-
opment of China’s national economy, which is still the top

priority of developing countries. (erefore, how to create a
healthy, comfortable, and safe building indoor environment
without causing a substantial increase in energy con-
sumption has become a strategic problem that countries
must face and solve.

Currently, more than 560 million people are living in
China’s rural areas [13], with a total building area of 24
billion m2 [14], accounting for 50% of the total building area
in China [15]. According to the projections of the World
Bank, even if China maintains a stable urbanization rate, its
rural population will still be more than 500 million by 2030
[16]. If the thermal design and construction of buildings are
not rationalized, the energy consumption in rural residential
buildings will continue to increase in the future [17–19].
(erefore, promoting and accelerating the sustainable de-
velopment of rural buildings have a strategic meaning for
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balancing the contradiction between building energy effi-
ciency and indoor thermal environment improvement.

(e energy-saving of the envelope is considered to be
one of the most effective ways of building energy-saving
[20–23]. (e external wall is the main part of the building
envelope [24, 25]. Among the energy consumption of the
building envelope, the heat consumption of the external wall
accounts for the largest proportion [26, 27]. (us, it is an
important measure to reduce building energy consumption
and improve the indoor thermal environment by optimizing
the thermal design and structural design of external walls. So
far, many scholars have conducted research on the energy-
saving structure design of the wall [28–31] and indicated that
indoor thermal environment quality can be effectively im-
proved, and building energy consumption can be signifi-
cantly reduced if external walls can be rationalized in design
and construction.

Generally, the heat transfer coefficient of the wall with
different orientations is considered to be the constant in
building thermal design [31, 32]. Nevertheless, for some
areas with high solar radiation intensity, the solar radiation
intensity varies greatly in different orientations [33, 34]. In
the thermal design of the wall, the same heat transfer co-
efficient is adopted for the external walls with different
orientations, which greatly simplifies the thermal design
process of the wall. However, the above design method
neglects the influence of solar radiation difference in dif-
ferent orientations on wall heat transfer and also fails to
consider the economics of the wall structure and the in-
fluence of the wall thermal performance on the indoor
thermal comfort [31].

(e effect of the wall on the indoor thermal environment
and energy consumption of the building is influenced by the
thermal performance, the construction mode, and the
construction materials of the wall. (e walls with the same
heat transfer coefficient but different construction methods
or construction materials have different influences on the
indoor thermal environment and building energy con-
sumption. However, in the research of building external
walls, there is a lack of research on structural optimization of
energy-saving walls based on the uniform radiation field,
especially the research methods of steady-state theoretical
calculation and dynamic numerical simulation [31, 35–37].
Many scholars have conducted researches on rural resi-
dential buildings [38–40]. (ese researches show that it is
important to fully consider the climate characteristics and
residents’ living habits in building design, which can enable
buildings to be environmentally friendly, low-energy con-
suming, and sustainable on a longer term. (erefore, it is an
important measure to reduce the building energy con-
sumption and improve the indoor thermal environment of
the rural residential buildings by reasonably controlling the
thermal parameters, construction methods, and construc-
tion materials of the external walls according to the specific
climatic conditions, building characteristics, and residents’
living habits.

(e Qinba mountains are located in the northern high
latitude area of the hot summer and cold winter area,
between the Qinling mountains and the Baba mountains,

including three cities, Hanzhong, Ankang, and Shangluo
[41, 42]. (e area is hot and humid in summer and cold
and wet in winter [43]. (e temperature in the lowest
month is similar to that in the cold area, and the minimum
outdoor temperature can reach about −10°C [44, 45]. (e
annual sunshine hours are from 1400∼2200 h, and the
annual solar radiation amount is from
4190∼5016MJ·m−2·a−1 [46]. Consequently, the thermal
effect of indoor and outdoor environment on the building
envelope in this area is quite different from that of other
areas with hot summer and cold winter. (e amount of
rural buildings in Qinba mountains area is large and
widely distributed. However, the building type is simple
and the structure is extensive, which contributes to the
poor thermal environment indoor in winter and high
heating energy consumption [43, 47]. (erefore, problems
such as poor indoor thermal environment and high
heating energy consumption are particularly prominent
in this area.

Ankang area is located in the intersection zone of
Sichuan, Chongqing, Hubei, and Shaanxi provinces, and
its climate characteristics and residential forms are rep-
resentative in Qinba mountains [48, 49]. According to the
climate conditions of Qinba mountains, combined with
the characteristics of rural residential buildings and the
living habits of residents in Ankang area, the field survey
and theoretical analysis were used to study the indoor and
outdoor thermal environment status and the heating
energy consumption condition of local rural residential
buildings and explore the thermal design method of walls
for the local rural energy-saving buildings based on the
indoor uniform radiation field. In addition, ANSYS CFX
was adopted to study the suitability of the energy-saving
wall structure designed by the above method. (e research
results can provide theoretical and technical reference for
the construction of rural residential buildings in Qinba
mountains and other similar areas and play an important
role in promoting the sustainable development of rural
buildings.

2. Current Situation of Indoor and Outdoor
Thermal Environment and Heating
ı̂nergy Consumption

2.1. Object Selection. We conducted a field survey of rural
residential buildings in Sanyuan Village, Ankang City, and
Shaanxi Province of China from January 1 to 3, 2016.

According to the survey, it is found that most of the rural
residential buildings in Qinba Mountains are two-story
independent buildings with households as units. Most of the
local residential buildings face south, with a long east-west
and short north-south layout. (e external walls are mostly
240-mm-thick solid clay brick wall. (e roof is flat or in
double slope. Most of the windows are in single frame and
made of aluminum alloy or plastics. Based on the above
analysis, a representative two-story independent residential
building (Figure 1) is selected as the following measurement
and analysis.
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2.2. Data Acquisition. A field measurement was conducted
to obtain the indoor and outdoor thermal environment
parameters. (e outdoor temperature measuring point is
located in the outdoor shade. (e measuring point of the
solar radiation intensity is arranged outdoors with no
shelter. (e indoor air temperature measuring point is lo-
cated 1.5m above the floor in the center of the room. (e
monitoring period for the solar radiation intensity mea-
suring points is 10 h, and the acquisition time interval is 1 h.
(e monitoring period for the air temperature measuring
points is 24 h, and the acquisition time interval is 10min.

We are concerned that the hot wire anemometer and
globe thermometer will cause inconvenience to the resi-
dents’ life if they are placed indoors for a long time.
(erefore, the measurements of the mean radiant temper-
ature and air velocity are conducted by intermittent tests.
(e measuring points of the indoor air velocity and mean
radiation temperature are placed at the height of 1.0m above
the floor in the center of the room. (e main information
about the test instruments is shown in Table 1.

2.3. Results and Analysis. During the test, the outdoor
weather conditions were similar every day. (erefore, the
test data on January 2, 2016 are selected for the following
analysis.

(e changes of outdoor air temperature and solar ra-
diation intensity are shown in Figures 2 and 3, respectively.

Figure 2 shows that from 5 am to 4:00 pm, the outdoor
temperature is on the rise, while from 4:00 pm to 12 pm, the
outdoor temperature shows a decreasing trend. (e outdoor
temperature varies from 1.3°C to 6.6°C with the temperature
fluctuation of 5.3°C, and the mean temperature of 3.6°C. It
can be seen that the outdoor air temperature in this area is
lower and the temperature fluctuation is slightly larger in
winter.

Figure 3 shows that the local sunshine duration is about
10 h. (e peak total radiation intensity is 500.7W/m2, and
the average radiation intensity is 234.6W/m2. (e direct
radiation intensity accounts for 64.2% of the total radiation
intensity. To conclude, the region has a long sunshine time

and relatively high solar radiation intensity, which has a
geographical advantage to develop solar buildings.

(e changes of indoor air temperature, as shown in
Table 2.

Table 2 shows the maximum, minimum, and average
temperatures of the master bedrooms and the secondary
bedrooms. It is obvious that the master bedrooms are higher
than that of the secondary bedrooms, and the indoor
temperature of the bedrooms on the second floor is lower
than that on the first floor. (e fluctuation range of the
indoor temperature of the master and secondary bedrooms
on the first floor is from 8.7°C to 12.1°C and from 8.0°C to
10.8°C, with the average temperature of 10.5°C and 9.8°C,
respectively. (e fluctuation range of the indoor tempera-
ture of the master and secondary bedrooms on the second
floor is from 8.1°C to 12.8°C and 7.5°C to 11.6°C, with the
average temperature of 10.0°C and 9.4°C, respectively. To
sum up, the indoor temperature in this area is low and
fluctuates greatly in winter.

(rough the intermittent tests, it is found that the mean
radiation temperature is approximately equal to the air
temperature. (e indoor air velocity varies from 0.03m/s to
0.12m/s, and the average value is 0.1m/s.

In addition, we also surveyed the heating status of local
rural residential buildings. It is found that the heating energy
for local rural residential buildings in winter is mainly coal,
and each household consumes about 3.2 t of coal during the
heating period. Even so, most of the residents in this area are
still concentrated in the same room in winter. If the residents
adopt the auxiliary heating method of the compartment, the
heating energy consumption will be 1.5 to 2.0 times of the
existing energy consumption. (e survey also shows that the
percentage of the residents who are satisfied and general
with the current heating method and heating effect is 14.1%
and 43.7%, respectively. Besides, 42.2% of residents express
dissatisfaction with the current heating method and heating
effect. (ey think that the indoor heating energy con-
sumption is high, but the indoor thermal comfort is still poor
and the indoor air quality is low.

In summary, the indoor thermal environment of the
existing local rural residential buildings is not ideal. (e
residents’ satisfaction is low, and the heating energy con-
sumption is high. However, this area is rich in solar energy
resources and has the potential to develop solar energy
buildings.

3. Design Method of Energy-Saving Wall
Based on Uniform Radiation Field

3.1. Determination of Indoor and Outdoor Calculated
Temperature

3.1.1. Indoor Design Calculation Temperature. (e common
international comfort indexes are operative temperature
(To), effective temperature (ET), new effective temperature
(SET∗), predicted mean vote (PMV), and subjective tem-
perature (Tsub).

Yaglon et al. [50] proposed the ETas the indoor thermal
comfort evaluation index, but this index had the

Figure 1: (e south facade of representative building.
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Table 1: (e main information about the test instruments.

Survey content Test parameters Test instruments Range Accuracy
Outdoor thermal
environment

Solar radiation intensity Solar radiometer (JTDL-4) 0∼2000 (W/m2) ±0.2°C
Air temperature (ermometer and hydrometer (TESTO175-H) −20∼70°C ±0.1°C

Indoor thermal
environment

Air temperature (ermometer and hydrometer (TESTO175-H) −20∼70°C ±0.1°C
Air velocity Hot wire anemometer (Testo425) 0∼20m/s ±0.03%

Mean radiation temperature Globe thermometer (JTR05) −20°C∼125°C ±0.2°C
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Figure 2: Outdoor air temperature curve.
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Figure 3: Solar radiation intensity curve.

Table 2: (e changes of indoor temperature.

Rooms Maximum temperature (°C) Minimum temperature (°C) Average temperature (°C)

Master bedrooms First floor 12.1 8.7 10.5
Second floor 12.8 8.1 10.0

Secondary bedrooms First floor 10.8 8.0 9.8
Second floor 11.6 7.5 9.4

4 Mathematical Problems in Engineering



disadvantage of estimating the impact of humidity on
thermal sensation. (is evaluation index is more perfect as
an evaluation index when the effective temperature ET is
further improved to the standard effective temperature
SET∗. It is inconvenient to apply to the design because it is
intricate to calculate the skin temperature and wettability
[51]. PMV is put forward as the evaluation index of indoor
thermal comfort. Although the indicator has been consid-
ered perfect, it is difficult for most areas of China to reach the
standard of PMV� −0.5∼0.5, and it is also considered un-
necessary in rural areas of China [52]. To is put forward as
the evaluation index of the indoor thermal environment.
However, this index can only qualitatively evaluate the in-
door thermal comfort and does not guide the thermal design
of buildings well [53]. Mcintyre [54] brought forward the
Tsub as an evaluation index of the indoor thermal comfort.
(e Tsub refers to the temperature of a uniform closed
environment that can produce the same thermal sensation as
the actual environment. In this indoor thermal environment,
the air temperature and the mean radiation temperature are
equal to each other. (e air velocity is 0.1m/s, and the air
relative humidity is 50%.

Based on the above analysis, it is considered that Tsub as
the evaluation index of the indoor thermal environment is
effective and feasible. Within the allowable error range, the
Tsub can be calculated as follows [54]:

Tsub � 33.5 − 3Rclo − 0.08 + 0.05Rclo(  · M, (1)

where Tsub is the subjective temperature; M is the metabolic
rate (W/m2); and Rclo is the thermal resistance of clothing,
and its calculation formula is as follows [54]:

Rclo � 0.113 + 0.727 Ri (themale), (2)

Rclo � 0.05 + 0.77 Ri (the female), (3)

where Rclo is the total clothing thermal resistance and Ri is
the thermal resistance for each piece of clothing in units of
clo (1 clo� 0.155 (°C·m2)/W).

According to the survey on the living habits and clothing
of rural residents in Qinba mountains, the following con-
clusions can be drawn:

(1) In winter, the local rural residents are in the period of
agricultural leisure. (e metabolism rate of the local
rural residents is calculated according to the average
labor intensity. According to ASHRAE standard 55-
2013 [55], the metabolism rate of the local rural
residents is 85W/m2.

(2) According to the literature [56], combined with the
dressing thickness of different genders and different
ages of the local rural residents, the thermal resis-
tance of local residents’ winter clothing is 1.7 clo.

According to the above formulas (1)∼(3), the Tsub is
14.4°C. In winter, it is suggested that the indoor thermal
comfort temperature of rural buildings in Qinba mountains
should not be lower than 14°C based on the comprehensive
analysis of comfort, energy conservation, and economy.

3.1.2. Outdoor Calculated Temperature. (e comprehensive
effect of outdoor air temperature and solar radiation should
be considered in the thermal calculation of buildings in areas
with abundant solar energy resources. (erefore, the out-
door comprehensive temperature is more accurate than the
outdoor air temperature to describe the outdoor thermal
effect of different orientation envelope. (e calculation
formula of outdoor comprehensive temperature is as follows
[57]:

tsa � ta +
qS + qR

αa

−
qe

αa

, (4)

where tsa is the outdoor comprehensive temperature; ta is the
outdoor air temperature, °C; aa is the total heat transfer
coefficient of building wall surface with the value of 23.0W/
(m2·°C) [57]; qe is the effective radiation or night radiation,
W/m2; qS is the ground reflected radiant heat absorbed by
the outer surface of building envelope, W/m2; qR is the solar
radiation heat absorbed by the outer surface of building
envelope,W/m2.(e absorption rate of sunlight on the outer
surface of the building envelope is 0.7 [57].

(e winter solstice has the shortest sunshine time and
the lowest solar altitude angle. So, it is typical to select the
weather data of this day to analyze the outdoor thermal effect
of buildings. On the winter solstice, the outdoor air tem-
perature in Ankang area and the comprehensive outdoor
temperature with different orientations are shown in Table 3.

3.2. Heat Transfer Coefficient of External Wall of Energy-
Saving Residential Buildings

3.2.1. Heat Balance Equation of Energy-Saving Residential
Buildings. In areas with abundant solar energy resources,
the indoor thermal condition of buildings is not only af-
fected by factors such as building construction mode and
thermal parameters but also affected by solar radiation in-
tensity and outdoor air temperature.

In the heating period, the indoor heat gain is composed
of solar radiation heat obtained from heat collection com-
ponents as well as indoor residual heat and auxiliary heat
consumption. (e heat loss includes the heat transfer loss of
envelope and the heat consumption of air infiltration. (e
heat balance equation is as follows [58]:

NLC · Tr − Ta(  � Qcg + Qob + Qin + Qaux,

NLC � 
nb

j�nc+1
AjUj +

nVfρacp

3.6
,

Qcg � Ag · Htθ · η,

Qob � 
mb

j�nc+1
AiUiTdi,

(5)

where NLC is the static load factor of the room, W/°C; Aj is
the area of the envelope j, m2; n is the number of air changes
in the room with the value of 1.0 times/h [59]; Vf is the
internal volume of the room, m3; ρa is the average density of
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outdoor air with the value of 1.27 kg/m3 [59]; cp is the
constant pressure specific heat capacity of air with the value
of 1.008 kJ/(kg·°C) [59]; Tr is the calculated temperature of
indoor air, °C; Ta is the calculated temperature of outdoor
air, °C; Qcg is the monthly average daily radiation of the total
daily solar radiation transmitted to the room by the rest of
the envelope except the heat collecting component of the
room, W; Qin is the average value of heat generated by
indoor people, lighting and non-dedicated heating equip-
ment in the room, W; Qaux is the auxiliary heat con-
sumption, W; Ag is the window area of the heat collecting
component, m2; Htθ is the total average daily radiation
amount projected on the window surface, W/m2; η is the
efficiency of the heat collecting component with the value of
0.13 [59]; Tdi is the equivalent temperature of the outdoor
solar radiation and the long-wave effective radiation of the
envelope i, °C.

3.2.2. Analysis of External Wall Heat Transfer Coefficient.
According to formula (5), the calculation formula of net
average heat transfer coefficient of external wall is obtained,
as shown in the following formula:



mb

j�nc+1
AjUj Tr − Ta(  + 

nb

j�mb+1
AjUj Tr − Ta(  +

nVfρacp Tr − Ta( 

3.6

� Ag · Htθ · η + 
mb

j�nc+1
AjUjTdi + Qin + Qaux,

(6)

where Tsaj � Ta + Tdi, Tsaj is the outdoor comprehensive
temperature of the envelope j, °C;mb is the number of external
walls and roof; and nb-mb is the total number of external doors
and windows of nonheat collecting components.

(1) Characteristics of Representative Rural Residential
Buildings in Ankang Area. According to the literature [60]
and our field survey, the plans and basic parameters of the
representative rural residential buildings in Ankang area are
determined, as shown in Figure 4 and Table 4, respectively.

(2) Correlation Analysis of External Wall Heat Transfer
Coefficient Based on Uniform Radiation. Many scholars have
studied the influence of indoor nonuniform radiation on
human thermal comfort. (e results show that asymmetric
radiation temperature has a significant adverse effect on
human thermal comfort. For the rural buildings with strong
solar radiation in Qinba mountains, the discomfort of the
human body caused by the indoor nonuniform radiation
field will be more serious if the same thermal parameters are
adopted for the enclosure structures with different orien-
tations. (erefore, it is an effective way to reasonably de-
termine the thermal resistance of envelopes with different
orientations to solve the problems of indoor comfort and
energy saving of rural buildings.

Taking the indoor calculated temperature and the
comprehensive temperature of the air in different orienta-
tions as the boundary conditions, the correlation of the heat
transfer resistance for each orientation of the external wall is
analyzed based on the principle of uniform radiation, as
shown in the following equations:

Table 3: (e comprehensive outdoor temperature fluctuations (hourly) of Ankang area in the winter solstice.

Time
Outdoor comprehensive temperature (°C)

Outdoor air temperature (°C)
South East West North

1:00 −0.13 −0.13 −0.13 −0.13 1.90
2:00 −0.93 −0.93 −0.93 −0.93 1.10
3:00 −1.22 −1.22 −1.22 −1.22 0.80
4:00 −0.92 −0.92 −0.92 −0.92 1.10
5:00 −0.33 −0.33 −0.33 −0.33 1.70
6:00 −0.03 −0.03 −0.03 −0.03 2.00
7:00 −0.32 −0.32 −0.32 −0.32 1.70
8:00 −0.91 −0.91 −0.91 −0.91 1.10
9:00 −0.10 −0.06 −0.33 −0.33 0.70
10:00 1.42 1.33 0.98 0.98 0.80
11:00 4.06 3.56 3.11 3.11 1.70
12:00 8.97 6.33 5.76 5.76 3.20
13:00 14.18 7.81 8.52 7.81 5.10
14:00 13.91 9.47 11.27 9.47 7.20
15:00 18.67 9.94 16.28 9.94 8.80
16:00 16.27 9.68 16.93 9.68 9.70
17:00 8.59 7.85 9.00 7.85 9.40
18:00 6.20 6.20 6.20 6.20 8.40
19:00 5.14 5.14 5.14 5.14 7.30
20:00 4.57 4.57 4.57 4.57 6.70
21:00 4.58 4.58 4.58 4.58 6.70
22:00 4.48 4.48 4.48 4.48 6.60
23:00 3.98 3.98 3.98 3.98 6.10
0:00 3.49 3.49 3.49 3.49 5.60
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θi � θi·S � θi·E � θi·W � θi·N, (7)

where θi.S, θi.E, θi.W, and θi.N are the inner surface tem-
perature of the south, east, west, and north walls, respec-
tively, °C:

θi � Tr −
Ri

Roj

Tr − Tsaj , (8)

where Tr is the indoor design calculation temperature, °C;
Roj is the heat transfer resistance to external walls and roofs
with different orientations, (m2·K)/W; and Tsaj is the
comprehensive outdoor temperature corresponding to the
envelope, °C.

From equations (7)∼(8) and Table 3, the correlation of
the heat transfer coefficients of external walls with different
orientations can be obtained:

US � 1.13UE � 1.06UW � 1.14UN, (9)

whereUj is the heat transfer coefficient of external walls with
different orientations, W/(m2·K).

It can be seen from equation (9) that the heat transfer
coefficient of the external walls with different orientations
has a quantitative proportional relationship. In order to
simplify the calculation process, the heat transfer coefficient
US of the south wall is determined as the basic heat transfer
coefficient.

(3) Analysis of Relationship between Auxiliary Heat Con-
sumption and Heat Transfer Coefficient of External Wall. (e
relationship between the basic heat transfer coefficient and
the auxiliary heat consumption can be obtained by taking the
indoor and outdoor calculated temperature obtained from
the above analysis and the basic parameters of Table 4 into
equations (6) and (9), as shown in equation (10) and
Figure 5:

US �
Qaux − 1279.51

1840.12
. (10)

Figure 5 shows that the basic heat transfer coefficient has a
linear relationship with indoor auxiliary heat consumption.
(erefore, for the rural residential buildings which have de-
termined the basic parameters, windowwall ratio, andwindow
materials, it is an effective method to reduce the building
energy consumption by reasonably controlling the basic heat
transfer coefficient of the external wall of the building.

(e literature [59] shows that the heat consumption of
rural residential buildings in Qinba Mountains during the
winter solstice is 61.54W/m2 under the state of natural
operation state. It can be seen from Figure 2 that, under the
premise of building energy saving of 50%, the basic heat
transfer coefficient of the external wall of rural residential
buildings in Qinba mountains is 0.9W/(m2·K). (e heat
transfer coefficients of external walls with different orien-
tations are as shown in Table 5.
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Figure 4: Plans of the representative rural buildings in Ankang area. (a, b) First floor plan of the representative rural buildings.

Table 4: Basic structural parameters of the representative rural buildings in Ankang area.

Building height
(m)

Heat transfer coefficient
(W/(m2·k)) Surface area of the building envelope (m2)

Building volume
(m3)External

wall
Partition
wall Roof

South East-
west

North
Door Roof/

FloorWindow Wall Wall Window Wall

3.3 2.04 3.11 3.70 12.87 12.85 27.72 — — 3.78 99.58 365.90— — 13.07 30.49
Note. (e external window is a plastic single-frame double glass window (4 + 12A+ 4), and the heat transfer coefficient is 2.2W/(m2·°C) [61]. (e external
door is an aluminum alloy energy-saving door with a heat transfer coefficient of 2.5W/(m2·°C) [61].
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4. Structure Suitability Analysis of Energy-
Saving Wall

4.1. Selection of Numerical Analysis. Many engineering
problems can be summarized as the mathematical problems
of solving the control equations under given boundary
conditions. However, only a few problems in which the
properties of the equations are relatively simple and the
geometric boundary conditions are quite regular can be
solved analytically. (us, many researchers have developed
effective numerical methods, such as finite element method
(FEM) [62, 63], meshless method [64–66], and boundary
element method (BEM) [67, 68], when it is impossible to
solve engineering problems by the analytical method.

(e BEM is to divide the unit only on the boundary of
the definition domain and use the function that meets the
control equation to approximate the boundary conditions.
(e boundary element method reduces the dimensions of
the problem by one degree, which leads to significant ad-
vantages in terms of ease of discretization of the domain and
of reducing the overall time to perform the analysis of
objects with complex geometries. Although BEM can save
the preprocessing time, it requires a basic solution when
establishing boundary integral equations, and the singular
integral of boundary integral equation is difficult to solve
complex structural problems [62]. As an alternative tomesh-
based methods, meshless methods have attracted much
attention in recent years due to (1) the lack of dependence on
mesh and avoiding meshing; (2) remeshing and mesh dis-
tortion (in large deformation problems); and (3) easy
preparation of the initial data. Meshless methods are used to

establish a system of algebraic equations for the whole
problem domain without the use of a predefined mesh.
Meshless methods use a set of nodes scattered within the
problem domain as well as sets of nodes scattered on the
boundaries of the domain to represent the problem domain
and its boundaries.(ese sets of scattered nodes do not form
a mesh, which means that no information on the rela-
tionship between the nodes is required, at least for field
variable interpolation. Because there is no need to create a
mesh and the nodes can be created by a computer in a fully
automated manner, the time an engineer would spend on
conventional mesh generation can be saved. (is can
translate to substantial cost and time savings in modeling
and simulation projects. But meshless methods developed so
far are not really ideal and fail in some categories. For ex-
ample, some meshless methods require background cells for
the integration of system matrices derived from the weak
form over the problem domain, and some methods that do
not require a mesh at all are less stable and less accurate [68].

(e FEM as a general discretization procedure of con-
tinuum problems posed by mathematically defined state-
ments has been one of the major numerical solution
techniques. (e finite element method requires division of
the problem domain where the partial differential governing
equations are defined into meshes, and each mesh is called a
finite element. (e FEM not only has high calculation ac-
curacy but also can be applied to various complex geometric
models, complex material characteristics, and complex
boundary conditions. Another major advantage of the finite
element method is that a general purpose computer program
can be developed easily to analyze various kinds of problems.

Table 5: (e heat transfer coefficient of the enclosure structure based on the uniform radiation field.

(ermal parameters South wall East wall West wall North wall
Heat transfer coefficient (W·(m2·K)−1) 0.90 0.80 0.85 0.80
Heat transfer resistance ((m2·K)·W−1) 0.96 1.10 1.03 1.10
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Figure 5: (e relationship between the basic heat transfer coefficient and auxiliary heat consumption.
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In the field of architecture, ANSYS CFX is one of the most
comprehensive and universal finite element analysis software.
(e software has general physical models including flow, heat
transfer, and radiation. (e software adopts the element-
based finite volume method and absorbs the numerical ac-
curacy of the finite element method. (erefore, ANSYS CFX
was adopted for the follow-up study in this paper.

4.2. Model Establishment

4.2.1. Mathematical Model. (e model is controlled by the
k∼ε equation of turbulent natural convection [69] and the
IMMERSOL (IMMER sed SOLids) equation of Ste-
fan–Boltzmann law [70]:

(1) Standard k∼ε model:

k equation:
z

zt
(ρk) +

z

zxi

ρkμi(  �
z

zxj

μ +
μi

σk
 

zk

zxj

  + Gk + Gb − ρε − Ym + Sk, (11)

ε equation:
z

zt
(ρε) +

z

zxj

(ρεμi) �
z

zxj

μ +
μi

σε
 

zε
zxj

  + G1ε
ε
k

(Gk + C3εGb) − C2ερ
ε2

k
+ S, (12)

whereGk is the turbulent kinetic energy generated by
the laminar velocity gradient, J; Gb is the turbulent
kinetic energy generated by buoyancy, J; Ym is the
fluctuation caused by the transitional diffusion; zj is
the turbulent Prandtl number of the j equation; C1,
C2, and C3 all are constants; S is a custom physical
quantity; k is turbulent pulsating kinetic energy, J; ε is
the dissipation rate of turbulent pulsating kinetic
energy, %.

(2) IMMERSOL (IMMER sed SOLids) model of Ste-
fan–Boltzmann law.
When T3 is the solid temperature, the equation is as
follows:

c ×
dT3

dt
� div λ × gradT3(  + q, (13)

where c is the specific heat capacity of the solid, J/kg·W;
λ is the thermal conductivity of the solid, W/m·K; q is
the heat flux per unit volume of the solid, W/kg; and t is
the time, s.

When T3 is the radiation temperature between solids, the
equation is as follows:

div
gradE3

0.75
× α + S +

1
L

   � (α + S) × E12 − E3( , (14)

where E3 is the net value of the radiant energy gained or lost
per unit volume, W/m2; E12 is the average radiant force of
the first and second fluid surface, W/m2; a is the absorptivity
of the medium; S is the scattering coefficient of the medium;
and L is the distance between two solid radiation surfaces, s.

4.2.2. Physical Model. (e physical model of representative
rural residential buildings in Ankang area is shown in
Figure 6.

In order to facilitate the numerical simulation, the
physical model is simplified as follows: (1) the indoor air
body of all the rooms is considered as a whole; (2) the
external envelope and internal partition lines are assumed to
be isotropic one-dimensional thermal conductors whose

thermal parameters are calculated by the weighted average of
the thermal parameters of each material layer; (3) the in-
fluence of external door, window type, and cold air infil-
tration on the indoor air temperature is ignored; (4) the
indoor door is set default to be open, the external door and
window to be closed, and the bright window part of the
external door to be vent; (5) the influence of indoor human
activities on the indoor air temperature is ignored; (6) the
sloping roof is simplified to a flat roof with an air layer.

4.3. Mesh Generation. In order to simplify the calculation
process of the model, only key parts such as external walls,
roofs, doors, and windows are encrypted in the study. (e
size of the calculating model is given in Figure 4 and Table 4.
(e total number of the grid formed is 306036, and the
minimum grid size is 0.02m. (e physical model of the
encrypted building is shown in Figure 7.

4.4. Parameter Setting. (rough field survey, it is found that
the external walls of rural residential buildings in Ankang
area are mostly 240-mm-thick solid clay brick walls without
thermal insulation layer. A few buildings also adopt sand-
wich insulation walls with solid clay brick, limes and brick,
and KP1 porous brick. According to the thermal design
method of the wall proposed above, combined with the
materials and their combination modes of the local rural
building walls, three typical energy-saving structural walls
are selected to conduct analysis in this paper, which are
category I, category II, and category III, respectively. Cat-
egory I is an energy-saving structural wall with KPI porous
brick as the main material and a basic heat transfer coef-
ficient of 0.9W/(m2·K). Category II is an energy-saving
structural wall with KPI porous brick as the main material
and a basic heat transfer coefficient of 0.9W/(m2·K). Cat-
egory III is an energy-saving structural wall with KPI porous
brick as the main material and a basic heat transfer coef-
ficient of 0.9W/(m2·K). (e construction methods and
thermal parameters of different categories of energy-saving
walls are shown in Table 6.
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4.5. Setting of Boundary Conditions. Under the premise that
indoor temperature is a certain value, the unstable heat
transfer of building envelope is determined by the change of
the outdoor disturbance and the response of the envelope to
the external disturbance. (e outdoor disturbances, such as
outdoor air temperature and solar radiation intensity acting
on the building envelope, take 24 hours or 365 days as a
cycle. Although the meteorological conditions generally
show periodic changes, the changes are random and ir-
regular. Because the complex disturbance curve can be
expressed as a group of simple periodic functions by using
the Fourier series expansion (formula (15)), the outdoor
comprehensive temperature described by the Fourier
function is used in this research:

tz(τ) � Ao + 
∞

n�1
An sin nωτ + φn( , (15)

where Ao is the zero-order outdoor disturbance, which is
considered to be the average value of the outdoor com-
prehensive temperature in the calculation period; An is the

amplitude of the outdoor disturbance of the n-th sine wave;
nw is the frequency of the external disturbance of the n-th
sine wave, nw � 2πn/T (rad); φn is the initial phase of the
external disturbance of the n-th sine wave; and τ is the
period of the function, h.

In the calculation of the building heat transfer process,
the sampling interval of outdoor disturbance is 1 h, j is the
sequence number of sampling value, and n is the order of
harmonic with the value of 4. (e expression of harmonic
function is as follows:

tz(jΔτ) � A0 + 
∞

n�1
An sin nωjΔτ + φn( . (16)

According to Table 3 and formula (16), the fourth-order
Fourier series expression of outdoor comprehensive tem-
perature in different orientations on the winter solstice in
Ankang area is obtained.

(e comprehensive outdoor temperature function in
south orientation tsa·S is as follows:

ANSYS
R18.0

3.5000.000 7.000 (m)

5.2501.750

X

Y

Z

Figure 6: (ree-dimensional physical model of representative rural residential building in Ankang area.

ANSYS
R18.0

0.000 4.500 9.000 (m)

6.7502.250

X

Y

Z

Figure 7: (e physical model of the encrypted building.
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Table 6: (e construction modes and thermal parameters of energy-saving wall.

Name Project Material (ickness
(mm)

(ermal conductivity
(W/(m·K))

Dry density
(kg/m3)

Heat transfer coefficient
(W/(m2·k))

Category I

South
wall

Cement mortar (internal
and external) 20 + 20 0.93 1800

0.9Solid clay brick 240 0.81 1900
EPS 28 0.041 18

East wall

Cement mortar (internal
and external) 20 + 20 0.93 1800

0.8Solid clay brick 240 0.81 1900
EPS 34 0.041 18

West
wall

Cement mortar (internal
and external) 20 + 20 0.93 1800

0.85Solid clay brick 240 0.81 1900
EPS 31 0.041 18

North
wall

Cement mortar (internal
and external) 20 + 20 0.93 1800

0.8Solid clay brick 240 0.81 1900
EPS 34 0.041 18

Category II

South
wall

Cement mortar (internal
and external) 20 + 20 0.93 1800

0.9Lime sand brick 240 1.100 1900
EPS 31 0.041 25

East wall

Cement mortar (internal
and external) 20 + 20 0.93 1800

0.8Lime sand brick 240 1.100 1900
EPS 38 0.041 25

West
wall

Cement mortar (internal
and external) 20 + 20 0.93 1800

0.85Lime sand brick 240 1.100 1900
EPS 34 0.030 25

North
wall

Cement mortar (internal
and external) 20 + 20 0.93 1800

0.8Lime sand brick 240 1.100 1900
EPS 38 0.041 25

Category
III

South
wall

Cement mortar (internal
and external) 20 + 20 0.93 1800

0.9KP1 porous brick 240 0.58 1600
EPS 23 0.041 18

East wall

Cement mortar (internal
and external) 20 + 20 0.93 1800

0.8KP1 porous brick 240 0.58 1600
EPS 29 0.041 18

West
wall

Cement mortar (internal
and external) 20 + 20 0.93 1800

0.85KP1 porous brick 240 0.58 1600
EPS 26 0.041 18

North
wall

Cement mortar (internal
and external) 20 + 20 0.93 1800

0.8KP1 porous brick 240 0.58 1600
EPS 29 0.041 18

Note. According to the literature [71], the heat transfer resistance for the inner surface of the wall is 0.11 (m2·k)/W. (e heat transfer resistance of the inner
surface of the wall is 0.04 (m2·k)/W, and the thermal conductivity correction coefficient of the insulation layer is 1.1.
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tsa.S(τ) � 4.7 + 7.0167 sin
π
12

τ + 3.7357  + 3.0627

sin
π
6
τ + 0.3954  + 2.5353 sin

π
4
τ + 2.8359 

+ 0.4178 sin
π
3
τ + 4.3601 .

(17)

(e comprehensive outdoor temperature function in
south orientation tsa·E is

tsa.E(τ) � 3.5 + 4.8927 sin
π
12

τ + 3.5682  + 1.1911

sin
π
6
τ + 0.5243  + 1.2650 sin

π
4
τ + 2.9131 

+ 0.4420 sin
π
3
τ + 2.5141 .

(18)

(e comprehensive outdoor temperature function in
south orientation tsa.W is

tsa.W(τ) � 4.1 + 6.2322 sin
π
12

τ + 3.0653  + 2.3717

sin
π
6
τ + 0.1049  + 2.2533 sin

π
4
τ + 2.5014 

+ 0.9370 sin
π
3
τ + 3.8372 .

(19)

(e comprehensive outdoor temperature function in
south orientation tsa·N is

tsa.N(τ) � 3.4 + 4.8795 sin
π
12

τ + 3.5414  + 1.2075

sin
π
6
τ + 0.4287  + 1.3490 sin

π
4
τ + 2.8836 

+ 0.3785 sin
π
3
τ + 2.4847 .

(20)

4.6. Model Verification. (e accuracy of numerical simu-
lation is affected by the setting of boundary conditions, the
density of mesh division, and the convergence of iteration.
(erefore, it is necessary to verify the accuracy of the model.
(e comparison between the measured data and the sim-
ulated data is shown in Figure 8.

Figure 8 shows that the variation trend of the simulation
results is generally consistent with the measured data, and
the relative error between them is within 8%. (e main
reasons for the error are the simplification of the physical
model before the numerical simulation and the accuracy
errors of the testing instruments.(erefore, it is effective and
feasible for the physical model to be applied in the following
numerical simulation analysis.

4.7. Results and Analysis. (e energy-saving walls with the
same heat transfer coefficient but different construction
methods or construction materials have different storage
and release capacity for heat energy. (erefore, this paper
studies the structural suitability of energy-saving wall
through the analysis of indoor temperature field.

Taking the above three energy-saving walls as examples,
the indoor temperature of rooms on different floors is
simulated. (e indoor temperature of the numerical sim-
ulation is compared with the indoor temperature of the test,
and the results are shown in Figure 9.

Figure 9 shows that the energy-saving walls with the
same heat transfer coefficient but different construction
methods or construction materials have significantly dif-
ferent effects on indoor temperature. Compared with the
original buildings, the indoor temperature of the buildings
with the above energy-saving external wall is significantly
improved, and the fluctuation of the indoor temperature is
slightly reduced.

When the construction method of building wall adopts
category I, the average indoor temperature of the master
bedroom and the secondary bedroom on the first floor
increased by 13.3% and 15.3%, respectively, reaching 11.9°C
and 11.3°C. (e average indoor temperature of the master
bedroom and the secondary bedroom on the second floor
rose by 11.0% and 13.3%, respectively, reaching 11.1°C and
10.65°C. When the construction method of building wall
adopts category II, the average indoor temperature of the
master bedroom and the secondary bedroom on the first
floor increased by 12.4% and 13.3%, respectively, reaching
11.8°C and 11.1°C. (e average indoor temperature of the
master bedroom and the secondary bedroom on the second
floor rose by 8.7% and 11.7%, respectively, reaching 11.1°C
and 10.65°C.
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Figure 8: (e comparison between the measured results and the
simulated results.
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Compared with category I and category II, when the
constructionmethod of building wall adopts category III, the
indoor temperature increase of each room reaches the
maximum. (e average indoor temperature of the master
bedroom and secondary bedroom on the first floor increases
by 14.3% and 15.3%, respectively, reaching 12.0°C and
11.3°C. (e average indoor temperature of the master
bedroom and secondary bedroom on the second floor in-
creases by 14.0% and 14.9%, respectively, reaching 11.4°C
and 10.8°C. (ese temperature indexes are close to the lower
limit of indoor comfort temperature of the rural residential
buildings in winter [17]. It can be seen that, under the
climatic conditions of the Qinba mountains, the indoor
thermal comfort can be significantly improved and the
building energy consumption can be effectively reduced
when the energy-saving structural wall with KPI porous
brick as the main material and the heat transfer coefficient of
the south wall of 0.9W/(m2·K) is selected.

5. Conclusion

(1) In winter, the indoor thermal environment of rural
residential buildings in Qinba mountains is not ideal
and the heating energy consumption is large.
However, this area is relatively rich in solar energy
resources and has the geographical advantage to
develop solar energy buildings.

(2) According to the climatic conditions of Qinba
mountains and the living habits of local rural resi-
dents, it is suggested that the indoor thermal comfort
temperature of rural residential buildings in winter
should not be lower than 14°C.

(3) When the internal surface temperature of the ex-
ternal walls in different orientations are equally

based on the design principle of uniform radiation
field, the heat transfer coefficient of the east wall, the
west wall, and the north wall of the local rural
residential buildings are 1.13 times, 1.06 times, and
1.14 times of the south wall heat transfer coefficient,
respectively.

(4) (e indoor temperature of the buildings with the
energy-saving wall is significantly improved.
When the main material of the energy-saving wall
is KP1 porous brick and the heat transfer coef-
ficient of the south wall is 0.9W/(m2·K), the
average indoor temperature of the master bed-
room and secondary bedroom on the first floor
increases by 14.3% and 15.3%, respectively,
reaching 12.0°C and 11.3°C. Besides, the average
indoor temperature of the master bedroom and
secondary bedroom on the second floor increases
by 14.0% and 14.9% respectively, reaching 11.4°C
and 10.8°C.
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