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Abstract. In this study, the thermal properties of the new straw bricks produced
at high temperatures and pressure were explored and the pattern of influence of
pore diameter on the heat transfer coefficient of the new straw bricks was em-
phasized. The thermal environment of the experimental house with new straw
bricks was monitored and then the building model and the numerical model of
the new straw bricks were built in DesignBuilder and COMSOL Multi-physics
software, respectively. The influence of the hole diameter on the thermal per-
formance of the new straw bricks was analyzed to obtain the design parameters
when the thermal performance of the new straw bricks was optimal. The opti-
mum value for hole diameter is 30 mm when the new straw bricks of 150 mm
have the lowest heat transfer coefficient.
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1 Introduction

China has abundant straw resources, and straw bricks have the advantages of heat
insulation, reducing building energy consumption, etc. "%, Using straw bricks as
building wall materials can significantly reduce construction costs, and achieve sus-
tainable use of resources 1.

The performance of straw bricks produced by the baling method is a major concern
of current research. Jin et al. ™ concluded that the heat transfer coefficient of straw
brick walls is significantly lower than that of sintered clay brick walls. And the indoor
thermal comfort of straw brick houses was significantly enhanced. Research and prac-
tice of bale straw bricks have been carried out in countries such as the USA, Canada,
Australia, and the UK >, However, Collet et al. [l pointed out that the production of
straw bales requires a high level of equipment. Manual handling leads to changes in the
density of the straw bales, which weakens their thermal properties.

Focused on these problems, a new straw brick produced by high temperature and
pressure is proposed in this study. The density of the new straw brick is 300-600 kg/m?
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and its thermal conductivity was experimentally measured to be 0.13 W/(m'K). The
mechanized production reduces the effect of manual handling on the thermal perfor-
mance of the new straw brick, but the heating rods responsible for the high-temperature
effect leave three holes of the same diameter inside the new straw brick. Therefore, this
study focused on the effect of the diameter of the holes on the heat transfer coefficient
of the new straw bricks and explored the parameters of the new straw bricks with
optimum thermal performance. In addition, the economic and thermal properties of the
new straw bricks were taken into account to explore the parameters of the new straw
bricks when the total investment is minimal and to suggest parameters for new straw
bricks that are suitable for wider application.

2 Materials and methods

2.1  Properties and production process of new straw bricks

New straw bricks are produced under high temperatures and pressure. Straw and en-
vironmentally friendly binders are the main raw materials for new straw bricks.

The process of producing new straw bricks consists of six steps. The first step is to
collect the straw from the fields and bale it for storage. The second step is to crush the
straw in a shredder. Finely crushed straw can have a good binding effect and enhance
the hardness of the new straw bricks. If the particles are too large in diameter, the new
straw bricks may swell and the yield of the new straw bricks is reduced. In the third
step, the crushed straw is put into a dryer for drying. In the fourth step, the dried straw
mash and the organic binder are put into the production equipment and mixed evenly.
The use of an organic binder reduces the weight of the new straw bricks compared to
the inorganic binder. In the fifth step, the straw mash is heated using three heating rods
evenly spaced in the production equipment. The high temperature speeds up the
bonding of the binder to the straw mash. At the same time, high pressure is applied to
the material to increase the density of the new straw bricks. The sixth step is to adjust
the length of the grass tiles in the appropriate mold by cutting them. Photographs of the
production process are shown in Figure 1.
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Fig. 1. New straw bricks production process.

2.2 Experimental house

A single-story building with new straw bricks as walls has been built on the south side
of the Water Conservancy Hall on the Weijin Road campus of Tianjin University. In
this study, the building was chosen to test the thermal performance of the new straw
bricks. The experimental house area is 23.86 m?, with a size of 4.4 m x 5.0 m. The
building height is 3.7 m and the window-to-wall ratio is 0.19 for south-facing windows
and 0.15 for east-facing windows.

The natural indoor temperature of the experimental house was measured with the
Onset HOBO temperature and humidity recorders. The technical specifications of the
test instrument are shown in Table 1. To meet the requirement of indoor and outdoor
temperature difference of more than 10° during the test period, a six-day indoor and
outdoor air temperature test was conducted between the Winter Solstice and the Minor
Cold (from December 26th to December 31st, 2021). The test periods were all under
sunny working conditions. The thermal performance of the wall can be measured by
testing the air temperature obtained from a building without any active heating and
cooling measures. Consequently, no heating equipment was operated inside the ex-
perimental house during the test period.

Table 1. Technical parameters of the test instrument

Instrument Parameters Range Error
Onset HOBO tgn?peramre and p 2070 °C 4021 °C
humidity

It’s worth noting that the data recording interval was set to 30 minutes according to
the building’s average indoor temperature detection method. The instrument was
placed at a height of 1.5 m above the floor and also 1 m from the internal surfaces of the
walls on both sides. The building plan and the location of the measurement points are
shown in Figure 2.
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Fig. 2. Plan of the new straw brick building and marking of the location of the survey points.

When the room is larger than 16 square meters, two instruments need to be placed
equally on the diagonal of the experimental house. The data obtained from the ex-
periment requires a further calculation of the natural room temperature using Equa-
tions (1) and (2) ¥,

n .

trm — 21:1:rm,1 (1)
pi tij

tr'm,i = ; (2)

where t,, is the average of the natural room temperature of the building, °C; ., ; is the
i-th hourly natural room temperature value, °C; n is the number of hourly natural room
temperature data obtained by monitoring; #; is the hour-by-hour value of the ith natural
room temperature at the j-th measurement point; p is the number of measurement points
in the building interior.

2.3 Basic model

The thermal performance of a wall can be measured by the heat transfer coefficient [°),
Enhancement of thermal performance can decrease the building’s energy consumption
and cut building energy costs.

The heat transferred per unit of time through 1 square meter of the wall is the heat
transfer coefficient, when the difference in air temperature between the two sides of the
wall is 1 °C (1 °C=274.15 K). For example, if the new straw bricks are treated as a

homogeneous wall, the heat transfer coefficient can be calculated using Equation (3)
[10]
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K=t (3)

an A oaw

where K is the heat transfer coefficient of the new straw brick wall, W/(m?-K); a, is the
heat transfer coefficient of the inner surface of the new straw brick wall, which is taken
to be 8.7 W/(m?-K); a, is the external surface heat transfer coefficient of the new straw
brick wall, which is taken to be 23 W/(m?-K); J is the thickness of the new straw
bricks, m; 4 is the thermal conductivity of the new straw bricks, W/(m?-K). According
to the experimental data from the research team’s completed study, the thermal con-
ductivity of the new straw bricks was taken to be 0.13 W/(m?-K).

To determine whether the heat transfer coefficient of the new straw bricks calculated
by Equation (3) is reasonable, DesignBuilder was used in this study to numerically
simulate the thermal performance of the experimental house. Figures 3 and 4 show the
actual photograph of the experimental house and the numerical simulation model
respectively. The heat transfer coefficients of the new straw bricks calculated by
Equation (3) were entered into the DesignBuilder and Table 2 shows the other main
parameters used in the simulation. Tianjin’s meteorological conditions are the basis for
the simulations and the experimental house is located here.

Fig. 4. Numerical simulation model.



26 W. Hou et al.

Table 2. Parameters for numerical simulation

New straw Pitched Interior .
brick wall roof floor Window Door
Thermal re-
sistance 7.874 1.748 0.224 0.17 0.351
[(K-m?)/W]

3 Results and discussion

3.1 Monitoring data analysis

Figure 5 shows the monitoring results of the indoor and outdoor temperatures from 26
to 31 December. While the average outdoor temperature increased by 6.0 °C, the
average indoor temperature only increased by 2.8 °C. The average indoor temperature
fluctuation was smaller than the average outdoor temperature fluctuation. The moni-
toring results indicate that the new straw brick wall is beneficial in maintaining a stable
indoor temperature. In addition, the maximum difference between indoor and outdoor
temperatures was 4.7 °C, indicating that the new straw brick wall used in this experi-
mental room has good thermal performance and contributes to the comfort of the
indoor environment.
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Fig. 5. Simulation and monitoring results of air temperature.

The results of the numerical simulation of the inside temperature in the experimental
house are also presented in Figure 5. The comparison study found that the simulated
inside temperature fluctuation trend was approximately the same as the monitored data.
However, the simulated indoor temperature fluctuation of 11.88 °C was lower than the
fluctuation of 12.92 °C from the monitoring data. The simulated mean indoor temper-
ature of 17.2 °C was much higher than the mean of 6.05 °C from the monitoring data.
This phenomenon indicated that there was a deviation between the theoretically cal-
culated value of the heat transfer coefficient of the new straw bricks obtained by
Equation (3) and the actual situation. Therefore, it was inappropriate to consider the
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new straw brick walls as homogeneous walls and the influence of the holes inside the
new straw bricks on the heat transfer coefficient cannot be ignored.

3.2 Numerical simulation

As a result of the production process, the heating rods responsible for the high tem-
perature led to the creation of three circular holes in the new straw bricks, which has an
impact on the thermal performance of the new straw bricks. The large deviations be-
tween the actual and theoretical values of the heat transfer coefficient of the new straw
bricks were due to neglecting the holes.

To verify the above assumption, the simulation program of the effect of pore size
was run on the thermal performance of the new straw bricks using COMSOL Mul-
ti-physics software. The software created a two-dimensional model of the cross-section
of a new straw brick for the experimental house. The model’s left side was set to out-
door conditions and the right side was set to indoor conditions. Winter meteorological
data in Tianjin was chosen as the condition for the numerical simulation. The outdoor
temperature in winter was -10.57 °C and the indoor temperature was taken as 18 °C.
The heat exchange coefficient of the inner surface of the new straw bricks was taken as
8.7 W/(m?-K) and the heat exchange coefficient of the outer surface was taken as 23
W/(m?-K) !9, Figures 6 and 7 show the two-dimensional model and the meshing of the
cross-section of the new straw bricks respectively.
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Fig. 6. Model of a cross-section of the new straw bricks.
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Fig. 7. The meshing of the model.
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Model reliability validation.

Using the specifications of the new straw bricks used in the experimental room as a
basis, the pore size of the new straw bricks model was set to 90 mm. The heat flow
density was then calculated to be 24.62 W/m?, which in turn led to a heat transfer
coefficient of 0.862 W/(K'm?). This heat transfer coefficient was entered into the
DesignBuilder to simulate the natural indoor temperature of the experimental house.
The mean bias error (MBE) and the coefficient of variation of root mean square error

(CVruse) were calculated according to Equations (4) and (5) to determine the reliabil-
ity of the model ['!,

MBE = 25=Din . 1009 (4)
XTin
N /Z(S;VT)?n
CVRMSE,p = T )

where S is the simulated value of natural indoor temperature, °C; N is the natural in-
door temperature monitoring value, °C; T is the number of hours, h; in is the interval
between the collection of natural room temperature data.

A comparison of monitoring and simulation results of air temperature is shown in
Figure 8. The MBE was calculated to be 1.94% (< 5%) and the CVrmse was 8.67% (<
15%), both of which were reasonable. Therefore, the model was reliable.
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Fig. 8. Comparison of monitoring and simulation results of air temperature.

Parametric analysis of the pore size.

Using a new straw brick with a width of 150 mm as an example, simulations were
carried out to calculate the effect of varying the hole diameter from 10 mm—100 mm on
the thermal performance of a new straw brick. The simulation was set at 10 mm in-
tervals. The results of the calculations are summarized in Table 3.
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Table 3. Values of heat transfer coefficients corresponding to different hole diameters

Width of Diameter Energy con-
new straw of the Heat flow den-  Heat transfer coeffi- sumption of
bricks hole sity (W/m?) cient [W/(K-m?)] buildings
(mm) (mm) (kWh)

10 21.67 0.758 3230.780
20 21.45 0.751 3219.533
30 21.32 0.746 3212.707
40 21.33 0.747 3213.552
150 50 21.51 0.753 3223.018
60 21.91 0.767 3243.983
70 22.55 0.789 3277.493
80 23.42 0.820 3322.595
90 24.62 0.862 3384.545
100 26.17 0.916 3460.980

Based on the data in Table 3, a regression analysis was conducted with the hole
diameter as the independent variable and the straw brick’s heat transfer coefficient as
the dependent variable. Equation (6) is the regression equation.

K = 0.0039 - x2 —0.0261 - x + 0.7857 (6)
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Fig. 9. Regression curve of hole diameter and heat transfer coeftficient.

The regression results for hole diameter and new straw bricks heat transfer coefficient
are shown in Figure 9. The R-squared of the regression equation is 0.9961, indicating
that 99.61% of the data can be explained by Equation (6). Therefore, the regression
equation is reasonable.

The heat transfer coefficient of the new straw bricks shows a pattern of change with
the increase of the diameter of the holes, which first decreases and then increases.
When the diameter of a hole is greater than 30 mm, the thermal performance of the new



30 W. Hou et al.

straw bricks is positively related to the hole diameter. The stronger airflow movement
in the hole has a negative impact on the thermal performance of the new straw bricks. In
summary, the 30 mm hole diameter is the optimum value for the new 150 mm new
straw brick, where the heat transfer coefficient of 0.746 W/(K-m?) is minimal and the
energy-saving effect is the best. Compared to new straw bricks with a 90 mm hole
diameter, the energy consumption of 171.838 kWh was reduced after applying new
straw bricks with a 30 mm hole diameter.

4 Conclusions

Based on the monitoring of the thermal performance of the new straw brick application
examples, it was found that the hole size influences the heat transfer coefficient of the
new straw brick. The pattern of influence of hole diameter on the heat transfer coeffi-
cient of the new straw brick wall was analyzed, leading to the following conclusions:

The increase in the diameter of the holes leads to a change in the heat transfer co-
efficient of the new straw bricks, which first increases and then decreases. For straw
bricks with a thickness of 150 mm, the heat transfer coefficient is minimal when the
hole diameter is 30 mm. In addition, the greater the thickness of the new straw bricks is,
the greater the diameter of the holes allowed at the lowest heat transfer coefficient will
be.
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