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Abstract. There have not been many previous studies on the thermal parame-
ters of oyster shell walls, especially when it comes to the calculation and analy-
sis of unsteady heat transfer. In this study, the thermal parameters of oyster
shells were first determined using a Hot Disk experiment. Secondly, a single-
room calculation model of the enclosure’s structure was established. Using a
methodology based on unsteady convolution calculation combined with a Ma-
ple mathematical software model, a proposal was made to analyze the indoor
temperature response of the enclosure structure under thermal excitation caused
by external disturbance. This method was used to develop indoor temperature
response images of five different structures, including oyster shell walls, and to
rank their respective thermal insulation performances. The results of the analy-
sis show that the structure of the oyster shell wall enclosure displayed excellent
thermal insulation performance. It was found to have a similar performance to
the 30 mm thick EPS board thermal insulation structure. Third, BECS energy
consumption software was used to simulate the outdoor thermal excitation re-
sponse under five different enclosures to obtain the respective insulation per-
formances of each structure. Finally, the oyster shell walls have demonstrated
an overall high thermal insulation performance.

Keywords: Ecological Architecture, Oyster Shell Wall, Convolution Calcula-
tion, BECS.

1 Introduction

The energy consumption of China’s built structures is enormous. In 2018, the total
energy consumption of the whole building process accounted for about 46.5% of total
national energy consumption ). With the continuing process of urbanization in Chi-
na, the total energy consumption for the construction and maintenance of buildings
continues to rise . At the same time, the spatial distribution of energy consumption
by buildings is extremely uneven. In addition, the spatial distribution of carbon emis-
sions and building energy consumption reveals a southward shifti®las the proportion
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of energy consumption in southern China continues to increase. One of the most
prominent issues is heat loss through walls, reaching as high as 30% 4. The question
of how to conserve energy in built structures in the subtropical regions of southern
China is of great significance to China's future conservation practices, emission re-
ductions, and the realization of the “dual carbon targets”.

The structure of a natural oyster shell has three primary layers, which are the cuti-
cle, prismatic layer, and nacre layer. The surface of the oyster shell is arc shaped.
When it is stacked, the internal cavity can form an air space, which provides efficient
thermal insulation. Therefore, an oyster shell wall building can be "warm in winter
and cool in summer," effectively reducing building temperatures and overall energy
consumption.

At present, research on oyster shells mainly focuses on adding oyster shells as a
modifier to existing building materials. For example, Mikami and Okumula B! added
oyster shell powder to compacted sand piles (SCP), to strengthen the soft soil seabed
foundation under breakwaters and piers. Setyowati et al. [ found that oyster shells
and green materials made of polymers displayed positive structural, acoustic, and
aesthetic properties, while the polymer mortar was able to reduce weight by 20%.
Chen et al. [ found that reinforcement by a modified oyster shell lime mortar can
significantly improve the shear strength of low-strength mortar brick masonry walls.
Research on the thermal performance of oyster shell walls has mainly been qualitative
and experimental. Liang ¥ studied the history of oyster shell walls and found that
oyster shell walls have been used in the Lingnan area for nearly 1500 years. Liu ), by
examining the oyster shell architecture of Luyitang, first proposed the thermal insula-
tion mechanism of oyster shell walls. Zhang "%, starting from Mark Entorp's land-
scape culture philosophy, emphasized that the oyster shell wall is an architectural
form closely related to regional culture. Zhang 'l took the oyster shell wall architec-
ture in Daling Village as a starting point and explored the relationship between the
oyster shell wall as vernacular construction and the historical changes at the settle-
ment. Liu et al. ['?) used a double-sided heat flow meter method to measure the on-site
thermal parameters of an oyster shell wall building in Shawan Town, Guangzhou City
— the Renrang Public Office. The measured results showed that the delay and attenua-
tion effects of the peak outdoor temperature were significant. Xu [¥! conducted a
measured analysis of heat and moisture transfer in oyster shell-walled buildings. The
study found that under actual working conditions, oyster shell walls display unsteady
heat transfer. Therefore, the question of how to accurately describe the heat transfer
process of oyster shell walls using unsteady calculation methods has become the fo-
cus of studying the thermal insulation characteristics of oyster shell walls. Paraschiv
et al. [ proposed a one-dimensional heat transfer analysis method for homogeneous
walls and composite walls. They !4 used software to perform heat transfer calcula-
tions for composite walls with up to seven layers. Tran et al. ['*! proposed a new
ENMIM-integrated artificial intelligence model that can estimate the energy con-
sumption of buildings using real-world data. Danielski and Froling ['! used thermal
imaging to measure in situ the thermal performance of building constructions under
unsteady-state heat flow conditions. Kurtbas and Durmus ['"! presented a numerical
solution to the problem of unsteady three-dimensional heat transfer equations for
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passively heated rooms that were used to describe winter structures in the Elazig re-
gion of Turkey.

A comparative study of steady-state heat transfer and unsteady-state heat transfer
shows that an unsteady-state heat transfer method can more accurately reflect the heat
transfer process of an envelope structure 8. Previous research on oyster shell walls
did not include many calculations or analyses of thermal parameters, especially when
considering unsteady heat transfer.

2 Research purpose and methods

Using the well-established Transient Plane Source Method, this paper measures the
basic thermal parameters of oyster shells. It establishes a single-room calculation
model and configures five different enclosure structures, including oyster shell walls.
The indoor temperature response of each structure under thermal excitation was rec-
orded. Then, the thermal insulation performance of each of the five non-transparent
enclosure structures was ranked and cross-validated using BECS energy consumption
simulation software. The aim is to provide a theoretical basis for the energy-saving
design of oyster shell walls.

An overview of the research method is as follows. First, a group of oyster shell
specimens of different sizes were collected. Next, thermal parameters such as thermal
conductivity and specific heat levels were measured using Hot Disk. A convolution
calculation was used to describe the unsteady heat transfer process of the oyster shell
wall structure. Maple software was then used to draw the thermal excitation response
images for sorting. Finally, building energy consumption software was used to simu-
late the indoor thermal environment.

3 Experiments

Opyster shell specimens with relatively flat surfaces were selected and separated into
three different size categories (large, medium, and small). They were used to make 9
groups of oyster shell specimens. The thermal constant analyzer (model TPS1500)
developed by the Sweden Hot Disk Company was used for testing. The results
showed that the thermal conductivity, thermal diffusivity, specific heat, average devi-
ation, detection depth, and average probe resistance of the oyster shell specimen
group were respectively 0.400 W/(m-k), 0.177 mm?/s, 2.262 MJ/(m3-k), 0.0019 K,
4.123 mm, and 3.828 Q. The average detection depth was calculated to be 4.139 mm,
less than the distance from the nearest boundary of the oyster shell sample to the
probe. This satisfies the assumption of an infinite flat plate principally used in transi-
ent flat heat source measurement.
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4 Unsteady heat transfer analysis of oyster shell enclosure
structure

4.1  Establishment of a single-room model

A single-room model of the enclosure structure was constructed in the subtropical city
of Guangzhou. The overall frame of the room is three meters in length, width, and
height. The outer walls are equipped with five distinct types of thermal insulation,
including oyster shell walls (Table 1). The floors are heat-insulated and shaded. The
environment is designed to be exposed to sunlight only in the south. The floor and
walls are made of non-transparent materials.

Table 1. Thermal insulation performance parameters of different enclosure structures.

Style Construction composition Structural hierarchy diagram
15mm cement mortar
. . f— 200mm reinforced concrete
. Reinforced concrete of 200 mm thick 15rmm cement mortar
Construction a L oyster shel

+ oyster shell

internal external

j——

15mm cement mortar
. . 200mm reinforced concrete
Construction b Reinforced concrete of 200 mm thick | 1 t5rom cement mortar
o 30mm EPS plate
+ EPS bord Of30 mm thICk | Smm Anti-crack mortar

internal || external
AL ol

15mm cement mortar

. . | t— 120mm foamed concrete
Construction ¢l Reinforced concrete of 200 mm thick | L 15mm cement mortar
+ foamed concrete of 120mm thick | 200mm reinforced concrete

15mm Anti-crack mortar

internal || | external

15mm cement mortar

{— 60mm foamed concrete

Reinforced concrete of 200mm thick L 15mm cement mortar
+ foamed concrete of 60 mm thick [ 200mm reinforced concrete

L—15mm Anti-crack moriar

Construction c2

internal . external

200mm aerated concrete

\» 15mm cement mortar
25mm cement mortar

Aerated concrete of 200 mm thick
Construction d + plaster on both the inside and the
outside

internal external

4.2  Establishment of a single-room model

Heat transfer from heat excitation caused by external disturbance passing through the
enclosure structure causes the temperature of the single room to change. In an un-
steady state, the enclosure structure and the indoor air will store heat when subjected
to heat excitation. In a short period of time, the indoor temperature rises. The heat
balance equation of the oyster shell wall heat transfer system can be written as fol-
lows:
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AO, (1)

C, =24 KS [0,(1) - 6,(t)] - K,S,50, (1) = 0 M

The full response of the oyster shell wall system to thermal excitation at radia-
tion equivalent temperatures. When the outdoor radiation equivalent temperature is
the unit step heat signal ¢ (¢), the single-room heat balance equation of the oyster

shell wall enclosure structure can be written as (90 (t)=0):

400 | ks 0,1~ K,5, =0 @

Cr
Substituting the initial conditions, the indoor temperature response function of the
radiation equivalent temperature thermal excitation unit pulse signal can be obtained
using:

~KS;

¢bﬁn ® K]Sl KS o (3)
dt C,

Pog, (1) = ———

Since the zero input response of the oyster shell wall heat transfer system is ¢ (1) =0,

the total response of the thermal excitation from external disturbance of the oyster
shell wall heat transfer system is equivalent to the zero state response of the system.
Thus, the convolution integral of the impulse response function and the outdoor radia-
tion equivalent temperature is:

0)=[ 80, (v) g, (t-7)dr 4)

The full response of oyster shell wall system to thermal excitation at outdoor air
temperature. When the outdoor air temperature is the unit step heat signal g (¢), the

single-room heat balance equation of the oyster shell wall enclosure structure can be
written as (90 )=0):

C, +KS,0,(t)~KS, =0 (5)

d0,(1)
dt

Substituting the initial conditions, the indoor temperature response function of the

outdoor air temperature thermal excitation unit pulse signal can be obtained using:

-KSp,

¢a{/,, ) KST o O (6)
G,

P, () =

Since the zero input response of the oyster shell wall heat transfer system is g ;)= 0,

the total response of the external disturbance thermal excitation of the oyster shell
wall heat transfer system is equivalent to the zero state response of the system. Hence,
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the convolution integral of the impulse response function and the outdoor air tempera-
ture is:

0:(t)=1,0,(c) 0, (1-7)dz @)

The total response of the system under the combined action of two thermal exci-
tations from external disturbance. The system room temperature of the oyster shell
wall enclosure structure is 0, (t) = Oz (t)+49R0 (t) , which is also true for the room

temperature analysis processes of the other four enclosure structures. Therefore, the
indoor temperature total response can be obtained by drawing the full response of the
outdoor temperature and the full response of the radiation equivalent temperature of
the five different structures using Maple software. The response function image
(Fig.1) indicates that the order of thermal insulation performance is: construction b>

construction a> construction ¢1> construction ¢2> construction d.
34

~ 331
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o
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o
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& Construction a :200mm reinforced concrete+oyster shell
(% . . . o N e
e | e Construction b :200mm reinforced concrete+30mm EPS plate
8 324 Construction c¢1 :200mm reinforced concrete+120mm foamed concrete
——————— Construction ¢2 :200mm reinforced concrete+60mm foamed concrete
———— Constructiond :200mm aerated concrete
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time (s)

Fig. 1. The full response of five different structures under the action of outdoor air temperature
and radiation equivalent temperature.

5 Simulation and experimental verification

To establish a BECS single-room heat transfer system model consistent with the cal-
culation model, the material and thermal parameters of the oyster shell wall were set.
The outdoor thermal excitation was input. The system response under the external
disturbance thermal excitation was then simulated and calculated. The meteorological
data comes from Guangzhou City, Guangdong Province. The southward hourly tem-
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perature of different enclosure structures was obtained. The thermal insulation per-
formance ranking is consistent with the unsteady convolution calculation (Fig. 2).
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Fig. 2. Hourly comparison of outdoor temperature and southward temperature of each enclo-
sure structure.

6 Conclusion

1) Hot Disk technology was used to measure the thermal parameters of the oyster
shell. The measurement results show that the average thermal conductivity of the
surface oyster shell is 0.400 W/(m-k). The average specific heat is 2.262 MJ/(m?-k).
The average thermal conductivity value is slightly greater than 0.200W/(m-k). This
indicates that the surface oyster shell demonstrates a good thermal insulation perfor-
mance.

2) Unsteady convolution was used to calculate the indoor thermal excitation re-
sponse of five enclosure structures, including the oyster shell wall structure. The re-
sults show that the oyster shell wall structure displays good thermal insulation per-
formance, and its performance is close to that of the 30 mm thick EPS board exterior.
While the thermal insulation structure of the oyster shell wall is similar to other struc-
tures, it proved superior to the two foamed concrete internal thermal insulation struc-
tures and the self-insulation structure of aerated concrete. The BECS energy con-
sumption software simulation result table verifies that the above unsteady convolution
calculation results are more in line with the actual working conditions.
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