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on Closed Conditions Using Acrylic Hemispheres (II):

Comparison by Type of Building Structural Materials'
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ABSTRACT

This study used a building model made up of cement, brick, and wood to measure temperature and relative humidity

for 3 days in a closed environment with a diameter of 900 mm, and performed a comparative analysis of the effect

of types of building materials on the indoor temperature environment and heat transfer characteristics. The water

installed inside the building model represented the person in the room and was used to assess how the environment
effects the person. Wooden building model showed the lowest heat loss due to the higher thermal insulation properties

than cement and brick buildings. The thermal comfort of each building model was calculated using temperature and

relative humidity, and the wooden building model created a more pleasant environment than the cement and brick

building models.

Keywords: finishing material (wood), temperature, humidity, comfort, heat transfer mode

1. INTRODUCTION

As various materials are being used as building ma-
terials in Korea and other countries around the world
these days, a distinct indoor environment is shown in
each region. Usually, the East and West show differ-
ences in building materials used depending on charac-
teristics of local climate, environment and culture.

Architectural styles using stone materials are domi-
nantin Europe as stone culture has been developed
from the region throughout the history, while wooden

houses using wood are dominant in the United States

due to abundant forestall resources. Among East Asian
regions, Japan shows high proportion of wooden hous-
es with excellent seismic performance, in addition to
high-rise buildings built of reinforced concrete due to
the geographical characteristics associated with fre-
quent earthquakes. According to the Ministry of Land,
Infrastructure and Transport's statistics on construction
performance by housing type, a total of 765,328 hous-
es were built as of 2015, of which 534,931 apartments
(69.9% of the total housing construction performance)
were built. This means that more than 70% of all resi-

dential buildings are constructed as reinforced-con-
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crete apartments. However, as public interest in the
release of indoor air pollutants such as indoor form-
aldehyde and volatile organic compounds, etc. from
building materials (Jang et al., 2007) has increased re-
cently, the residential culture has changed in the direc-
tion that consumers value eco-friendly environment
and indoor comfort. This is leading to an increase in
demand for detached houses (Jang, 2018). The struc-
ture types of detached houses in Korea are divided in-
to masonry, reinforced concrete, and wooden houses,
and masonry houses are the most widely used struc-
tural type as they have the advantages of durability
and fire resistance. However, they also have the dis-
advantage of poor capacity of controlling temperature
and humidity. Reinforced concrete, which is widely
used in the construction of apartments and multi-unit
dwellings, is the most generalized housing structure
due to its excellent structural stability. There are few
construction cases for detached houses constructed
with reinforced-concrete structures (Kim ez al., 2017),
which is related to the structure of low-energy build-
ings in Korea (registered in the Passive House Asso-
ciation). 56 cases of wooden structure account for the
largest ratio (55.4%) in total of 101 cases, followed
by 37 cases of reinforced concrete (36.6%), 6 cases
of steel frame (5.9%), and 2 cases of hybrid structure
(2%), indicating that the ratio of reinforced concrete
structures is lower than that of wooden structures (Lee,
et al., 2018).

Wooden houses use wood as the major structural
member as it can be seen in traditional Korean houses,
and are drawing attention as a green building structure
through research findings that it can have a positive
impacton occupants with excellent insulation and hu-
midity control (Kim et al., 2013). Wood, the main ma-
terial of wooden houses, is noted as one of the sustain-
able resources and energy-efficient materials as a
building material (Seo et al., 2016; Seo et al., 2017,
Jang et al.,, 2017; Jang et al., 2017; Ozcan et al., 2019;

Pang et al., 2017; Yang et al, 2020). In addition, the
cases of using wood isincreasing for various structural
materials, interior and exterior finishing materials, and
various composite materials such as furniture flooring,
etc.(Chang, 2003) Therefore, this study used acrylic
hemispheres for three major domestic architectural
structures: concrete, masonry, and wooden houses, in
order to compare and analyze the characteristics of
building materials through derivation of the heat trans-
fer method between building structures based on floor
heating by ondol and the insulation performance of
the internal and external temperature differences of the
architectural structure which limits the influence of
climatic variables such as wind direction and rainfall,

etc.

2. MATERIALS and METHODS

2.1. Testing materials

In this study, cement, brick, and wood, which are
major domestic building materials, were used to ana-
lyze the insulation and heat transfer methods based
onthe type of building structural material in a closed
condition using a hemisphere, and 360 mm % 230 mm
x 174 mm (internal volume 240 mm X 110 mm X
114 mm) sized building model was produced. The
wall thickness of the building model produced at this

time was 38 mm.

2.1.1. Cement

The cement powder from Company "H"based in
Gyeongsangnam-do was used, which is a household
cement that can be used without sand mixing. In order
to produce the same size as a building structure made
of other materials, a molding frame (outside: 436 mm
x 3,060 mm x 250 mm, inside: 360 mm x 230 mm
x 174 mm) was produced and utilized, and the build-
ing model produced through a curing period of two

weeks after production was used in this study.
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Fig. 1. Cement building model.

2.1.2. Brick

The bricks used for domestic masonry construction
were received from Company “T” located in Daejeon
and utilized, and the building model produced after
a two-week curing period was used in this study after
bonding the bricks with the cement used for concrete

structures.

2.1.3. Wood

Fir (fir wood) of 2"x4" (38 mmx89 mm) standard,
which is the basic material of a light-weight lumber
house, was used, and a building model was produced
by using leg screws was used in this study. In order
to prevent heat loss from the joint gap of the lumber,
3M Extreme Sealing tape 4411N was used to apply
a finish on top of the joint gap.

Inner air

Innerwater

Fig. 4. Diagram of semi-sphere experiment.

Fig. 2. Brick building model.

Fig. 3. Wood building model.

2.2. Method of insulation test of building
model using acrylic hemisphere

The building (concrete, brick, wood) models were
installed at the same location within three hemi-
spheres, and temperature sensors were installed at five
points to measure temperature changes in the interior
and exterior of the building structure over time. The
locations of the temperature sensor are shown in Fig.
4. In order to eliminate the effects of the ambient air
on the produced building structure, this study was con-
ducted by installing it within the transparent acrylic
hemispheric space with a diameter of 900mm and a
thickness of 9 mm.

The produced model was installed outdoors at
Chungnam National University, and temperature
changes such as temperatures of the hemisphere’s

interior and exterior, and ambient air temperature
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inside and outside the model, etc. were measured over
time for 3 days (between 8" -10™ June, 2017). At this
point, the temperature measurement cycle was 10 mi-
nutes and the measurement was performed using a
thermal data logger (BTM-4208SD, Lutron).

2.3. Test methodology for comparison of
thermal transfer type of building
model using ondol panel

Inside each building model of 360 mm x 230 mm
x 174 mm, made of wood, bricks, and cement re-
spectively, a beaker with 50 ml of water was installed
5 cm from the center of the building model’s ceiling
using a piano string, allowing the water to drop from it.
After installing the thermal data logger (BTM-4208SD,
Lutron) at 7 temperature measuring points (internal
air, inner wall surface, water bottle surface, inside wa-
ter, outer wall surface, and external air) as shown in
Fig. 5, the structure was installed on an electric ondol
panel (Sambo Electric Ondol Panel UH-A) and sealed
with silicon. After setting the temperature of the ondol
panel to 40°C, the temperature measurement was ini-
tiated as the heating began, 3 hours of heating and
3 hours of cooling (non-heating) processes were re-
peated twice. In other words, the temperature was
measured every 10 minutes for a total of 12 hours.
The heating and cooling process were conducted to

simulate 12 hours solar heating (daytime) and 12

Outer air

Innerair [————

(e}t

Water

A AA
| N I |

Fig. 5. Diagram of electric heat panel experiment.

Vial

hours cooling (nighttime) based on 24 hours of a day.
In particular, the test aimed to analyze heat transfer
characteristics in the water model of the building
structure through the highest-lowest temperature dif-
ference caused by heating and cooling. At this point,
the experiment was carried out in a space at a temper-

ature of 204+3°C without solar radiation.

3. RESULTS and DISCUSSION

3.1. Insulation test result of building model
using acrylic hemisphere

3.1.1. Comparison of temperatures on outer
and inner walls of building by material

For each type of building model, the air temperature
in the hemisphere did not show any difference based
on the type of building structural material, and the
temperatures inside the hemisphere and the outer wall
of the building model are shown in Fig. 6, and the
internal temperature of the building model is shown
in Fig. 7. The rise and fall of the temperature graph
of the outer and inner walls of the building structure
over time showed the same trend. However, the tem-
perature of the exterior wall of the building model was
highest for masonry structure, followed by concrete
building, and wooden building. In addition, the differ-
ence between maximum and minimum temperatures
was the largest for masonry, followed by concrete, and
wood, which was the same order with that of the outer
wall temperature. The difference between the max-
imum and minimum temperatures of the outer wall of
the building was confirmed by the increased temper-
ature of the building due to solar radiation and the
decreased temperature of the outer wall of the building
without solar radiation. The results were believed to
indicate that the difference in heat transfer from the
outer to inner wall between building materials was
caused by the thermal conductance of the building

material under the same condition of solar radiation.
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Fig. 7. Inner walls temperature of each building model.

3.1.2. Comparison of temperature difference
between outer and inner walls by
material

For the evaluation of insulation performance by ma-

terial, the temperature difference between outer and in-
ner walls by material is shown in Fig. 8. The differ-
ence in temperature between the outer and inner walls
of each material refers to the insulation performance

of the building structure. Insulation refers to the de-

gree to which heat transfer is prevented, that is, the
degree to which the temperature of the inner wall is
less effected when the temperature of the outer wall
increases. It can be interpreted that the higher the
temperature difference between the outer and inner
walls, the higher the insulation property (Yang et al.,
2013). The degree of temperature difference between
the outer and inner walls was indicated in the order

of wood (approximately 40°C) > concrete = masonry
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Fig. 8. Inner-outer temperature difference of each building model.

(approximately 20°C), indicating that the wooden
model has a less amount of heat transferred inside al-
though it receives the same amount of heat as cement
and concrete structures. The insulation performance of
wood is determined to be higher than that of masonry
and concrete, which is closely related to the thermal
conductivity of each material. The heat conductivity
of wood is 0.1-0.2 W/m-K, which is lower than that
of bricks 0.4-0.8 W/m-K and concrete 0.15-2.5
W/mmK, thus having a relatively higher insulation
performance (Park et al., 2012). In addition, since the
thickness of the structure in the building model is the
same for wooden, concrete, and brick, the thermal
transmittance is closely related to the thermal con-
ductivity of the raw materials in the structure, which
can infer the same result as the temperature difference

between the outer and the inner walls.

3.2. Comparison of heat transfer methods
by building materials using ondol
panels

Through the results of the thermal insulation test of
the building model using the acrylic hemisphere, the

difference in insulation performance caused by the dif-

ference in internal and external temperature of each
building material was confirmed. Moreover, three dif-
ferent building structures for comparing the heat trans-
fer methods by building material based on floor heat-
ing and thermal comfort of the indoor occupants were
used to compare the heat transfer method and the
amount of energy applied to the glass bottle and water.
The result of the amount of heat transferred based
onthe heat transfer method during heating is the same
as the result calculated by the calculation formula in
Table 1 (Lee et al., 2009), and out of the amount of
heat generated (theamount of heat generated by ondol
panels: 55W), about 18 W (32.8%) was transferred to
wood structures, 11.9 W (23.8%) to concrete structures
and 12.503 W (22.7%) to masonry structures. The heat
was transferred in the form of radiation, convection,
and conduction in all materials, and the conduction
heat was as low as about 1% of the total, and con-
vective heat was about 23-28% of the total, whereas
the heat transferred in the form of radiation accounted
for about 70-75%. Through comparison of the amount
of heat transferred by the heat transfer methods of con-
duction, convection, and radiation, it was revealed that
most of the heat is transferred by radiant heat during

heating. Comparing the total amount of heat applied
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Table 1. Comparison of amounts of heat transferred.

Comparison of heat transferred in box
Transfer Amount of heat transferred
mode Concrete Brick Wood
Qcond=AQ/At= k26.68°C #*A #*AT/L.......c.ccevevenienannn.n. @)
kysc : thermal conductivity of atmosphere at 25°C
(Concrete : 1.6 W/mK, Brick : 0.96 W/mK, 0.10W 0.10W 0.12W
Conduction Wood(Fir) : 0.12 W/mK) (0.84%) (0.8%) (0.67%)
A : total cross sectional area of conducting surface (m?)
AT : temperature difference (°C)
L : length of conducting surface (m)
Qconv=hcony * ASurf * AT ......c.ccciieeiiiiiiiiiiiiiiiiananns 2)
. h___: convection heat transfer coefficient 3.38W 2.98W 4.52W
Convection conv o o 0)
A, + surface area (m?) (28.43%) (23.84%) (25.06%)
AT : temperature difference (°C)
Oradi=c * & * Asurf * (T14-T24)......cccooiiiiiiiiiininiininenan. 3)
o : Stefan-Boltzman constant (5.669x107%)
Radiation € : emissivity of materials 8A41W 9.42W 13.4W
(cement : 0.94, brick : 0.93, Wood (Fir) : 0.90) (70.73%)  (75.36%)  (74.27%)
A, © surface area (m’)
1), T, : temperature of two bodies (°C)
Total 11.89W 12.5W 18.04W
(100%) (100%) (100%)
Efficiency 21.62% 22.73% 32.8%

Table 2. Temperature change of water and vial

Temperature of Temperature of

Temperature of

Temperature of Total energy

water water vial vial transferred to Vial
(Initial) (after 3 hours) (Initial) (after 3 hours) and Water (kJ)
Concrete 14.5 20.4 14.3 20.1 1.47
Brick 12.9 21.2 12.6 21.5 2.09
Wood 12.5 24.7 12.6 24.6 3.04

to each structure, wooden models accounted for the
most as 32.8% and showed the least heat loss, while
concrete and masonry models showed more heat loss-
es as 23.8% and 22.7%, respectively.

The water installed in the building model can be
compared with a human body which consists of water
about 70% or more, and this study was proceeded by
assuming the temperature change of the water in each

model as the wind chill temperature. After hanging a

beaker containing water in each material model, it was
installed on an electric ondol panel. Then, heating and
cooling were repeated at 40°C every 3 hours, and the
temperature was measured for 6 hours. As shown in
Table 2, after 3 hours of heating, the temperature of
water and beaker were the highest in the wooden
model at 24.7°C and 24.6°C, respectively, followed by
concrete model at 20.4°C and 20.1°C, and masonry
model at 21.2°C and 21.5°C.

- 716 -



Analysis of Heat Transfer Characteristics by Material Based on Closed Conditions Using Acrylic Hemispheres (II):
Comparison by Type of Building Structural Materials

Q=mcAT = (mecAT) + (meAT),; @)

water

m : Mass of water and glass beaker (g)

¢ : Specific heat (water : 4.18 klJ/kg°C, vial : 0.84
kJ/kg°C)

AT : Temperature variation of water and glass
beaker(°C)

It was quantified to compare the total energy used
to increase the temperature of the water and the glass
bottle, and the total energy was compared using the

following equation.

4, CONCLUSION

In this study, the effects of the types of building
materials on the indoor temperature environment and
heat transfer characteristics in a closed environment
were compared and analyzed. The wooden model had
the highest amount of energy transferred to the wall
and the water installed inside the building model dur-
ing heating, which proved to be the best material for
efficient use of energy. It is expected to increase the
energy efficiency inside the building when wood is

used as the building structure.

1. For insulation properties by material, wood showed
higher insulation performance than that of masonry
and concrete model, and also less heat loss.

2. The largest amount of energy received by the glass
bottle and water inside the model was shown in
the wooden model. Assuming the glass bottle and
water as human, this indicates that human can feel

the warmest in the wooden structure.

As for heat transfer method by material, the largest
amount of heat was transferred by heat radiation, fol-
lowed by convection flow, and heat conduction. Most
of the heat was achieved by heat radiation. The wood-

en model transferred the largest amount of heat, and

through this, it was confirmed that the heat loss was
the least.
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APPENDIX

(Korean Version)
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2.1.1. AHE
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AHZAYE, HE, 54) Bg& 3719 vt Woll 3t 9]0 dAstglon A5t2E9] Wi st S4& $Isto
52Kl 2=AAE XS] AZFA Tl whE 2EHELE ST 2AA F& 1A= Fig. 49 At AlxE A5 tx2E
=9 9f7of o3t P AAT] 5kl AF 900 mmol| FA| 9 mme) Frg of=H Wit I3t Yol AX|Eto] & AFE
Zeysteict.

AR 22 Seiiea i o Axstglon 397H201749 69 8UHE 10U7HA]) Ak Zhof| whE vt <]
o 2%, A52y WoR di7] % 59 LEWIE S ol 2= SAF7]= 1022 E Thermal data
logger (BTM-4208SD, Lutron)E ©|-&3}o] =43}t

2.3, WL 0|83 A% =Y gols 4] vlu AL

=2, BlE, ANES AE-sto] 217 A2 360 mm x 230 mm x 174 mm&] A5 Wfof 50 mlg2 vAH o] &&
ol A5 A FYolA Sem BolA =& glofe &5 ARGl AXS19IT Fig. 59k Zo] 7349 2= £4 A-UWREF
7], W 29, EHEY, & WE, oY 29, 95 37))0l Thermal data logger (BTM-4208SD, Lutron)E A2 &, {1255
A7) SETURRAZ) LE]D UH-A)YIo] HIA3a Helrom dalsiedch A8e SEWe] LES 40°CR APE
T 7tEE NAREL SAO SR Akl 3A2E 7HE, 3AIZE W (m7FE) 9] S wHESke] THE ) WS F 23wk,
< Z 12A17F B9 1029912 =5 SA6kth 7P Q2R 1Y 248071 718 12407 s el o3t 7FE(F3h),
2A]7F WZH(o)& Algdleldstr] flste] xgistalon, 53] 719 2 Wzto] e FHu-HALEAE 53 A2 E
2y Y d o]sEA 24 stA sioith ol AdE YA} §ls 20£3°C 2= FIto A AAISH

3. 27t 4 oy

3.1 ol2d WTE o|§% AFEY) GANY Az}

301 2% AR o o% uw

AZuo FRol tet M W o7)e) LEk AZTRARY FRO| T Hol LA etow, v R %
A w9 JMEEL Fig 6, A% Wyo WHLEE Fig 79 2tk ARE ATkl wet A% A2 o 8y e
DT A S FUT AR UL, A% o)y Lrl 24 (masonry structure)> 2] E(conerete building)>
2 %(wooden building) %02 LEHgLOm, Hol-H4) L& Xoli= ojuewet Bl 2H2>Fae|E-0x b0 ANE
etk A% 29 ojulo] Hol-HA LE ol Uilo] OfFt A% L& 453} AN gl 224 0] AFE Ul
L& 57 BRIl o) A% ARl ujeh o ANEANN A%44) QA= S(Thermal conductance)] T2 ooz
$E ool AuY Hol2 ekl Ao W,

3.1.2. 240 oy exx) u@

AR TS B 915 A8 o8 LEAR: Fig 8o Uekich A48 eunt o] 2 Mol A% FEE
Sy ofulgich HaAe do) o5 okt AE, % o] Lusb koldS ) el Luo Jare W Fi
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Analysis of Heat Transfer Characteristics by Material Based on Closed Conditions Using Acrylic Hemispheres (II):
Comparison by Type of Building Structural Materials

HES ofujsio] ojuuele] L& Aol7t 242 Thalo] Frhe TS ST 4 rhYang er al, 2013). 317} i)
L5 Aol BA(F40°0) > ZIAEZ = 2HZ(CF 2000 Leon] ok Bzugoel AEe} aelE 7227}
FT 22 WA, U2 AT Qo) ool 488 ehir), B2} 2420} 228 ER Rrl B (nsulation
performance)©] 1"—1:}_:__7 tdEn, ol QY dAEgy dHs THol 9t BEAQ) dAHEEE 0.1-02 WmKE HE
0.4-0.8 WmK, Z32E 0.15-2.5 WmK2] &A=& (Park ef al, 2012)0] H]3}o] ¥ AHE=ES 714 AtfF oz gdgilso]
b BE 4 otk B9 A50R0) TAE S B, £RUE, 245 nE BUIE GRS 1280 o
FAEET WHE o] jlow ol QU] 2iAjolof ARt FYU AWE F5F 5 Utk

3.2 SEWIL 0§ AZAAEY G o5 WA vlm

A o1 R ol4 8 13ERY vUAY At ool A3 o) 2EAo) oAU U0l ol

sholshslon, uhehdol hE A% G 0 A AFA] 322 thermal confort) H|WE 91T A 7H A%
75 A3 U X ST oot 283 Bl 74 AT MRSk W A I8G P 0 015
5] A3 Table 19] AL (Lee ef al, 2009)0] Sfsto] A2 Anfo} Zom, MAH AYLEWY B DTF : 55W)
% BA 222 oF 18 W(32 8%), EZE 119 W(23.8%), 2825 12,503 W(22.7%)2] old 2|7} Agr=|ict. Ags
B8 0 AAN 2 o, ke At At 1l o 1 A ko, S Al o 2o
B

HHH, HALY] FE|R o] 53t g8 AAY oF 70-75%2 X}A| &It & o]F HHAlel A % (conduction), T convection), E-A}
(rdiaton)ol 9]t o5 o) HLE Fafo] s A o olFL TR BAjelo] ol ol Ehz ACR ik 7 728
7Vl & dgs Blasi i d HAlo] Ex o] 7P W 32.8%F AAsH 71 A2 d&AE yela, A ExS
ZAHZ BYL Z7F 23.8%, 22.7%= T W d4AlS HAh

A&2Y o] 2AH &2 oF 70% o} ez F4H e AR HuY 4
29| &% W3l 7% (wind chill temperature) 2 7F4ste] 2 A1E A3ttt 7
ek F 7125 flof AAste] 40°CY L5 AR 712 7HE-W S WhEskglen
Table 20 UERd B}e} o] A AR 7}E3 & & w7 9] 2l 72} 0|4 24.7°C, 24.6°CL2 717
£ 204°C, 20.1°C, ZHZ= 212°C, 21.5°CE B0 Hls| LE7} Wt}
23 f2Y 225 woletl, ARE F YRS Hlusly] fste] fAsketd o, thgef A4S o]d3te] F AuAE

H] s}t

slow), 24ze] 2 ol 41
Fan 2y S o] £ uAE

==

Q =meAT = (T)’LCA ﬂu ater (mCAﬂmal (4)

m : Mass of water and glass beaker (g)
¢ : Specific heat (water : 4.18 kJ/kg°C, vial : 0.84 kJ/kg°C)
AT : Temperature variation of water and glass beaker(°C)

w3y yRe] 8] LEg o] AH4H ouAe] Heh-Hagkel Aoli oF 15 kolglon, B2uy o] B /1
me XS weren, 2adlEx 1Y gel o 7Y M AU we AR vehgth AA A%Ed Aty
Qe A G Brugol 1 Boton, ot AU VY BERE 2 4 slckn wetEr

4 2B
& Aol dullE B Sl A Fiell whE A 2k 2ol mixls Gt A olF S0 tafAl vl
shink mxmPol vy A wAR dgd fuAFn A=ny yro] d4Xd = %{%‘%‘:01 7P w3k, AuAE
g o2 ARgshed| H2 ARYE AT £ AL ole A% FRAE FAR AR A AE UE U] 282 &Y
Zow goEn
L AP Tag e SA0) Tl o] 2Axef FAREX Hlslo] ¥ BAYS UElon A& Eot A Ut
2. 57 5e] fEgat 2o] Wi ofux]9] 2 BxuFoA 71 EA vERten, of= N &2 AeR 7Yst
e W ExAEA ko] 7P wSete =2 4 Sl
3.7 AAPEE AL Adshe B2 dRAL G, %XJEA SR 7P g2 G8 Agsialal tiiEe do] duAt
o o] FojRirt 7t AEEE RxRYA 7P B E& AESYIL olE B3 Al /M A2 A& ¢ 4
AT
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