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Abstract

Two samples of each of different local bamboo species in the treated and untreated conditions were prepared. They are of the
species Dendrocalamus merrillianus (Bayog), Schizostachyum lumampao (Buho), Bumbusae (Kawayan), and Bambusa
vulgaris (Patong). These samples were used to determine their fire resistance property. The fire resistance criterion was the time
required for the samples to burn completely. Sample preparation entails pulverization of the bamboo to a fine-grain sawdust
structure, then formed into a board structure. Each bamboo species type was made into the bamboo board (herein referred to as
the plyboard) with one sample treated with mango polyphenol extract while the other was left untreated. The result of the fire-
resistant tests shows that Bambusa vulgaris (Patong) treated with 10% mango polyphenol extract has the highest fire resistance,
implying good insulating property. The scope of this study is limited only for the fire resistance determination and the consequent
determination of the thermal conductivity of the selected material in its plyboard form. The thermal conductivity ranges from
0.000 to 0.098 W/m K and the average mean is 0.032 W/m K. It was also concluded that the thermal conductivity in 3
consecutive days and every 4 h was a high correlation. It rejects the null hypothesis; so, therefore, there is a significant difference
between thermal conductivity and temperature of bamboo ply. The average mean has a low thermal conductivity, implying that
sawdust bamboo ply made of Bambusa vulgaris (Patong) treated with mango polyphenol extract has good insulating value.
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1 Introduction

Sawdust bamboo ply is a green material that could be used as
an insulator for the roof module to provide thermal comfort
cooling of the house with no energy to operate. Studies show
that using and utilizing green materials reduce carbon dioxide
concentration, which results in global warming. The usage of
safe, clean, and desirable materials is a favorable strategy for
environmental remediation [1, 2]. The efficiency of green
technology has been contributing to the advantageous effect
on human life [1]. Green synthesis is an eco-friendly material
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which is naturally available. Many studies utilized the green
chemistry and greener approach for the fabrication of new
non-hazardous compounds to eliminate the harmful ingredi-
ents to the human health and for the safety of the environment
[3-5]. Nowadays, the application of green chemistry is more
advantageous because of the low cost, being a naturally avail-
able material, and non-toxicity reagents [6]. Studies show that
the use of green materials as roof insulators for the roof mod-
ule is better than of standard air conditioning, because of no
fuel required and not producing CO, concentration but more
comfort cooling of the house especially during summer
months. To reduce the carbon dioxide emission, green and
renewable raw materials could be utilized all over the world
especially in the Philippine country. It can help also forecast
the possible scenarios in the future that would help prepare,
mitigate, and adapt to this emerging environment. A sawdust
bamboo ply is proposed as a thermal insulator and a composite
part of the roof module for passive roof cooling.

Passive roof cooling methods using green materials as a
thermal insulator use simple mechanism and no electricity
required. During night time, passive cooling affects the roof
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through radiation to the night sky using the roof module as a
heat sink based on the principle of heat loss by longwave
radiation [7, 8]. Roof insulation using green materials is a
big help to reduce the heat inside the house not only for night
time but also for day time. By improving the thermal perfor-
mance of roof, the thermal conductivity of sawdust bamboo
ply was determined.

The thermal conductivity, & (W/m2 K), of a material is the
rate of heat transfer through a unit thickness of the material per
unit temperature difference [9], given by Egs. 1 and 2, where
Ocond 18 the heat conduction in watts, A is the surface area in
m?, x in m, and AT is a temperature gradient in Kelvin. At
steady-state conditions, heat is conducted in the direction of
decreasing temperature and hence, the temperature gradient
(T, —T) is negative when temperature decreases in the posi-
tive direction [9] (see Eq. 1 for heat conduction)

AT
Qcond = —kA Y ( 1 )

Equation 1 describes heat conduction which is called
Fourier’s law. A layer of material of known thickness and area
can be heated from one side by an electric resistance heater of
known output. If the outer surfaces of the heater are well
insulated, all the heat generated by the resistance heater is
transferred through the material whose conductivity is to be
determined. Thus, thermal conductivity is a product of the
heat conduction and thickness of the material and the quotient
of the cross-sectional area and temperature gradient through
the body of mass described by Eq. 2 [9]. Together with other
known quantities given, the thermal conductivity is shown in
Fig. 1.

k _ Qcondx (2)
AAT
Insulation
——— Sample
T, k material

Insulation

Insulation

Fig. 1 Illustration of thermal conductivity
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There are three ways in which heat is transferred from one
body to another. These are conduction, convection, and radi-
ation. In Fig. 1, conduction occurs within a solid or between
the bodies in intimate contact with each other. Natural or free
convection is the heat transfer due to fluid motion caused by
buoyant forces, while forced convection occurs when a fan or
pump impels the fluid to flow. Natural convection is classified
further depending on whether the developed fluid flow is lam-
inar or turbulent. The fluid flow is assumed to be laminar [9,
10]. Despite the complex behavior of convection, it is de-
scribed by the simple relation known as Newton’s law of
cooling, as shown in Eq. 3:

Qconv = hA(Tsur_Tamb) (3)

where Ty, is the surface temperature in °C and T, is the
ambient temperature in °C, A is the surface area in m?2, and  is
the convective heat transfer coefficient in W/m? °C [10]. In the
absence of fluid forces caused by wind or a fan, the convective
heat transfer that takes place is called natural convection.
Natural convection is due to the buoyant force, which is the
force exerted on a body or a volume of the fluid, by a sur-
rounding fluid. The buoyancy force equals the weight of the
fluid displaced by the body or fluid volume [9, 10].

On the other hand, radiation is the energy transferred be-
tween bodies not in contact with each other and may or may
not have a medium in between them for radiant energy trans-
fer to take place [9, 10]. The radiant energy exchange between
the G.I. roof surface and the night sky may be determined by
Eq. 4 [8]:

Osyraa/A = 0 (Trer) ~(T)"| 4)

Equation 4 is the heat flux or the heat rate per unit area
expressed in Joules per second per square meter of surface (or
watts per square meter), where ¢, is the long-wave emissivity
of the radiating surface in dimensionless quantity, o is the
Stefan-Boltzmann constant (5.67 x 10 ¥W/m? K*), Tyoor is
the absolute temperature of the radiating surface in Kelvin
degrees, and T is the absolute effective sky temperature in
Kelvin degrees. It is the heat loss of the roof top to the sky by
radiation [8]. This will ultimately result in the increased
cooling of the naturally recirculated air through the airgap,
and more ventilation air flows into the interior of the house.
Sky temperature Ty is presented in Eq. 5 [7] for estimating
the sky emissivity and temperature, where T, is the ambient
temperature in °C and ey is the emissivity of the sky as
described in Eq. 6 [7], where 4, is the dew point temperature
in °C.

As can be deduced from Eq. 6 [7], the higher the dew point
temperature of the air, the higher is the emissivity, and the
lower the temperature of the air, the lower is the effective
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sky temperature. It follows that for cooling to take place the
sky must have a lower temperature than that of the roof. The

radiation potential (T4 -4

sky mof) will produce no cooling if

the value is zero, and cooling when the value is negative;
otherwise, the roof will be heated. The greater the negative
difference, the greater will be the cooling effected.

Tsky = Tump (5sky0‘25) (5)
ey = 0.711 + 0.56(1,/ 100) + 0.73 (14,/100)° (6)

tap = Crqa + Crsa+ Cr0? + Crra’ + Cis(P)""" (7)

a=In(Py,) (8)
Py W

P, =—am7 9
0.621 945 + W ©)
2501 + 2.3261 YW, *~1.006 (tgmy—t"

2501 + 1.86t,,,—4.186t
N P,
W, =0.621 945 — (11)
Patm_ w

Also, Eq. 7 is for determining the dew point temperature of
the air [11], where C14=6.54, C;5=14.526, C15=10.7389,
C17=0.09486, and C;g=0.4569, and « is given in Eq. 8, where
Py, is the partial pressure of water vapor in unsaturated air in kPa
units [11]. Equation 10 may be used for obtaining the humidity
ratio of the unsaturated air. The partial pressure of water vapor
P, is described in Eq. 9, where P, is the total pressure of moist
air in kPa (atmospheric pressure, 101.325 kPa at sea level) and
W is the humidity ratio of unsaturated air in kg, /kgq, [11];
where 1* is the thermodynamic low temperature of moist air
taken from PAGASA in °C and W," is the humidity ratio of
moist air at saturation based on saturation temperature in kg-
wv/Kgaa in Eq. 11 [11], where P, is the saturation pressure
based on vapor pressure of the air, in kPa unit.

There are several reports on green synthesis on the various
kinds of biofuel nanoscale compounds for utilizing clean en-
ergy in alleviating pollution conditions by production of nano-
structured compounds [1-6]. Carbon dioxide emission on
earth causes greenhouse effect which contributes to global
warming. The Philippines is one of the highly urbanized coun-
try in the world, with establishments such as malls, hotels,

restaurants, and even residential houses using electricity-
driven air-conditioning system to provide comfort cooling to
occupants. Today, the challenge is the sustainability for ther-
mal comfort cooling without the use of air-conditioning sys-
tem. Building owners may not be aware that there are other
means of providing comfort, and the utilization of alternative
but efficient green materials (bamboo plyboard) as thermal
insulation.

Bamboo has been known as a material for environmental
building for its abundance and low cost [12]. It is an energy-
saving material when used as an air-conditioning insulation
[13]. In Japan and China, bamboo is one of the oldest and an
adaptable material that was used for more than 2000 years.
Today, in Latin-America and Asia, bamboo is increasingly
used for the construction of light structures [14].

The objective of this study is the indirect determination of the
(a) fire resistance quality and (b) thermal conductivity of bam-
boo plyboard by retrofitting it to a system (like the roof module)
where its thermal performance as a conductor of heat can be
simulated. The result of the study shows the highest assessed
lapse time among the different bamboo species after it burned.
There are four species of bamboo to test the fire resistance, with
treatment of mango polyphenol extract and without treatment;
those are the Dendrocalamus merrillianus (Bayog),
Schizostachyum lumampao (Buho), Bumbusae (Kawayan),
and Bambusa vulgaris (Patong). The fire resistance criterion
used was the time for a sample to completely burn, assuming
all ambient conditions to be the same for each test. The sample
with the longest time to burn implies highest fire resistance and
was eventually selected and then fabricated into a plyboard (fin-
ished product). After the fire resistance test and plyboard fabri-
cation, the next step was to determine the thermal conductivity
of the plyboard. A roof module consists of corrugated G.I. sheet
at the top, an airgap below acting as flow channel for air, and
insulation made of green materials (bamboo plyboard) located
below the airgap. In other words, the airgap separates the G.I.
roof sheet from the insulation layer to form a parallel plate chan-
nel. Mathematical equations for a one-dimensional and steady-
state heat transfer across this roof system were derived. This
derived equations or formulas are used to predict the tempera-
tures at the different points in the roof and surface temperature of
sawdust bamboo ply as well as the heat fluxes across the roof.
The input to this module is the temperature sent through the
subscriber identification module (SIM) using the Arduino based
on the weather ambient temperature. This study provides illus-
trations and discussion of materials and methods used in this
experimental study.

2 Materials and methods

The paradigm in Fig. 2 shows the methods of the study.
Dendrocalamus merrillianus (Bayog), Schizostachyum
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Fig. 2 Paradigm of methodology
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Compare the burning
bamboo species.

lumampao (Buho), Bumbusae (Kawayan), and Bambusa
vulgaris (Patong) are endemic bamboo species of the
Philippines. The harvested bamboo went through three pro-
cesses. The first treatment was controlled air-drying; second,
soaking the bamboo in salt water for 7 days; and third, soaking
with saltwater plus 10% solution of mango polyphenol extract
within 7 days. The untreated bamboo sample was in its natural
state. On the last day of curing, the samples were set up into
the dry cans. The bamboo was weighed and set on fire and
burning time per sample eventually recorded. The higher fire
resistance was then ground to fine-grained sawdust size in a
grinding mill. After it was made into sawdust, the coarse
chunks of bamboo were screened out, using a sieve.

Fig. 3 Procedures in making
bamboo plyboard
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v

Data Collection:
3-days data gathering for
every 30 minutes from
the SMS message of the

Arduino device.

~

Cut dried bamboo into small pieces before
putting it in the sawdust grinding mill.
Make sawdust bamboo ply using wood
glue and by compressing it together in a 3
ft. x 3 ft. rectangular wood molder.

Mix bamboo sawdust, water and wood
glue.

Sun dry the laminated bamboo and wait
for it to harden. ‘

. Surface temperature of bamboo
. Temperature at different points

. Thermal conductivity of

One-dimensional steady-
state heat transfer
mathematical
calculation.

Results:

plyboard.

of the assumed roof module.

bamboo plyboard.

The fabrication materials and tools used are (1) wood glue,
(2) mixing bowl, (3) trowel, (4) wooden frame, (5) plastic-
covered illustration boards for the molding process as shown
in Fig. 3, (6) and additional bench tools and measuring instru-
ments that can be used in the process. On the illustration
board, we start by using small amounts of the mixture using
the wooden frame, and then flatten the mixture with a trowel.
After the mixture has been molded into a sheet, it was left to
settle and dry completely for 4 days. The bamboo plyboard
was retrofitted into the roof module as a ceiling material.

The Arduino device was then put into action. It sends the
surface temperature measurements of every key points along
the roof module every 30 min (inner and outer G.I. roof,
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airgap, and inner and outer ceiling board made of bamboo
plyboard). Surfaces and interface temperatures are evaluated
based on the rearranged version of Eqs. 17-21. The thermal
resistance can still be used to determine the rate of steady heat
transfer through such composite roofing. The roofing consists
of three layers (such as roof, airgap, and ceiling board made of
green materials). We could also obtain this result by following
the approach already used previously to obtain the outer roof
surface temperature 75 by the premise that the rate of heat
transfer Qo through a multi-layer medium is constant, and
thus, it must be the same through each layer. The temperature
at the airgap #; was from Arduino device sent via SMS. A roof
module consisting of corrugated G.1I. sheet, airgap, and insu-
lation made of green materials (sawdust bamboo ply) is shown
in Fig. 4.

Figure 4 describes the corrugated roof (G.I. sheet, gauge
no. 24) having a low pitch (or slope) of 2/12 (approximately
9.46 degrees). The peak of the roof joins a vertical wall with
an airgap underneath to represent a tilted channel formed be-
tween two parallel plates. Warm air circulates through the
interior of the house, flows through the 0.84 m (0.75 inches)
deep airgap, giving its heat to the roofing, and flows down-
ward at exceptionally low rates. Because of the thickness of
the airgap, the natural convection is somewhat suppressed,
and the heat transfer is by conduction alone. The warm air at
airgap losses some of'its heat to the G.I. sheet. The sky and the
ambient air serve as the heat sink for the system. The massive
construction of interior tiled floors and concrete walls stores
sensible cooling to reduce night-time space conditioning
needs. The bamboo plyboard isolates the air in the cooling
chamber (or airgap) from the warm room air.

Figure 5 represents the system of concern, in which the
mean surface temperature of the roof is greater than the out-
side ambient temperature. Heat flows up from air in the airgap
to the G.I. roofing in a steady-state, steady flow (SSSF), uni-
directional flow of heat, and without condensation occurring.
The term steady-state implies no property change with time at
any point in the system. The outdoor condition 7, was based
on the average of 24-h operation.

The modes of heat transfer shown in Fig. 5 are radiation
from room wall and flooring to sawdust bamboo ply, long-
wave radiation from G.I. roof to the sky, convection from

View Factor

(Tilt angle)
Airgap — /

Sawdust bamboo ply

Thermal conductivity of

ROOf < awdust bamboo ply

Fig. 4 Schematic concept of a roof module with bamboo plyboard as an
insulator

room air to bamboo plyboard, convection from G.I. roof outer
surface to outside air, and conduction from sawdust bamboo
ply insulation to airgap and conduction from sawdust bamboo
ply to inner roof. Figure 5 shows one-dimensional heat trans-
fer by conduction, convection, and radiation through compos-
ite roof assembly exposed to temperatures f,,, and ¢. which
can be express as [10]:

Atave o (tr_tamb)uve
Rtatal Rtutal

Oporal = ( 12)

The total heat toward the outside (indicating heat loss) from
hot to cold medium is given by Eq. 12 [9], where At,. is the
total temperature between the two mediums in °C, Ry 1S the
total thermal resistance between the two mediums in °C/W, ¢,
is the room temperature in °C, and ¢, is the ambient temper-
ature in °C. For the composite system, the overall resistance is
[10]:

Rt()tal = Rroom + th + Rag + Rroqf + R-gk)’

(13)

or

+ Rbp + Rag + Rroaf

Riotar = (

(14)

1 1
(Rmd + Rm)sky

Substituting the values, we have

hi + hyaa Xbp Xag Xroof
R ola. = 7 7 A :
rorel [ hihmdA :|room * kpr * kairA + kroqu

hu + hrad
* [ hohradA :|sky

(15)

The heat transfer surface area is constant for the roof as-
sembly. The thermal resistances are all in series, and the
equivalent total thermal resistance is determined by adding
the individual resistances. The outside air temperature 7, is
a temperature from the Philippine Atmospheric, Geophysical,
and Astronomical Services Administration (PAGASA). The
t.0om 18 the assumed value of mean temperature at room (32
°C). Since the composite heat rate is unidirectional, steady-
flow, and [10]

troom—tamb = (troom—t1) + (ti=12) + (t2t4) + (t4~t5)

(16)

+ (t5_tamb)
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Fig. 5 Thermal model of the roof

module

Roof (Gl sheet) |

Then, the total heat flow is described by Egs. 17-21.

Q o Lroom™t1
total —
o Rroom
t—t>
Qtotal - R
bp

Table 1 Fire resistance for
sample no. 1
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Qeotal

SKY

Sawdust bamboo ply
Qeonv
Qrad
ROOM
tr—ty
Qtotal = Rag (19)
ty4—ts
(17) Qtotal - R— (20)
roof
18 I5—le
( ) Qtotal = R (21)
sky
Treated/untreated Bamboo species Weight of bamboo (g) Weight of ash (g) Time lapse (min)
Treated with Bayog 1900 1100 14 min 32 s
polyphenol
Untreated Bayog 1900 1100 12min 12's
Treated with Patong 1880 1010 15min32s
polyphenol
Untreated Patong 1880 1010 11 min39s
Treated with Buho 1990 1210 11min1ls
polyphenol
Untreated Buho 1990 1205 8 min 55's
Treated with Kawayan 1185 870 08 min 6 s
polyphenol
Untreated Kawayan 1185 870 08 min 23 s
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Table 2 Fire resistance for

sample no. 2 Treated/untreated Bamboo species Weight of bamboo (g) Weight of ash (g) Time lapse (min)
Treated with Bayog 1500 1000 11 min32s
polyphenol
Untreated Bayog 1500 1000 09 min 17 s
Treated with Patong 1600 1010 12min 12 s
polyphenol
Untreated Patong 1600 1020 10 min 02 s
Treated with Buho 1500 1010 10min 11s
polyphenol
Untreated Buho 1500 1005 08 min 55 s
Treated with Kawayan 1500 1010 07 min 16 s
polyphenol
Untreated Kawayan 1500 1005 07 min 27 s
Resistances in parallel: and
1
Rruom = # (22) - ho + hrad
. Ry = (Mot (26)
Rraa Reons room hohradA sky
where R = 1/24; then, where R, 18 the total resistance to flow of heat from occu-
1 5 pants to plywood surface in °C/W, Ry, is the resistance to
Rroom = 1 (23) flow of heat by sawdust bamboo ply with thickness x, in °C/
1 W, R,,is the resistance to flow of heat by the air at airgap with
yadA + hA thickness x,, in °C/W, R;o0r is the resistance to flow of heat by
the G.I. roofing material with thickness x,or in °C/W, and
Rearranged the equation [23]: Rqy 1s the total resistance to flow of heat from roof to sky in
] °C/W. The commonly used value of 4, for peak load calcula-
Rroom = 7 (24)  tion is 22.7 W/m?* °C (summer) which corresponds to design
A ¥ A wind conditions of 12 km/h for summer. And, the commonly
I rai . .
oAl used value of /; for peak load calculation is 8.29 W/m?> °C
iHrad (winter and summer), which corresponds to design wind con-
therefore, ditions of 12 km/h for summer [10].
The data of the null hypothesis of the correlation coefficient
R _ (hi + Myad ) (25) uses QI Macros Statistic Wizard and Minitab software for the
room — q
hihragA ) oom accurate result of correlation.
Table 3 Fire resistance for
sample no. 3 Treated/untreated ~ Bamboo species ~ Weight of bamboo (g)  Weight of ash (g)  Time lapse (minutes)
Treated with Bayog 1500 860 11 min32s
polyphenol
Untreated Bayog 1500 840 09 min 17 s
Treated with Patong 1600 980 12min 12 s
polyphenol
Untreated Patong 1600 970 10 min 02 s
Treated with Buho 1500 770 10min 11s
polyphenol
Untreated Buho 1500 750 08 min 55 s
Treated with Kawayan 1500 710 07 min 16 s
polyphenol
Untreated Kawayan 1500 700 07 min 27 s
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Table 4 Thermal conductivity of bamboo plyboard at environmental temperature (¢;) of 32 °C (305.15 K)

Date Time,  min Temp.@ pt. 1 Temp. @ pt. 2 Temp. @ pt. 3 Temp. @ pt. 4 Temp. @ pt. 5 Room temp., Thermal conductivity,

(every 30 min) (z;, °C) (t, °C) reading in (4, °C) (t5, °C) t, °C k (W/m K)
the Arduino
device (3, °C)

9-Mar-19
8:56 32 28.02 26 30.04 30.04 32.05 0.012
9:29 32 28.02 26 30.04 30.04 32.05 0.012
9:57 32 28.52 27 30.04 30.04 32.05 0.011
10:27 32 29.02 28 30.04 30.04 32.05 0.009
11:28 32 29.52 29 30.04 30.04 32.05 0.008
11:58 32 29.52 29 30.04 30.04 32.05 0.008
12:28 32 30.51 30 31.02 31.02 32.02 0.002
12:59 32 31.01 31 31.02 31.02 32.02 0.002
13:29 32 31.51 32 31.02 31.02 32.02 0.001
13:59 32 32.51 34 31.02 31.02 32.02 -0.001
14:30 32 32.51 34 31.02 31.02 32.02 -0.001
15:00 32 32.51 34 31.02 31.02 32.02 -0.001
15:31 32 31.51 34 31.02 31.02 32.02 0.001
16:02 32 31.51 32 31.02 31.02 32.02 0.001
16:31 32 30.01 32 31.02 31.02 32.02 0.003
17:02 32 30.01 29 31.02 31.02 32.02 0.003
17:32 32 30.01 29 31.02 31.02 32.02 0.003
18:12 32 28.05 29 27.11 27.10 32.12 0.031
18:33 32 28.05 29 27.11 27.10 32.12 0.031
19:03 32 28.05 29 27.11 27.10 32.12 0.031
19:33 32 27.55 28 27.11 27.10 32.12 0.034
20:04 32 27.05 27 27.11 27.10 32.12 0.038
20:34 32 27.05 27 27.11 27.10 32.12 0.038
21:04 32 27.05 27 27.11 27.10 32.12 0.038
21:35 32 27.05 27 27.11 27.10 32.12 0.038
22:05 32 27.05 27 27.11 27.10 32.12 0.038
22:35 32 27.05 27 27.11 27.10 32.12 0.038
23:06 32 26.55 26 27.11 27.10 32.12 0.042
23:36 32 26.55 26 27.11 27.10 32.12 0.042

10-Mar-19
0:06 32 25.09 26 24.18 24.17 32.19 0.086
0:37 32 25.09 26 24.18 24.17 32.19 0.092
1:07 32 24.59 25 24.18 24.17 32.19 0.092
1:38 32 24.59 25 24.18 24.17 32.19 0.092
2:08 32 24.59 25 24.18 24.17 32.19 0.092
2:38 32 24.59 25 24.18 24.17 32.19 0.092
3:09 32 24.09 24 24.18 24.17 32.19 0.098
3:39 32 24.09 24 24.18 24.17 32.19 0.098
4:09 32 24.09 24 24.18 24.17 32.19 0.098
4:40 32 24.09 24 24.18 24.17 32.19 0.098
5:10 32 23.59 23 24.18 24.17 32.19 0.104
5:40 32 23.59 23 24.18 24.17 32.19 0.104
6:11 32 26.52 23 30.04 30.04 32.05 0.017
6:41 32 26.52 23 30.04 30.04 32.05 0.017
7:11 32 26.52 23 30.04 30.04 32.05 0.017
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Table 4 (continued)

Date Time, ¢ min Temp.@ pt. 1  Temp. @ pt. 2 Temp. @ pt. 3 Temp. @ pt. 4 Temp. @ pt. 5 Room temp., Thermal conductivity,
(every 30 min) (t, °C) (t2, °C) reading in (t4, °C) (ts, °C) t, °C k (W/m K)
the Arduino
device (3, °C)
7:42 32 26.52 23 30.04 30.04 32.05 0.017
8:12 32 26.52 23 30.04 30.04 32.05 0.017
8:42 32 27.02 24 30.04 30.04 32.05 0.015
9:13 32 27.52 25 30.04 30.04 32.05 0.014
9:43 32 28.02 26 30.04 30.04 32.05 0.012
10:13 32 28.52 27 30.04 30.04 32.05 0.011
10:44 32 29.02 28 30.04 30.04 32.05 0.009
11:15 32 29.52 29 30.04 30.04 32.05 0.008
11:45 32 29.52 29 30.04 30.04 32.05 0.008
12:15 32 30.02 30 30.04 30.04 32.05 0.006
12:45 32 30.02 30 30.04 30.04 32.05 0.006
13:16 32 31.02 32 30.04 30.04 32.05 0.003
13:46 32 32.02 34 30.04 30.04 32.05 0.000
14:16 32 32.52 35 30.04 30.04 32.05 -0.002
14:47 32 32.52 35 30.04 30.04 32.05 -0.002
15:17 32 32.52 35 30.04 30.04 32.05 -0.002
15:47 32 31.52 35 30.04 30.04 32.05 0.001
16:18 32 31.02 32 30.04 30.04 32.05 0.003
16:48 32 31.02 32 30.04 30.04 32.05 0.003
17:18 32 30.52 31 30.04 30.04 32.05 0.005
17:49 32 29.52 29 30.04 30.04 32.05 0.008
18:19 32 28.05 29 27.11 27.10 32.12 0.031
18:51 32 28.05 29 27.11 27.10 32.12 0.031
19:20 32 27.55 28 27.11 27.10 32.12 0.034
19:50 32 27.55 28 27.11 27.10 32.12 0.034
20:51 32 27.05 27 27.11 27.10 32.12 0.038
21:21 32 27.05 27 27.11 27.10 32.12 0.038
21:52 32 26.55 26 27.11 27.10 32.12 0.042
22:22 32 26.55 26 27.11 27.10 32.12 0.042
22:52 32 26.55 26 27.11 27.10 32.12 0.042
11-Mar-19

0:12 32 24.09 24 24.18 24.17 32.19 0.098
0:42 32 24.09 24 24.18 24.17 32.19 0.098
1:12 32 24.09 24 24.18 24.17 32.19 0.098
1:43 32 24.09 24 24.18 24.17 32.19 0.098
2:14 32 24.09 24 24.18 24.17 32.19 0.098
2:43 32 24.09 24 24.18 24.17 32.19 0.098
3:14 32 24.09 24 24.18 24.17 32.19 0.098
3:44 32 24.09 24 24.18 24.17 32.19 0.098
4:14 32 23.59 23 24.18 24.17 32.19 0.104
4:45 32 23.59 23 24.18 24.17 32.19 0.104
5:15 32 23.59 23 24.18 24.17 32.19 0.104
5:45 32 23.59 23 24.18 24.17 32.19 0.104
6:17 32 27.01 23 31.02 31.02 32.02 0.008
6:47 32 27.01 23 31.02 31.02 32.02 0.008
7:18 32 27.01 23 31.02 31.02 32.02 0.008
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Table 4 (continued)

Date Time, ¢ min Temp.@ pt. 1  Temp. @ pt. 2 Temp. @ pt. 3 Temp. @ pt. 4 Temp. @ pt. 5 Room temp., Thermal conductivity,
(every 30 min)  (#, °C) (t2, °C) reading in (14, °C) (15, °C) t, °C k (W/m K)
the Arduino
device (3, °C)
7:48 32 27.01 23 31.02 31.02 32.02 0.008
8:19 32 27.51 24 31.02 31.02 32.02 0.007
8:49 32 27.51 24 31.02 31.02 32.02 0.007
9:20 32 28.01 25 31.02 31.02 32.02 0.006
9:50 32 28.51 26 31.02 31.02 32.02 0.005
10:32 32 29.01 27 31.02 31.02 32.02 0.005
10:49 32 29.51 28 31.02 31.02 32.02 0.004
11:19 32 30.01 29 31.02 31.02 32.02 0.003
11:50 32 30.01 29 31.02 31.02 32.02 0.003
12:20 32 30.01 29 31.02 31.02 32.02 0.003
12:51 32 31.01 31 31.02 31.02 32.02 0.002
13:21 32 32.01 33 31.02 31.02 32.02 0.000
13:51 32 32.51 34 31.02 31.02 32.02 -0.001
14:21 32 32.01 33 31.02 31.02 32.02 0.000
14:52 32 32.01 33 31.02 31.02 32.02 0.000
15:22 32 32.01 33 31.02 31.02 32.02 0.000
15:52 32 31.51 32 31.02 31.02 32.02 0.001
16:23 32 31.51 32 31.02 31.02 32.02 0.001
16:53 32 31.51 32 31.02 31.02 32.02 0.001
17:23 32 31.01 31 31.02 31.02 32.02 0.002
17:54 32 31.01 31 31.02 31.02 32.02 0.002
18:24 32 28.05 29 27.11 27.10 32.12 0.031
18:55 32 28.05 29 27.11 27.10 32.12 0.031
19:25 32 27.55 28 27.11 27.10 32.12 0.034
19:55 32 27.55 28 27.11 27.10 32.12 0.034
20:25 32 27.05 27 27.11 27.10 32.12 0.038
20:55 32 27.05 27 27.11 27.10 32.12 0.038
21:27 32 27.05 27 27.11 27.10 32.12 0.038
21:57 32 26.55 26 27.11 27.10 32.12 0.042
22:29 32 26.55 26 27.11 27.10 32.12 0.042
22:59 32 26.55 26 27.11 27.10 32.12 0.042
23:29 32 26.55 26 27.11 27.10 32.12 0.042
23:59 32 26.55 26 27.11 27.10 32.12 0.042

3 Result and discussion
3.1 Experimental result of fire resistance

Tables show the result of fire resistance of different bamboo
species treated with mango polyphenol extract and untreated.
There are three (3) samples to determine the kind of bamboos
that has higher fire resistance including the weight of bamboo
before burning and ash weight after it burned. Table 1 shows
that Bambusa vulgaris (Patong) treated with polyphenol has
15 min and 32 s where the weight of bamboo before it burned
was 1880 g and weight of ash was 1010 g. However, compared

@ Springer

with the untreated, it has rapidly burned by 25%. The treated
Dendrocalamus merrillianus (Bayog) burned 14 min and 32 s
and untreated burned of 12 min and 12 s as well, 16% faster with
treated with the same weight of 1900 g and ash weight of 1100
g. The treated Schizostachyum lumampao (Buho) burned
11 min and 11 s compared with untreated which burned 8 min
and 55 s, almost 20% faster with treated. The weight of treated
and untreated bamboo was 1990 g with different weights of ash
of 1210 g for treated and 1205 g for untreated. But untreated
Bumbusae (Kawayan) was burned in 8 min and 6 s, 4% faster
burning than treated which burned of 8 min and 23 s with the
same weight of 1185 g and ash of 870 g.
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Table 5

Average mean of thermal conductivity of bamboo plyboard at environmental temperature (¢;) of 32 °C (305.15 K)

Time, ¢ (every 4 h) 1st day (March 9, 2019)

2nd day (March 10, 2019)

3rd day (March 11, 2019) Average mean (k, W/m? K)

8:00 AM-12:00 AM 0.010 0.010
12:00 PM—4:00 PM 0.000 0.000
4:00 PM-8:00 PM 0.022 0.024
8:00 PM-12:00 PM 0.039 0.040
12:00 AM—4:00 AM 0.094
4:00 AM-8:00 AM 0.046
Average mean (k, W/m? K) 0.018 0.036

0.004 0.008
0.000 0.000
0.022 0.023
0.041 0.040
0.098 0.077
0.040 0.043
0.034 0.032

Table 2 shows that Bambusa Vulgaris (Patong) treated with
polyphenol burned about 12 min and 12 s, and the same weight
of 1600 g and burned ash was 1010 g for treated and 1020 g for
untreated. The untreated has burned 18% faster than the treated
with polyphenol. But, treated Dendrocalamus merrillianus
(Bayog) burned in 11 min and 32 s, and 9 min and 17 s for
untreated, which burned 20% faster. It has the same weight of
untreated and treated of 1500 g as well as the weight of ash of
1000 g. The treated Schizostachyum lumampao (Buho) burned
in 10 min and 11 s compared with untreated which burned in
8 min and 55 s, approximately 12% faster with treated. The
weight of treated and untreated was 1500 g with different
weights of ash of 1010 g for treated and 1005 g for untreated.
However, the untreated Bumbusae (Kawayan) burned in 7 min
and 16 s, which is 3% faster than treated which burned in 7 min
and 27 s with the same weight of 1500 g and ash of 1010 g for
treated and 1005 g for untreated.

The Bambusa vulgaris (Patong) treated with polyphenol
(Table 3) burned in 12 min and 12 s and untreated in 10 min
and 2 s with the same weight of 1600 g and burned ash was 980 g
for treated and 970 g for untreated. It burned 18% faster than that
treated with polyphenol. Although, treated Dendrocalamus
merrillianus (Bayog) burned in 11 min and 32 s and untreated
burned in 9 min and 17 s which was 20% faster. The untreated
and treated has the same weight of about 1500 g and weight of
ash was 860 g for treated and 840 g for untreated. The treated

Schizostachyum lumampao (Buho) burned in 10 min and 11 s,
while untreated burned in 8 min and 55 s, 12% faster with treat-
ed. The weight of treated and untreated was 1500 g, but the
weight of ash for treated and untreated differs. On the other hand,
the untreated Bumbusae (Kawayan) burned in 7 min and 16 s
which was 3% faster than treated which burned in 7 min and 27 s
with the same weight of 1500 g and weight of ash of about
1010 g for treated and 1005 g for untreated.

Tables 1, 2, and 3 show the result of the fire resistance of
different bamboo species treated with polyphenol and untreated.
The higher fire resistance determined which bamboo is going to
be used for the manufacture of sawdust bamboo ply as a thermal
insulator for passive roof cooling. Bambusa vulgaris (Patong)
treated with polyphenol is the bamboo that takes so much time
to burn.

3.2 Thermal conductivity of bamboo plyboard

Table 4 shows the result of the temperature at different points of
the roof module within 3 days for every 30 min. Almost the
result has low thermal conductivity indicating good insulating
material. The temperature at pts. 1 and 2 (¢ and #,) is the inner
and outer surface temperature of sawdust bamboo ply, tempera-
ture at pt. 3 (#3) is the temperature reading in the Arduino device,
and temperature at pts. 4 and 5 (#; and s) is the inner and outer
surface of the roof. The input is the temperature reading from the

Fig. 6 Mean of thermal
conductivity every 4 h on
March 9 to 11, 2019

Thermal Conductivity, k (W/m2. K)

--©- - Ist Day

Time, t (hours)
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Arduino device, low and high temperature from PAGASA, and
assumed room temperature of 32 °C (305.15 K). Through the
empirical formula of steady-state heat transfer, the thermal con-

ductivity is calculated.

Table 5 and Fig. 6 show the average mean of thermal con-
ductivity of sawdust bamboo ply in every 4 h. In the 1st and 2nd

Fig. 7 Correlation ratio of
thermal conductivity on March 9—
10,2019. a—¢ 8-12 am. d-f 124
pm. g—i 4-8 pm. j-18-12 pm. m,
n 124 am. o, p 4-8 am
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day from 8:00 to 12:00 am, the mean thermal conductivity was
the same of 0.010, while in the 3rd day, the mean has decreased
to 0.004. In 12:00-4:00 pm, there was the same thermal conduc-
tivity in 3 trials. Then, from 4:00 to 8:00 pm, the thermal con-
ductivity was the same for the 1st and 3rd day of 0.022 but in the
2nd day increase to 0.024. The thermal conductivity increases in
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Fig. 8 Correlation ratio of 0.120
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every trial from 8:00 to 12:00 pm. In 12:00-4:00 am, the thermal
conductivity increases from 0.094 to 0.098, while in 4:00-8:00
am, the thermal conductivity decreases from 0.046 to 0.040.

Figure 7 shows the correlation ratio of thermal conductivity
in 4 h for 3 consecutive days. Figure 7a—c show that the cor-
relation ratio of thermal conductivity was the same on the 1st
and 2nd day and slightly increase on the 3rd day; this implies
that 8 to 12 am reached very high correlation. While, Fig. 7d—f
show low correlation on the 1st day and 3rd day and moderate
correlation on the 2nd day. Figure 7g—i show high correlation
in 3 trials and Fig. 7j—1 show high and moderate correlation of
thermal conductivity. Figure 7m and n and Fig. 70 and p
achieved of high correlation. Therefore, the thermal conduc-
tivity in every 4 h in 3 trials reached high correlation.

Figure 8 shows the average correlation ratio of thermal con-
ductivity in 3 days for every 4 h. The correlation ratio between
8:00 and 12:00 pm has a very high correlation followed by a
high correlation between 12:00-4:00 am and 8:00-12:00 am.
The moderate correlation ratio is between 4:00 and 8:00 am, but

the low correlation ratio is between 12:00-4:00 pm and 4:00—
8:00 pm.

Figures 9, 10, and 11 show the temperature at different points
of the roof module at an environmental temperature of 32 °C
(305.15 K) on March 9 to 11, 2019. The temperature at point 1
was assumed as the room temperature and, at the same time, the
outer surface of sawdust bamboo ply. The average inner surfaces
of bamboo ply temperature in Fig. 9 were 29.08 °C (t,), and the
temperature reading from Arduino () was 29.14 °C while the
inner and outer surfaces of roof (z; and #5) were 29.20 °C. The
low and high temperatures of bamboo ply decrease to 26.55 °C at
23:06 and increase to 32.51 °C between 14:00 and 15:00. In Fig.
10, the low and high temperatures of bamboo ply decrease to
23.59 °C between 5:10 and 5:40 am and increase to 32.52 °C
between 14:16 and 15:17. The average inner and outer surfaces
of the roof were 29.13 °C while the inner surfaces of bamboo ply
were 29.13 °C and the temperature reading from Arduino (¢3)
was 29.21 °C.

Figure 12 shows the matrix plot of the correlation ratio be-
tween the temperature of sawdust bamboo ply and temperature
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Fig. 9 Temperature at different points of the roof module at an
environmental temperature of 32 °C (305.15 K) on March 9, 2019

Fig. 10 Temperature at different points of the roof module at an
environmental temperature of 32 °C (305.15 K) on March 10, 2019
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Fig. 11 Temperature at different points of the roof module at an
environmental temperature of 32 °C (305.15 K) on March 11, 2019

reading from Arduino versus thermal conductivity. It shows
a very high correlation ratio between temperature reading
from Arduino #; and temperature of sawdust bamboo ply 7,
and negative high correlation between thermal conductivity
(k) in W/m K and surface temperature of bamboo ply ¢, and
moderate correlation with a temperature reading from
Arduino 3. The P value 0.000 (P < 0.05) rejects the null
hypothesis; there is a significant difference between ther-
mal conductivity and temperature of sawdust bamboo ply
and temperature from Arduino device. Thus, thermal con-
ductivity depends on the temperature gradient of the surface
materials and ambient temperature.

4 Conclusion

The experiment on different fabricated samples of the nanostruc-
tured green materials [1-6] is a procedure to determine the fire-
resistant quality of different bamboo species. The samples were
treated with mango polyphenol extract which contains phenolic
compounds such as tannin, pectin, and sodium chloride contents
that affects the molecular bonds of bamboo fibers and makes
molecular interlinked more stable and fire-resistant [15-23].
Comparing the treated and untreated samples of different bam-
boo species, the effect of treating samples was the increase in
fire-resistant property by 16 to 25% based on the results of the
test trials; Bambusa vulgaris (Patong) treated with polyphenol
exhibits the highest fire resistance, about 25% higher than the
untreated sample. It burned in 15 min and 32 s where the weight
of bamboo prior to being burned was 1880 g and weight of ash
was 1010 g for an ash content of 53.7%. In the second and third
trials, it burned for about 12 min and 12 s but the weight of
bamboo prior to being burmed and weight of burned ash were
quite different. It burned 18% faster over the untreated sample.
Hence, the treated sample of Bambusa vulgaris (Patong) was
used for the manufacture of bamboo plyboard as thermal insula-
tion for passive roof cooling.

The study concludes that Bambusa vulgaris (Patong) treated
with 10% mango polyphenol extract has high fire resistance;
thus, it was selected for the manufacture of bamboo plyboard.
The treated Bambusa vulgaris (Patong) thermal conductivity was
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Fig. 12 Correlation ratio of matrix plot of temperature and thermal conductivity of bamboo plyboard and temperature reading from Arduino

@ Springer



Adv Compos Hybrid Mater (2021) 4:647-661

661

determined employing the empirical formulas of heat transfer
previously derived for roof modules. The thermal conductivity
k ranges from 0.000 to 0.098 W/m K and the average mean is
0.032 W/m K. Based on the readings from Arduino, most ther-
mal conductivity exhibits good correlation. The surface temper-
ature of bamboo ply and temperature reading from Arduino were
of high correlation ratio and moderate correlation between tem-
perature readings from Arduino. The P value was 0.000 (P <
0.05), and it rejects the null hypothesis; therefore, there is a sig-
nificant difference between thermal conductivity and temperature
of bamboo ply and temperature from Arduino device. The aver-
age mean has shown low thermal conductivity; that is, it implies
that sawdust bamboo ply made of Bambusa vulgaris (Patong)
treated with mango polyphenol extract has good insulating value.

Thus, thermal conductivity is inversely proportional to the
temperature gradient on the surface of the material and ambi-
ent temperature. The surface temperature of bamboo plyboard
was obtained from the data provided by Arduino. The average
inner surface temperature of bamboo ply was 29.18 °C from
the empirical formula, decreased almost 9% based on an as-
sumed room temperature of 32 °C, whereas the temperature
reading from Arduino is 29.20 °C inside the roof module. The
average temperature for the inner and outer surface of the roof
is 29.24 °C.
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