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This research investigates the effect of oxygen flow valve orifice size on
the thermal conductivity of a small-scale industrial husk furnace's pan
and chimney. The researchers used a water boiling test to the thermal
conductivity at varying valve hole sizes: 36x27 cm, 36x34 cm, 43x34
cm, and 50x34 cm. The pan, crucial for direct contact with cooking
ingredients, and the chimney, responsible for fire flow during
combustion, play vital roles in heating. The chimney, constructed of clay
and zinc, exhibited thermal conductivity values ranging from 0.52 to
0.59 W m™ °C* The highest chimney thermal conductivity was
observed at the 50x34 cm valve hole size, attributed to a smaller
temperature difference between the inner and outer chimney surfaces. The
pan's average thermal conductivity ranged from 2.95 to 4.10 W m™ °C™,
with the highest value recorded at 50x34 cm orifice. This finding suggests
a direct relationship between the valve hole size, heat transfer rate, and
the pan's thermal conductivity. The research reveals the influence of
oxygen flow on heat transfer within the husk furnace, providing valuable
insights for optimizing its design and efficiency. While the chimney's
thermal conductivity remained relatively stable across different orifice
sizes, the pan's conductivity showed greater variation, potentially
indicating inconsistent heat distribution. Further research with more
precise temperature measurement techniques is recommended to refine
these findings.

© 2024 Physics Education Department, UIN Raden Intan Lampung, Indonesia.

INTRODUCTION

Indonesia, an agriculturally rich nation,
relies heavily on its agricultural sector for
economic stability and food security.
Beyond their primary role as food sources,
agricultural  products are increasingly
recognized for their potential as renewable
energy resources (Bowman et al., 2023;

Kashif et al., 2020; Kucher & Prokopchuk,
2020; Martinho, 2018). A significant source
of this energy lies in agricultural waste,
which is often underutilized (Iskandar &
Siswati, 2012; Shahbazi et al., 2024). This
waste, known as biomass, encompasses all
organic  material  produced  through
photosynthesis (Parinduri et al., 2020).
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Effective biomass utilization offers a
promising avenue for renewable energy
generation, with Indonesia possessing an
estimated potential of 146.7 million tons
annually. Harnessing this resource offers a
triple benefit: improved energy efficiency,
cost reduction, and decreased landfill burden
(Haqiqi, 2024).

However, biomass energy content is
generally  lower than  fossil  fuels,
necessitating optimized conversion
techniques (Iskandar & Siswati, 2012).
Various methods exist for maximizing
energy extraction from biomass, including
pellet production (Wahyullah et al., 2018).
Crucially, understanding the  factors
influencing energy output requires thorough
investigation and testing.

Heat transfer plays a critical role in
biomass energy optimization. Heat naturally
flows from warmer to cooler objects, a
process governed by the principles of
thermodynamics (Lienhard, 2005; Taler,
2019; Varuvel et al., 2023). Three primary
modes of heat transfer are conduction (in
solids, described by Fourier's Law) (Wang
& Wang, 2022; Zhang et al., 2024),
convection (in fluids and between fluids and
solids, governed by Newton's Law of
Cooling), and radiation (between surfaces
via electromagnetic energy exchange
(Mauri, 2015), as defined by the Stefan-
Boltzmann Law) (Sidebotham, 2015)

The thermal conductivity of a material
property is a key factor in conductive heat
transfer.  Poor thermal  conductivity
significantly influences the heating process,
hindering efficient heat transfer (Widianto
et al., 2024). In combustion devices, thermal
conductivity is particularly  important,
impacting overall heating performance.
Generally, thermal conductivity increases
with temperature (Hao, 2023; Ordonez-
Miranda et al., 2022; Saputraa et al., 2022),

highlighting the need for accurate
measurement to assess heat transfer
effectiveness within devices like husk

furnaces.

Husk furnaces, characterized by their
inverted  pyramid-shaped  combustion
chambers and wall perforations (Hanifan et
al.,, 2023), have been the subject of
numerous  studies. Previous research
(Hanifan et al., 2023) focused on optimizing
oxygen flow valve holes to improve heat
efficiency, achieving a 54.99% efficiency.
Building on this work, this research
investigated the thermal conductivity of the
pan and chimney within a husk furnace with
the same valve hole configurations.

The chimney's construction utilizes clay,
often lined with zinc, reflecting traditional
designs. Clay's widespread use in biomass-
fueled stoves stems from its strength and
high melting point (Boafo-Mensah et al.,
2020; Djafar et al., 2022; Mirmanto et al.,
2018; Suluh et al., 2023).

This research employed a small
industrial-scale husk furnace, incorporating
the valve hole dimensions (36x27 cm,
36x34 cm, 43x34 cm, and 50x34 cm)
previously studied by Hanifan et al. (2023).
Unlike prior work, this research focused on

thermal conductivity, providing deeper
insights into  material heat transfer
properties. Understanding thermal

conductivity is crucial for optimizing the
heating process, particularly within the
pan (which directly contacts cooking
materials) and the chimney (responsible for
gas flow).

Therefore, this research aimed to
determine the effect of oxygen flow valve
hole size (36x27 cm, 36x34 cm, 43x34 cm,
and 50x34 cm) on the average thermal
conductivity of both the pan and the
chimney within a small industrial-scale husk
furnace.

METHODS

The Water Boiling Test (WBT) method
measured thermal conductivity in small-
scale industrial husk furnaces. This simple
simulation is performed by heating water to
a lower boiling level (Quist et al., 2020;
Rani et al., 1992; Zhang et al., 2017). The
materials needed were dry rice husk and
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water. The tools needed were an infrared
thermometer, 42 cm pan, pan lid, measuring
cup, scales, matches, stopwatch, and husk
furnace with variations of oxygen flow
valve holes: 36x27 cm, 36x34 cm, 43x34
cm, and 50x34 cm. Another factor that
needed to be considered was the mass of
water heated during the test. The mass of
water used was 6 kg and 18 kg, and each
valve hole was tested twice. Figure 1 shows
the flow chart of this research.
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Figure 1. Research Flowchart

The effect of varying the size of the
oxygen flow valve hole on the thermal
conductivity of the pan and chimney can be
known through the analysis of calculations

and several parameters that can be
calculated based on several points:

1. The thermal conductivity of the pan is
the thermal conductivity value found on the
outer surface of the pan. Thermal
conductivity is the rate of heat flow per unit
area in a solid or fluid (Forsberg, 2021).

H
= —k— (1)

H is the heat transfer rate (J/s), and Kk is
the thermal conductivity in W m *° C (1
Wmt Ct =1 W m! K?Y). The thermal
conductivity of a frying pan is affected by
the outer area of the pan (4, ), the thickness
of the pan (L,), and the temperature
difference between the inner pan (7,,) and

the outside (Tp,).

H L T,
. Jy dx =~ fT: ky, dT )
H

A, Ly = kp(Typ, = Tp,) (3)
k, = HL, 1 @

Apy (Tpo=Tp;)

The temperature of the outer pan (Tpo

and inner pan (Tpi) are obtained based on
the equation:

Z Apoi XTPo-
— i
Too == (5)
_ (Ap01XTp01)+(Ap02XTp02)+(Ap03XTp03)
Ty, = (6)
° Apo
- ZAPiiXTPii (7)
pi — AWd
. (Api1XTpi1)+(Api2XTpi2)+(Api3XTpi3)
Ty, = ®
A

The temperature of the outer pan (7, )
and inner pan (T,,) is obtained by measuring
the temperature at three points of the pan,
i.e. bottom (7, and T;, ), centre (7, and
Tpiz), and top (T,{,03 and Tpl.3) and is affected
by the surface area of the pan (4, and 4,)).
To determine the temperature of the outer
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and inner pan, it is necessary to know the
surface area of the pan at each measuring
point of the pan temperature, namely bottom
(4p,, and 4,, ), centre (4,, and 4, ), and

top (Ap03 and Am3)-

2. The thermal conductivity of the
chimney of a husk kiln is affected by the
rate of heat transfer (H.) in the chimney.
This value is obtained using the
interpolation method based on the value of
the transfer rate on the coals (H,,4;), the rate
of displacement on the pan (H,g.,), the
length of the pan to the coals (I,-,), and
the length of the pan to the chimney thermal
conductivity point (L,_.).

Hcoal—Hc _ Hcoal_Hpan (9)
lp—co_lc lp—co
Hioqr 1S known by multiplying the

emissivity of the pan (epq,), Boltzmann
constant (o), the area from the coal to the
pan (Ac-p), and the temperature at the
ember (T¢oq;). Similarly, the Hyg,, Which is
differentiated by the temperature on the
outer pan surface (T;,)

Heoar = gpanJAco—p (ch}oal - 0) (10)
Hpan = EpandAcop (T, —0) (11)

After H, is known, look for the value of
the chimney's thermal conductivity in the
cylinder wake. A, is the surface area of the
chaff furnace chimney, df& shows the
change in temperature of the outer and inner
chimneys, and dr is the difference in radius
inside and outside the chaff furnace

chimney.

dae
He = —kA (12)
He = —ko(2mrh) < (13)
HL = —2nk h.do (14)

r
[ H. 2 = —2nk,h, f:f d6 (15)

i
<

He [In :—2] = 21k [0, — 6,] (16)
(01 =0;) = -5 In (17)

__ 1 Hn
kC - (91—92) ZTIhC ln T1 (18)

K is the thermal conductivity in the
chimney of the husk furnace that occurs in a
cylindrical chimney with an inner radius ry
at temperature 6; and outer radius r, at
temperature 6, is the temperature on the
outside of the chimney, H. is the heat
transfer rate at the point of thermal
conductivity of the chimney, and h e is the
height of the chimney of the husk furnace.

RESULTS AND DISCUSSION

Thermal conductivity is a material
property that shows the amount of heat that
flows across a unit area (Iskandar, 2014;
Webster & Eren, 2017; Zheng et al., 2021).
In this research, thermal conductivity was
needed to determine the nature of the pan
and chimney of the husk furnace in flowing
heat. The greater the thermal conductivity
value, the better the material's properties are
for conducting heat. The value of thermal
conductivity is used in the industrial world
as a reference to determine the new
properties of the material. Through the value
of the thermal conductivity of the material,
the heat treatment and the time required for
the material to achieve the desired properties
and reduce errors in the heat treatment
process on the material can be determined
(Kulkarni et al., 2019; Pangestu et al.,
2023).

The chimney of the husk furnace
consisted of an insulator in the form of a jug
of clay coated with zinc plates. Clay has a
thermal conductivity of 0.39 - 0.63 W m?* K-
tawmK?t1l=1wWm-10C?h), The thermal
conductivity of pure zinc is 116 W m* K,
In this research, the thermal conductivity of
the chimney is 0.52 - 0.59 W m™ °C, The
thermal conductivity generated in this
research refers to the clay material. Zinc
only acted as a coating and had gone
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through a process to become a slab. Its
content was not only pure zinc.

Table 1. Average Chimney Thermal Conductivity by

Table 2. The Average Thermal Conductivity of Pans
Based on Oxygen Flow Valve Hole Size

Oxygen Flow Average Thermal
Valve Hole Size Conductivity of the Pan (W

-lo-1
Oxygen Flow Valve Hole Size 3(532)7 3TO +Cl ;4
Oxygen Flow Average Chimney Thermal 36x34 2.95 + 0.47
Valve Hole Size Conductivity (W m™oC?) 43x34 3.35+ 1.00
(cm) 50x34 4.10 + 1.72
36x27 0.58 + 0.09
igxgj 8'25 f 8'(1)‘21 The average thermal conductivity of the
X = largest pan was produced in the husk
50%x34 0.59 + 0.15 .
furnace with an oxygen flow valve hole
The largest chimney thermal measuring 50x34 cm. The thermal

conductivity was generated at the valve hole
measuring 50x34 cm and the smallest at
36x34 cm. The thermal conductivity of the
chimney was inversely proportional to the
temperature difference between the outer
and inner chimney and directly proportional
to the heat transfer rate in the chimney of
the husk furnace (equation (18)). The valve
hole measuring 50x34 cm produced the
smallest temperature difference between the
inside and outside of the chimney.
Therefore, a griddle and a chimney's thermal
conductivity rises by size.

The thermal conductivity of carbon steel
(1%C) is 43 Wm °C and chrome-nickel
steel (18%C, 8%Ni) is 16.3 m? °C*
(Prihartono & Irhamsyah, 2022). The pan's
constituent  materials  include  steel,
aluminium, stainless steel, and metal. Based
on this research, the average thermal
conductivity of the pan obtained was 2.95 -
410 W m? °Ct. The thermal conductivity
of the pan obtained in this research tended to
be low compared to steel's thermal
conductivity. This low value was due to the
pan used in this research containing
materials other than steel as its constituent.
Prihartono & Irhamsyah (2022) conducted
thermal conductivity testing of carbon steel
and chrome-nickel steel. The pan used in
this research was not determined, so the
resulting thermal conductivity was quite
different from the thermal conductivity of
steel.

conductivity of the pan was influenced by
the heat transfer rate and the temperature
difference on the outer and inner surfaces of
the pan (equation (4)). The thermal
conductivity of the pan was inversely
proportional to the temperature difference
between the outside and inside of the pan
and directly proportional to the heat transfer
rate. As the temperature difference between
the outside and inside of the pan increased,
the thermal conductivity of the pan
decreased. A high heat transfer rate resulted
in a high thermal conductivity as well.

The change in temperature and the
difference in heat transfer rate previously
found in the research by Hanifan et al.
(2023) caused the thermal conductivity of
the pan to be unequal. Even so, the overall
value difference was only a little, with a
small percentage of error. Small industrial-
scale husk furnaces can deliver heat that is
quite stable during the heating process
because the wvalue of the thermal
conductivity of the chimney tends to be
almost the same.

However, the pan's thermal conductivity
had a significant range for each valve hole
size, indicating that the heat energy received
by the pan could be incomplete by affecting
the conductivity value. Improper
temperature measurement during the heating
process was also another factor of thermal
conductivity. A more detailed reference is
needed for the pan's temperature during
heating.
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CONCLUSION AND SUGGESTION

The researchers successfully conducted
research using a small industrial-scale husk
furnace with valve hole sizes of 36x27 cm,
36x34 cm, 43x34 cm, and 50x34 cm. The
thermal conductivity value provides more
in-depth information on how well a material
conducts heat. This provides a different
observation of how influential the size of the
husk furnace oxygen flow valve hole is on
the heat transfer process during heating,
especially in the pan and chimney of the
husk furnace. The frying pan and chimney
of the husk furnace have an important role
during heating. The frying pan is in direct
contact with the cooking ingredients, while
the chimney is the part of the chaff kiln that
flows the fire during the combustion
process.

The highest average thermal conductivity
of the frying pan was 4.10 £ 1.72 Wm°C™,
while the average thermal conductivity of
the chimney was 0.59 = 0.15 Wm™'°C™! at
the largest oxygen flow valve hole size of 50
x 34 cm. This is likely because the larger
size of the oxygen flow valve hole increases
the heat energy generated in the pan,
resulting in the highest average thermal
conductivity for both the pan and the
chimney. We suggest evaluating the use of a
larger griddle and chimney.
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