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ABSTRACT

Engineered wood must undergo a long period of drying process before it is ready to be used.
Therefore, a new heat exchanger technology must be invented to dry the engineered wood
more effectively. The quality of the engineered wood is one of the factors influencing the
production process. This research was conducted to identify the optimal temperature for
drying engineered wood using a cross-flow flat-plate heat exchanger with unmixed fluid
arrangement and to determine the heat exchanger’s most efficient number of passes.

This research was conducted using the numerical method (CFD simulation) and the Ansys
Fluent software. In this research, the viscosity, density, and pressure constant were
determined to be at 1 atm. We used air as fluid medium with a mass density of 1,228 kg/m?,
air thermal conductivity of 0.0286 W/m.K, fluid viscosity of 2,0349.10° N.s/m?, steam mass
density of 0.689 kg/m?, and thermal conductivity of 0.0370 W/m.K.

Results showed that, in order to increase the air temperature in the drying chamber, heat
energy of 69566.01 kJ/s must flow into the flat-plate heat exchanger. Further calculations
show that the heat exchanger’s effectiveness (€) was 25% and that the average temperature in
the heat exchanger on the air side and the gas side was 68.63 °C and 172.5 °C, respectively.
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1. INTRODUCTION
1.1 Background

The process of analyzing and testing a heat exchanger installed in an engineered wood
dryer involves heat transfer mechanisms which take place in a wood drying chamber.
Therefore, a heat transfer analysis must be carried out before designing the device. Such
analysis must take into account several important aspects: the heat transfer process, physical
dimension, and the number of inlet and outlet nozzles in the heat exchanger [1][2][3][4][5].

A laboratory study is required to further identify any changes in air temperature, rate of
heat transfer, and the effectiveness of heat exchanger installed in an engineered wood dryer
chamber. Engineered wood with a certain level of moisture is placed in a drying chamber to
be dried using the heat generated from a cross-flow flat-plate heat exchanger. The
temperature is then set within a particular range (60-80 °C) in order to evaporate the moisture
[6].

There are some reasons why the cross-flow flat-plate heat exchanger is better than its
tubular version (double pipe heat exchanger) [6][7] such as the fact that (1) a flat-plate heat
exchanger can save energy up to five times more than the tubular design; (2) its installation
requires a smaller space; (3) it is easier to maintain [9]; (4) its capacity is easy to adjust; (5) it
decreases operation cost; (6) the average heat transfer and the heat transfer coefficient from
nanofluid of both heat exchanger devices are higher than its fluid form (water inflow and
outflow); and (7) its efficiency is higher than a tubular (concentric tube) heat exchanger [10].
1.2 Research Objective
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This research was conducted to identify the optimal temperature for drying
engineered wood using a cross-flow flat-plate heat exchanger with unmixed fluid
arrangement and to determine the heat exchanger’s most efficient number of passes.

1.3 Methods
Research Location

The research was carried out in 2020 at the Faculty of Engineering’s Laboratory,
Pancasila University, Jakarta.
Data Collection Method

Data were collected using two methods: literature review and experiments involving a
cross-flow flat-plate heat exchanger. The experiments resulted in a set of specification data
related to the application of the device.
Data Analysis

Those data were then recorded within a specific timeframe and analyzed using several
formulae relevant to each type of data. The calculation results were then simulated using the
CFD (Ansys Fluent) software.
Dimension of a Flat-Plate Heat Exchanger on Wood Drying Chamber
Our experiments used several parameters relevant to a flat-plate heat exchanger, namely (1)air
mass flow rate of m, = 0.75 kg/s; (2) gas mass flow rate of m, = 0,6 kg/s [11]; (3) inlet air
temperature of Ta.in = 30 °C; and (4) inlet gas temperature of T4.in = 220 °C.
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Figure 1a.Wood Drying Chamber by using Hot Fluid from Steam Boiler

Figure 1b. Dimension of a Cross-flow Flat-Plate Heat Exchanger
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2. RESULT AND DISCUSSION
2.1 Calculation Analysis

The length of the air duct was La = 13,800 mm. The width of the heat exchanger was
Ly = 800 mm. The thickness of the plate was 0.762 mm. The number of air passes was na =
15. The number of gas passes was ng = 14. The width of each air pass was ¢ = 65 mm. The
width of each gas pass was a = 21 mm. The air mass flow rate was m, = 0.75 kg/s. The gas
mass flow rate was 7, = 0.6 kg/s. The heat energy entering the flat-plate heat exchanger was
69,566.01 kJ/s.
The wet circumference on the air side was Pa= 2La+ 2c = 2x13,800 mm+2x65 mm =
27,730 mm.
The wet circumference on the gas side was Py = 2Lg+ 2a = 2x800 mm+2x21 mm = 1,642
mm.
The sizes of air pass cross section (per pass) were Aair = 65 mmx13,800 mm = 897,000 mm?
=0.897 m? and Aair-total = 0.897X 15 = 13.455 m?,
The sizes of gas pass cross section (per pass) were Agas = 21 mmx800 mm = 16,800 mm? =
0.0168 m? and Agas-total = 0.0168x 14 = 0.2352 m?,
The diameter of air duct hydraulics was Dy-air = (4XAair)/Pa = (4x897,000 mm?)/27,730 mm
=129.391 mm =0.129391 m.
The diameter of gas duct hydraulics was D-gas = (4XAgas)/Pg = (4x16,800 mm?)/1,642 mm =
40.926 mm = 0.40926 m.
The total area of heat transfer surface was Atal = 2x13,800 mmx800 mmx14 = 397,440,000
mm? = 397.44 m?,
The mass flow rate per air cross-sectional unit area was ma/Aair = 0.75/0.897 = 0.06 kg/s.m?
and mg/Agas = 0.6/0.0168 = 2.55 kg/s.m?,
The temperature of both fluids might vary along the duct. Thus, it was deemed necessary to
predict the average temperature and refine our calculation after the outlet temperature had
been found [11].
The most satisfactory average cool air temperature was determined to be at 70 °C (343 K),
and, according to the dry air temperature table, we obtained these results: ua = 2.0349.10°
N.s/m?; Pr.a= 0.71; ka = 0.0286 W/kg.K; and cp-a= 1,018 J/kg.K.
Besides that, we also determined the average hot gas temperature of 200 °C (473 K). Based
on the outlet air temperature leaving the cross-flow flat-plate heat exchanger, we obtained
these results: ug = 2.5693.10° N.s/m?; Prg= 0.71; kg = 0.0370 W/kg.K; and cpg= 1035 J/kg.K.

Next, we calculated the Reynold number as follows [11].

m
(%) XDu-air  0.06-E x 0129391 m
Ry gy = —228 =S ____ = 354.4
Ha(70°C) 2.0349 x 10> kg/m.s
m
(z) XDp-gas 2558 % 0.40926 m
Ro_giy = —2 = mes = 4,063.5
Kg(200°C) 2.5693 x 10~ kg/m.s

Next, we calculated the average unit conductance of each fluid [11]. Given the value of L/D >
20, the air correction factor was calculated as follows.
h 129.391 mm

hCL—1+6D—1+6>< =1.0563
he L 13,800 mm

Given the value of L/D < 20, the gas correction factor was calculated as follows.
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ER (D)M =1+ (40'926mm)o'7 = 1.1248
he L) 800mm -

If the average unit conductance of air fluid was

= 106.65 > 20, then

H-air
033 DH air
hair = [(0.023) DH Re3(Prez| |1+ 6 (=
air air
_ [ 0.023 (O .0286 W/kg. K) 354.408Y(0 71033 ] 8 [1 iy (0.1293911
= [0023) (5179301 m ) B>44 0717 5.800m

halT 2 . K

If the average unit conductance of air fluid was L, /Dy_4,s = 19.55 < 20, then
kgq
DH —-gas

0.7
1+< H- gas>
as
0.0370 W/kg.K

=[(o.oz3)( S )(4063.50-8)(0.710-33)]x[1+(

gas I(O 023) < ) (Regas)(Prg0a3;3)l

0.104673m)
0.800m

hgas m2-K

If the thermal resistance of the metal wall is ignored, then the overall conductivity was
calculated as follows.

1

UA = I I

hairAtotal hgasAtotal
1

1 1
15.7

UA =

= 253.08 w
= 08 —

0.6

The number of transfer unit (NTU) was based on the hotter fluid, so the heat conductivity rate
was calculated as follows.

NTU — ua UA B 253.08 W/K — o041
" Comin Thgas X Cp_gas  0.60kg/s x 1,035]/kg. K~

The comparison between heat capacities per hour was calculated as follows.

Cgas _ Mgas X Cp_gas  0.60kg/s x 1,035 ]/kg.K
Cair  Mair X Cp_gir  0.75kg/s X 1,018 ]/kg. K
The above calculation process resulted in this following effectiveness diagram.

= 0.81
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Figure 2. Effectiveness of Cross-flow Heat Exchanger with Unmixed Air and Gas Fluids
(Source: W. M. Kays and A. L., London, Compact Heat Exchangers, National Press, 1955)
Based on the result of our calculation and observation as seen in Figure 2 above, the heat

exchanger’s effectiveness was determined to be (¢) = 25% or 0.25.

The value of air temperature leaving the heat exchanger was [11]

Ta-out = Ta-int {(Cy/Ca) XEXATmax} = 30 °C + {0.81x0.25%(220 - 30)} °C or Taout = 68.63
OC;

The value of gas temperature leaving the heat exchanger was

Tg-out = Tg-in— {(1y X cpaXATa)l (1, XCpg)} =220 °C-47.5°C =172.5 °C.

The outlet temperature from the heat exchanger to the wood drying chamber was 68.63 °C,
which was relatively close to the assumed value of 172.5 °C, so a second approach was not
needed. This research examined the effectiveness of a flat-plate heat exchanger as an eco-
friendly device to transfer heat into a wood drying machine based on the total number of tube
rows in the shell and tube heat exchanger. After conducting several analyses and tests, we
found that a flat-plate heat exchanger could effectively transfer heat into a drying chamber,
thus increasing the chamber’s temperature by 68.63 °C.

The dimension of the cross-flow flat-plate heat exchanger was 13,800 mm in length and 800
mm in width; it also consisted of a number of aluminum plates, each of which was 0.762 mm
in thickness. Aluminum plates are excellent heat conductors which are relatively durable and
capable of preserving heat [11]. The device’s dimension and inlet and outlet ducts can be
adjusted to the user’s needs. 14 outlet passes were needed to transfer heated gas resulting
from burnt wood waste in order to heat the boiler. Meanwhile, the air which entered and left
the device had to undergo 15 passes. In order to generate a 68.63 °C temperature in the wood
drying chamber, the outlet temperature of the device had to be 172.5 °C with a 25%
effectiveness rate.

2.2 Computational Fluid Dynamics (CFD) Simulation

Computational Fluid Dynamics (CFD) is a method for calculating and predicting
fluid flows, heat transfers, and other phenomena, which is carried out numerically using a
computer. Generally speaking, CFD analysis involves the finite volume method, which is a
numerical technique which transforms partial differential equations representing
conservation laws in a differential volume into algebraic discrete equations in a certain
volume (element or cell) [12].
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Figure 3. Temperature Contour in Transverse Planes of a Flat-Plate Heat Exchanger in the
Air Domain

Figure 3 shows a temperature contour in the form of color gradation which represents
different levels of fluid temperature, specifically that of the air fluid which underwent a
temperature rise. The color blue at the entrance point represents the moment when the fluid
entered at room temperature, whereas the color green at the exit point demonstrates a
temperature rise due to the heat transfer from gas fluid in the device.

The temperature of dry air fluid rose as it flowed from the inlet to the outlet ducts,
while both ends experienced the highest temperature rise, represented by the color red,
because the fluid flow rate on the duct walls was very low. Consequently, the air fluid could
receive maximum heat from the gas fluid.

Temperature
\\\\\\\

= 9"‘;03
160.79
Outlet Gas Inlet Gas

2500 5.000 (m) Z
1250 3750 "

Figure 4. Temperature Contour in Transverse Planes of a Flat-Plate Heat Exchanger in the
Gas (Steam) Domain

The above temperature contour resulted from the application of a cross-flow flat-plate
heat exchanger in which the fluids were not mixed in the air domain. This result is presented
in four frames. Figure 4 shows the color gradation of gas fluid from the inlet to the outlet
point. At the inlet point, the fluid generated the color red, which shows a high temperature of
190 °C, which gradually dropped to 130 °C as it flowed to the outlet point, shown by the
color green. This progression from high to low temperature was due to heat transfer from the
gas (steam) fluid to the dry air fluid. In other words, the gas fluid released heat due to the
cooler temperature of the dry air fluid.
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Figure 5.Temperature Contour in Transverse Planes of a Flat-Plate Heat Exchanger (Frame-
1)

Figure 5 shows the Frame-1 temperature contour in transverse planes of a flat-plate heat
exchanger. This represents the initial condition when the device had not received any air fluid
flow along its air duct. The color blue represents the lowest possible air temperature, while
the color orange shows the initial condition of the air pass, namely its initial temperature.
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Figure 6. Temperature Contour in Transverse Planes of a Flat-Plate Heat Exchanger (Frame-
2)
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Figure 6 shows the second frame when the air fluid pass had received heat from the gas
(steam) flow beneath the air pass. The color blue represents the lowest possible air
temperature, while the color orange shows the point at which the cool air temperature had
received heat from the gas or steam. Hotter airflow was identified near the outlet point

because the highest heat absorption took place near the exit.
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Figure 7.Temperature Contour in Transverse Planes of a Flat-Plate Heat Exchanger
(Frame-3)

Figure 7 shows the third frame when the fluid pass had received heat from the gas or
steam flow beneath the air pass. In this graph, the color blue represents the lowest possible air
temperature, while the color green shows that the cold air had received heat from the gas or
steam. Hotter airflow was identified near the outlet point because the highest heat absorption
took place near the exit. The flow took the form of a vortex due to the effect of fluid heating
at the gas phase and the effect of viscous fluid flow in the k-epsilon flow model, where the
fluid flow at the gas phase affected the temperature distribution of air.
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Figure 8. Temperature Contour in Transverse Planes of a Flat-Plate Heat Exchanger
(Frame-4)

Figure 8 shows the final frame of air fluid pass in transverse planes. The air fluid
underwent heating on the side area of the duct because it absorbed heat from the hot steam
with a mass airflow rate of 0.6 kg/s, while the cool air fluid pass had a mass airflow rate of
0.75 kg/s.

The device’s temperature contour is also presented in four frontal planes, consisting of
(a) Frame-1 frontal plane, (b) Frame-2 frontal plane, (3) Frame-3 frontal plane, and (4)
Frame-4 frontal plane. These can be seen in Figure 9.

Figure 9(a) shows the initial condition when the air and gas (steam) fluid passes had not
interacted with one another. In the cross-sectional area of the device, there were two types of
fluid passes: dry air fluid (shown in orange) and gas or steam fluid (shown in red). Figure
9(a) shows the frontal cross-sectional part of the gas (steam) pass outlet. Figure 9(b) shows
the condition where heat transfer took place from the gas to the air fluid. This cross-sectional
view shows that the air temperature began to rise from 60 °C to 180 °C, where the color green
gradually changed into orange. The temperature kept rising as the dry air fluid was flowing
towards the outlet. This cross-sectional view is part of the frontal plane of the outlet position
of the gas (steam) pass. It can also be seen that at this point the heat transfer had not reached
its stable stage.

Figure 9(c) is the third frame which shows the point when the air fluid experienced heat
absorption, namely heat transfer from the high-temperature gas (steam) fluid to the low-
temperature air fluid. This particular cross-sectional view of the device shows that the inlet
area experienced a temperature rise due to the heat from the gas (steam) fluid. Figure 9(d) or
the final frame shows the condition when the air fluid had eventually reached its stable stage
in terms of heat absorption from the gas (steam) fluid. This cross-sectional view shows that
the dry air pass experienced a gradual temperature change as it flowed from the device’s inlet
to outlet sides, represented by the color blue and yellow, respectively. The green color was
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relatively stable at 60 °C until the fluid reached the outlet side. Meanwhile, the yellowish red
color represents the hot gas (steam) pass which transferred its heat to the air fluid.

=
—

~—~~
QD
—

(b)

[lerperature
JCantuur2

A-“-“-hh-h-
| ¥1 51 515) 91 B| Bi¥ 1V | (0 |V 1910 19

®

Hﬁ
i

p

(c (d)
Figure 9. Temperature Contour of a Heat Exchanger:
(a) the Frontal Plane (Frame-1), (b) the Frontal Plane (Frame-2),
(c) the Frontal Plane (Frame-3), and (d) the Frontal Plane (Frame-4)

3. CONCLUSION

According to the results of our calculation and CFD simulation on a cross-flow flat-
plate heat exchanger, we can draw several main conclusions which are as follows.
The cross-flow flat-plate heat exchanger with unmixed air and gas fluids that we used in this
research had the following dimension: 13,800 mm in length, 800 mm in width, 65 mm in
height for the air pass, and 21 mm in height for the gas pass. Furthermore, it also had 15 air
passes and 14 gas passes.
The device’s effectiveness (€) was found to be 0.25 or 25% because the area where heat
transfer could occur was too small for the device to make the best use of the potential heat
energy in an efficient way. The relative benefit of heat transfer performance could be
achieved by increasing the heat transfer area, while it could be effectively presented in the
form of an effectiveness curve.
In order to increase the air temperature in the wood drying chamber, the flat-plate heat
exchanger required an inflow of 69,566.01 kJ/s of heat energy, while the average temperature
of the device’s air side and gas side had to be 68.63 °C and 172.5 °C, respectively.
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