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Because the uniformity of the wind speed flow field in the hot air drying kiln directly
affects the distribution of the temperature field in the kiln, to improve the unifor-
mity of air distribution in the existing wood hot air drying kiln, CFD software was
used to analyze the 3-D flow field of each improved scheme. A combination of visual
comparison and analysis methods and data comparison and analysis methods be
used, to serve as the basis for assessing the feasibility and rationality of the improve-
ment schemes. Without adding baffle plates or altering the structure to incorporate
right-angle surfaces, the kiln's structure was optimized by adjusting the position of
the air outlet and installing air-flow distribution chambers. This paper innovatively
introduces the Theory of Inventive Problem Solving to analyze and solve the flow
field optimization problem in the kiln. The difference between this method and the
existing research methods is that the solution process is more logical and the solution
the fundamental problem is more accurate. The experimental results show that when
the air supply speed of Scheme Sy is 3~7 m/s, the flow field of kiln Zone C (material
drying area) meets the ideal range of 1~3 m/s. In addition, under the same working
condition (3 m/s), the velocity differences of Scheme Sy is closer to 0 than that of
Scheme S, and the velocity unevenness coefficient is reduced by 18.44%.
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Introduction

Due to the low cost and wide applicability of hot air drying technology, it has become
the research focus to improve the drying quality and drying efficiency of materials in the for-
estry field [1]. However, the high energy consumption and subpar quality resulting from the
uneven distribution of air-flow field within hot air drying devices have emerged as primary
challenges that various drying apparatuses aim to address [2]. Because the uniformity of the
flow field inside the kiln directly affects the temperature distribution inside the kiln [3], im-
proving the uniformity of the internal flow field distribution in the hot air drying kiln is key to
increasing the yield of dried materials, reducing drying time, and lowering energy consumption
during the drying process.

Kadem et al. [4] developed a 3-D comprehensive heat and mass transfer model for
wood drying and conducted finite element analysis. Chen ef al. [5] improved the structure of
inlet variable diameter angle pipes and verified the effectiveness of the improvement scheme
in solving the problem of uneven air-flow distribution in single-sided ventilation vertical box-
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type dryers using FLUENT software. Chen et al. [6] conducted simulations and optimizations
of velocity and temperature field distributions in hot air drying chambers under different air
supply parameters using computational fluid dynamics methods. Wu [7] conducted simulation
and modelling of the internal flow field of the sedimentation separation device. They validated
that the application of curved deceleration baffles can reduce the settling loss rate by obtain-
ing air-flow velocity contour maps and streamline maps. Wang et al. [8] achieved solutions to
problems of product quality instability and low drying efficiency in heat pump drying chambers
during the drying process by improving the chamber’s structure and velocity parameters based
on numerical simulations of air-flow distribution inside the chamber. In all of these studies,
CFD has been demonstrated as an effective numerical simulationol for analyzing and improv-
ing thermal air-drying devices.

Wood drying, similar to drying other moist materials, is a comprehensive process
of heat and mass transfer between the drying medium and the wood material [9]. This article
takes a hot air drying kiln as an example, using sawn timber as the drying object. In response
to the uneven distribution of the flow field inside the hot air drying kiln, without adding guide
plates and without imposing constraints on right-angle structural curvature, the kiln structure is
optimized and designed from two angles: changing the position of the air outlet and adding an
air-flow distribution chamber. Numerical simulations of the current and improved designs were
conducted using the CFD software FLUENT. The CFD-post processing software was used to
output numerical simulation data of the flow field inside the kiln. Five evaluation indicators
were formed by combining visual comparison and analysis methods (such as velocity contour
maps and streamline maps) with data comparison and analysis methods (such as velocity dif-
ferences, overall mean velocity distribution, and velocity unevenness coefficient). These indi-
cators were used to compare and evaluate the effects of different kiln structural parameters on
flow field characteristics after optimization, thus obtaining the optimal solution.

Model and mathematical formulation
Modelling and initial problem

A 3-D structural model of the single-sided hot air drying kiln was established using
SpaceClaim software, as shown in fig. 1(a). Based on the guiding effect of the kiln structure
on the drying medium, the interior of the kiln is divided into four drying medium flow regions,
a total of 15 monitoring points are arranged inside the kiln to collect flow velocity data of the
drying medium, as shown in fig.1(b).
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Zone C (material drying zone) P T zonciin o Zone
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Figure 1. Single-sided hot air drying kiln; (a) 3-D structure model and
(b) kiln partition situation and the distribution of detection points in the kiln

The main technical parameters of the hot air drying kiln are shown in tab.1. The spe-
cific co-ordinate information of 15 monitoring points inside the kiln body is shown in tab. 2.
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Table 1. Main tec hnical parameters of hot air drying kiln

Parameters [mm)]

Numerical value

Kiln body (length x width x height)

2500%x1200x1500

Axial fan (length x width X thickness)

500 x 500 x 300

Flat shelf (length x width x height)

2000 x 1200 x 50

Zone A (length x width x height)

2500 x 1200 x 700

Zone B (length x width x height)

250 x 1200 x 800

Zone C (length x width x height)

2000 x 1200 x 750

Zone D (length x width % height)

250 x 1200 x 800

Air outlet (length x width x height)

300 x 300 x 50

Table 2. Monitoring point co-ordinate information

Detection Co-ordinates | Detection Co-ordinates Detection Co-ordinates
points X, Y, Z [mm] points X, Y, Z [mm] points X, Y, Z [mm]
Bl 600,700,50 C7 600, 1350, 1250 D1 600, 700, 2300
B2 600,700,100 Cé6 600, 1270, 1250 D2 600, 700, 2350
B3 600,700,150 Cs 600, 1190, 1250 D3 600, 700, 2400
B4 600,700,200 C4 600, 1110, 1250 D4 600, 700, 2450
- - C3 600, 1030, 1250 - -
- - C2 600, 950, 1250 - -
- - Cl 600, 870, 1250 - -

Experimental data collection equipment and methods

The experimental data acquisition equipment of the drying kiln is shown in fig. 2.
Online split plug-in anemometer model: VS110-D-500-S-11-A-1. The VS110 host is a standard
plug-in sensor with a medium temperature of —40 to 150 °C. The distributed online measure-

ment method is used to obtain the wind speed data in the kiln.

Boundary condition setting and grid division

The 3-D computational domain model of a hot air drying kiln is established by Space-
Claim. The structured grid is selected as the meshing method, and the hexahedral grid is select-

ed as the grid form. The specific boundary-layer setting is shown in tab. 3.

Figure 2. The experimental data acquisition
equipment of the drying kiln

Table 3. Boundary condition setting

Setting items Description
Fluid type Air
Turbulent flow model Standard k-¢ model
Velocity Inlet 3m/s
Velocity outlet Outflow
Wall type Wall
Number of bound- 5
ary-layers
Wall boundary conditions | No slip condition
Algorithm SIMPLE
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The 3-D model was meshed using ICEM CFD software (grid density can affect cal-
culation speed, and a small number of grids can result in significant errors in the calculation
results. The solution results of the scheme with a total number of verified grids of approximate-
ly 1.56 million have grid independence). The results are shown in fig. 3(a). Because during
the drying operation, the temperature, humidity, and pressure of the drying medium inside the
kiln are controlled, and the medium density is considered constant, velocity and vorticity are
selected as the main parameters for analyzing the uneven distribution of the flow field. The
corresponding numerical simulation results for velocity and vorticity in FLUENT are repre-
sented by velocity contour maps and streamline maps. After conducting numerical simulations
in FLUENT, velocity contour maps and streamline maps for the current Scheme S, of the hot
air drying kiln are obtained, as shown in fig. 3(b), respectively. Simulation data collected from
CFD-post was compared and analyzed against actual measurements inside the kiln. The results
are shown in fig. 3(c). The comparative results indicate that the trends of the simulated data are
consistent with the measured data, and the relative errors are relatively small.
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Figure 3. Numerical simulation results of the scheme S,; (a) 3-D grid division results,
(b) velocity contour maps and Streamline maps, and (c) comparative analysis

It was found that there was a significant difference in air-flow velocity between the
left and right axial fan (air inlet) ducts in Zones B and D of the kiln, The difference between the
two sample mean values of group B measured data and group D measured data is —1.872. Ad-
ditionally, Zone C (material drying zone) exhibited an uneven distribution of wind speed flow
field, The difference between monitoring points C1 and C7 is 0.916. Based on this, the initial
problem for improvement was an uneven distribution of the wind speed flow field in Zone C of
the hot air drying kiln. The improvement objective is to enhance the uniformity of wind speed
flow field distribution in Zone C of the hot air drying kiln.

Mathematical formulation
Control equation

The flow control equations include the continuity equation, momentum equation, as
well as turbulent kinetic energy transport and dissipation equations [10], as detailed below.

The continuity equation:
Ou,
Zi_p
ox (1)

— The momentum equation

Apuw) __op o fow aw)| 20 [ ou), )
o, ox o |“\ax ax )| 3ax, \Max, TR @
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where u; and u; are the time-averaged velocities in the x; and x; directions, respectively, x; — the
three-axis co-ordinates of a cartesian co-ordinate system, u — the air velocity inside the kiln,
p — the air density inside the kiln, u — the dynamic viscosity, P — the air static pressure, g — the
gravitational acceleration, and x; and x; are are the components of displacement in the i- and
Jj-directions.

— Turbulent kinetic energy k and dissipation rate ¢ transport equations for are [11]

o( pku, ) . Ou, .
M:i ﬂ+ij+ﬁ +lut %4__] %_pg (3)
Ox, Ox; o) ox, Ox; 0Ox, |ox;
o(pew)) o u, Os g’
—— = u+—+— |+ pc,Eg — pc, ———
ox, ox, " o Ox, pa pe k+ve

k= (2EiiEji %J “4)

T2\ oy, oy
where g, is the turbulent viscosity, v — the kinematic viscosity, ¢; = 1.44, ¢, = 1.92, g, = 1.0,

0. = 1.2, E — the time-averaged strain tension, k — the turbulent Prandtl number of turbulent
kinetic energy, and ¢ — the turbulent Prandtl number of dissipation rate.

Scheme evaluation indicators and numerical methods

This demonstrates the reliability of the model. To verify the feasibility of subsequent
structural improvement schemes for the hot air drying kiln and to assess the changes in flow
field uniformity in various numerical simulation scenarios. The visual comparison and analysis
methods (velocity contour maps, streamline maps) and data comparison and analysis methods
(velocity differences, overall mean velocity distribution, velocity unevenness coefficient) will
be used. A total of five evaluation indicators [12-15] will serve as the basis for assessing the
feasibility and rationality of the improvement schemes.

— Velocity contour maps

After conducting CFD numerical simulations on various improvement schemes, the
color gamut distribution in the velocity contour maps of the numerical simulation results can
intuitively observe the distribution of the wind speed flow field for each scheme.

— Streamline maps

After conducting CFD numerical simulations on various improvement schemes, the
number of turbulence in each scheme’s streamline maps can be observed intuitively through the
streamline maps. In theory, the less turbulence there is inside the hot air drying kiln, the better.
— The overall mean of velocity distribution

The larger the overall mean of the velocity distribution, the stronger the drying medi-
um strength, which is more conducive to the flow and transportation in the inlet ducts on both
sides and the material drying area:

ANA 5)

where V, is the overall mean of the velocity distribution, n — the selected number of monitoring
points, and ¥, — the speed of each monitoring point.
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— Velocity differences

The velocity data at monitoring points in Zone C (material drying zone) for each
improvement scheme are subtracted to calculate the differences. A smaller difference indicates
that the velocity difference between the top and bottom of the region is smaller, indicating rel-
atively better uniformity in the velocity flow field:

AV =V -7, (6)

where AV is the air-flow velocity difference at the monitoring point, ¥; —the wind speed data of
monitoring Point 1, and V; — the wind speed data of monitoring Point 7.
— Velocity unevenness coefficient

To evaluate the uniformity of velocity distribution inside the kiln body, the velocity
unevenness coefficient M is introduced, and the calculation formula is:

M =ZLx100% 7
Ve
where oy is the standard deviation of speed. The larger the velocity unevenness coefficient M,
the more uneven the internal wind speed flow field, the smaller the M, the better the uniformity
of the wind speed flow field.
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Figure 4. Function model of hot air drying kiln

for the insufficient removal of moisture in sawn
timber by the drying medium; The first is that
the air outlet setting in the existing scheme, S,
is unreasonable, resulting in the drying medium
not effectively exchanging heat with the sawn

timber and complete the function of removing
moisture in the sawn timber. The second is that Zone B (left inlet) and Zone D (right inlet) have
insufficient guiding effects on the drying medium, resulting in a large area of turbulence in the
drying medium in Zone C (material drying zone). To solve these two problems, Optimization
scheme Group 1 (Change the position of the outlet) and optimization scheme Group 2 (air-flow
distribution chamber with different parameter combinations) are established.

Comparative analysis of simulation results of
specific optimization schemes

Optimization scheme Group 1 (change the position of the outlet)

Numerical simulations of the improvement scheme will be conducted using FLUENT,
and the experimental results will be compared to obtain the optimal solution. To enhance the
uniformity of the flow field in Zone C, the first consideration is to reduce the air-flow velocity
difference between the two sides of the axial fan (air inlet) ducts in Zones B and D to achieve
the expected value of £0.200 m/s. Two schemes are proposed by adjusting the position parame-
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ters of the outlet (Scheme S;: placing the outlet ™1~ gg= - ms 1 =
at the near end of the axial flow fan, Scheme | e AN

2308 2.308

S,: placing the outlet at the far end of the axial 207 207 |
flow fan). Figure 5 shows the visual compara- M%ﬁ; Py — - H\i?’f
tive and analysis method used to compare and [ o ¥ 0 = o ©
analyze Schemes S, and S,. Iﬁ:‘z’if jo )@ e )= D
After co.mpar.ing and obsewing Schemes (a)o’m T, (b)m
(So, Si, S,) using visual comparison and anal-
ysis methods, it was found that the air-flow
velocity fields in Scheme S, were relatively
more uniform, with the least turbulent flow. Furthermore, a comparative analysis of the data
from 45 monitoring points in Zones B, C, and D for the three schemes was conducted, fig. 6.
In fig. 5, Scheme S, shows a relatively smooth distribution of monitoring points in Zones B and
D compared to the other two schemes. Additionally, the velocity difference between the axial
fan (air inlet) ducts in Zones B and D for Scheme S, is the smallest, meeting the expected value
of £0.200 m/s.

=

Figure 5. The visual comparison and analysis
methods 1; (a) Scheme S, and (b) Scheme S,
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Figure 6. Comparison of monitoring point data between Schemes S,, S,, and Schemes S,

By applying eqs. (5)-(7) along with the wind speed data from monitoring points in fig.
5, tab. 4 is obtained by calculation.

Table 4. Data comparison between Schemes S,, S,, and Schemes S,

Scheme The qverqll mean value of ' Velocity Velocity unevenness
velocity distribution [ms™] differences [ms™] coefficient, M
S 0.834 —0.311 0.585
S, 2.141 —0.876 0.366
So 1.905 0.915 0.347

In tab. 4, the overall mean value of velocity distribution for Scheme S, is the highest
at 2.141, which is an improvement of 12.39% compared to the S,. This proves that the air-flow
velocity has been enhanced in scheme S,. The velocity differences of scheme S, tend closer
to 0 more than that of scheme S,, which proves that the air-flow velocity field of scheme S, is
relatively uniform. It was found that the velocity unevenness coefficient for Zone C in scheme
S, is 0.366, which is higher than scheme S,’s velocity unevenness coefficient of 0.347. There-
fore, further iterative optimization of the air-flow velocity field in Zone C of scheme S, is still
necessary.
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Due to the relatively uniform air-flow velocity field, minimal turbulence, highest
overall mean velocity distribution, and achieving the expected velocity difference, this demon-
strates that improving the outlet position the far end is more conducive to enhancing the overall
mean velocity distribution within the kiln and reducing the velocity difference between the
axial fan (air inlet) ducts on both sides.

Scheme S, is deemed superior to Scheme S;, and Scheme S, in the first round of im-
provement iterations and will serve as the basis for the second round of improvement iteration.

Optimization scherme Group 2
(air-flow distribution charmber with different parameter combinations)

By varying the parameters such as the number and aperture of the air distribution
chamber vents, two types of air-flow distribution chamber schemes, totaling six, have been
designed for Zone B inside the kiln, aimed at optimizing the air-flow velocity field in Zone C.
Using FLUENT software, numerical simulations of the air-flow velocity field were conducted
for the aforementioned six air-flow distribution chamber design schemes. Figure 6 shows the
visual comparative and analysis method from Scheme S; to Scheme Ss.

The first type of design involves setting the vents of the air-flow distribution chamber
in a different number with, the same aperture configuration. Three Schemes (Ss, S4, Ss) have
been designed accordingly, The numerical simulation results are illustrated in figs. 7(a)-7(c).

The second type of design involves setting the vents of the air-flow distribution cham-
ber in the same number, different aperture configuration. Three Schemes (S, S;, Sg) have been
designed accordingly, The numerical simulation results are illustrated in figs. 7(d)-7(f).

Schemes, L 60 mm
/ > I‘\ 10mm

/» 1‘11l9%;1m ) _'_I'_ )

50 mm

Figure 7. The visual comparison and analysis methods 2; (a) Scheme S;, (b) Scheme S,,
(¢) Scheme Ss, (d) Scheme S, (¢) Scheme S;, and (f) Scheme Sy

Furthermore, applying eqs. (5)-(7) to calculate the numerical values of monitoring
points for Schemes S; to Sg, and comparing them with Scheme S,, the results are shown in
tab. 5.

From tab. 5, it can be observed that Scheme Sg has the smallest velocity differences
and velocity unevenness coefficient, performing the best in two out of the three evaluation in-
dicators. Therefore, in the second round of improvement iteration, Scheme Sy is determined to
be the optimal solution for optimizing the flow field in the hot air drying kiln.
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Table 5. Data comparison between Schemes S; to Sg and Schemes S,

Scheme The gverz}ll mean value of : Velocity Velocity unevenness
velocity distribution [ms 1] differences [ms'] coefficient, M
S; 1.287 -0.572 0.475
Sy 1.580 -0.316 0.363
Ss 1.144 -1.691 0.644
Se 1.301 -1.379 0.445
S, 1.208 0.031 0.656
Sg 1.004 -0.009 0.283
S, 2.141 -0.876 0.366

Scheme reliability verification

In the actual wood drying process, the
timber heat treatment typically involves sever-
al stages: the heating stage, the heat treatment
stage, the cooling stage, and the moisture content
adjustment stage (each requiring different flow
velocities). To validate the reliability of Scheme
S¢ in the context of actual wood drying process-
es, numerical simulations were conducted for
Scheme Sg under five different air-flow condi-
tions (standard air-flow conditions: 3 m/s, 5 m/s,
and 7 m/s; extreme air-flow conditions: 1 m/s,
9 m/s). The monitoring point data in Zone C
for scheme Sg were compared with those of the
scheme S,, fig. 8.

It can be observed that Scheme S exhibits
consistent flow field patterns under the five dif-
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Figure 8. Comparison of monitoring data
between the Scheme S, and the Scheme Sg

ferent air-flow conditions. Additionally, the variation range of the air-flow velocity difference
between the bottom monitoring Point C1 and the top monitoring Point C7 is smaller for scheme
S compared to scheme S,. This demonstrates the reliability of its structural design.

Further applying eq. (5)-(7) to calculate the numerical values of various monitoring
points for the Scheme S, and Scheme Sg and comparing the data (3 m/s, 5 m/s, and 7 m/s), as

shown in tab. 6.

Table 6. Data comparison between the initial Scheme S, and Scheme Sg

Wind speed Scheme The overall mean value of | Velocity differences Velocity uneveness
situation velocity distribution [ms'] [ms] coefficient, M
So 1.905 0.915 0.347
3 m/s
Ss 1.004 -0.009 0.283
So 3.115 1.382 0.335
S5m/s
Ss 1.722 —-0.081 0.289
So 4.501 1.886 0.322
7 m/s
Ss 2.398 —0.181 0.272
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It can be observed from tab. 6, Scheme S, will cause the overall mean value of veloc-
ity distribution in Zone C in the kiln to be too high when the axial fan (air inlet) is 5 m/s and
7 m/s, which will more easily lead to the deformation of the sawn timber during drying. when
Scheme S is under three different wind speeds situation, the overall mean value of velocity
distribution is all in line with the ideal range of 1~3 m/s, proving that the structural design of
Scheme S can obtain reliability drying effect, the velocity differences and velocity unevenness
coefficient of the Scheme Sy is all less than the Scheme Sy, proving that the design has better
stability of the wind speed and has an optimal uniformity of the wind speed flow field. When
Scheme S, and Scheme S; have the same wind speed situation (3 m/s), the velocity differences
of Scheme Sy tend closer to 0 more than that of Scheme S,, and the velocity unevenness coef-
ficient decreases by 18.44%. It can be concluded that Scheme Sy is superior to the Scheme S,.

Conclusions

This study focuses on the wood hot air drying kiln and addresses the issue of uneven
air-flow distribution within the kiln. Without adding baffle plates or altering the structure to
incorporate right-angle surfaces, the kiln’s structure was optimized by adjusting the position of
the air outlet and installing air-flow distribution chambers. The CFD analysis using FLUENT
software was conducted to evaluate the air-flow distribution of the proposed improvements.
The conclusions drawn from experimental validation are as follows.

e Changing the position of the air outlet has a certain effect on improving the uniformity of
the air-flow within the kiln. Comparing the design of placing the air outlet at the far end of
the axial flow fan with the current scheme, the former results in a more uniform flow field
within the kiln and a significant reduction in turbulent flow.

® The addition of an air-flow homogenization chamber can effectively improve the flow field
uniformity and reduce the occurrence of uneven flow field distribution.

e Scheme Sy in the air supply speed of 3 m/s to 7 m/s, the kiln Zone C (material drying area)
flow field to meet the ideal interval of 1~3 m/s, and still maintain a better drying medium
flow stability and uniformity of the kiln flow field distribution.

The study shows that it is feasible, reasonable, and effective to optimize the flow
field in the kiln by improving the structural parameters of the drying kiln. However, because
wood drying is a complex non-linear process, and its hot air drying process is affected by many
factors, it is difficult to fully simulate all the details and influencing factors in the actual drying
process. The wood drying simulation experiment has certain limitations in the accuracy of the
difference between the numerical simulation and the actual drying process, the boundary condi-
tions, and the parameter settings. In future research, the influencing factors such as thermal con-
ductivity and initial moisture content of wood will be gradually increased, and the accuracy of
simulation results will be gradually improved by adjusting boundary conditions and parameter
settings. In the subsequent improvement process, the feasibility of the structural improvement
scheme of the hot air drying kiln will be verified by the actual measurement method.

Nomenclature

g — gravitational acceleration, [kgm2s7] Greek symbols
P — air static pressure, [Pa]

— dynamic viscosity, [Pa-s
u —air velocity inside the kiln, [ms"'] meomey . [Pas]

. — turbulent viscosity, [Pa-s]
v — kinematic viscosity, [m?s™']
p —air density inside the kiln, [kg/m?]
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