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Abstract. Nonlinear dynamics plays a crucial role particularly in equipment validation
of preparation production, validation results of which will significantly influence the
results and period of drug registration in drug production processes. In this research,
the flow field and temperature field simulation, calculation and analysis are creatively
carried out in terms of depyrogenation tunnel, a very popular preparation drying-
sterilization equipment in pharmaceutical processes with strong dynamic
characteristics. After construction of 3D model of this equipment using Catia and mesh
generation applying ANSYS, the computational fluid dynamic (CFD) method and
verification of irrelevance method are carried out regarding 6.05 million of meshes to
identify the flow velocity model and heat transfer model inside the equipment, to further
provide methodology for pharmaceutical process validation and to further optimize the
design of control methods. After calculation and simulation, the low-velocity vortices of
different sizes inside the hood and the drying chamber are identified, which could cause
vials to fall down; meanwhile, vials that are farther away from the outlet receives less
heat exchange effect, which would shrink the effective sterilization area, indicating an
inadequate validation methodology in pharmaceutical processes.
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1. INTRODUCTION

In pharmaceutical engineering, an extremely significant step is sterilization, especially
for preparations that directly enter the human body, and its effect is directly related to the
safety of people's lives. Physical sterilization has little effect on the activity of drug
molecules. Due to this characteristic, in the pharmaceutical industry, physical sterilization
is more widely used than chemical sterilization. In physical sterilization, dry heat
sterilization is often used, while a dry heat sterilization depyrogenation tunnel is applied as
the principal sterilization equipment.

Compared with the far-infrared radiation sterilization method, the implementation process
of dry heat sterilization is more controllable in the control of temperature and pressure
difference, and it is more in line with Good Manufacturing Practice (GMP) requirements,
resulting in higher sterilization quality and efficiency [1, 2]. Consequently, under this premise,
the control of the temperature and the control of differential pressure of the sterilization
depyrogenation tunnel have become the key control parameters of the equipment. In this regard,
Wang and Quan and their groups [3-5] have done research into the optimization of control
systems. The optimal design was conducted using methods such as a state space method and
type-2 fuzzy control. Moreover, the simulation verification was carried out, and the control
effect was theoretically achieved. However, in the actual application process, a series of issues
were observed, namely, there was a large difference in temperature rise in the vial due to the
uneven distribution of airflow in the depyrogenation tunnel; the abnormal state such as lodging
of the dried object placed on the track was caused by the change of wind pressure; during the
operation of the depyrogenation tunnel, problems such as energy waste were generated due to
the unreasonable artificial regulation. As a result, an in-depth study of the temperature and wind
speed distribution in the sterilization depyrogenation tunnel, analysis of the heating
characteristics of the dried object, and reduction of energy consumption during the sterilization
process of the dried object are of a great theoretical guiding value and engineering application
value to improve the production efficiency of the drying of pharmaceutical packaging materials.

Catia software is innovatively applied to model and analyze the representative industrial
complex system of the sterilization depyrogenation tunnel, filling the gap in the research on the
influence of the equipment structure on the internal flow field.

In addition, ampoules are usually taken as dried objects [6] in the subsequent computational
process. However, vials have become popular in recent years for their high error-tolerant rate
and injection efficiency [7] and the relevant computational study regarding drying and
sterilization processes are yet to be fulfilled. Therefore, taking the common vials as the dried
objects, the flow field in the equipment is numerically simulated and studied, which provided
a guiding principle for the subsequent optimization and finally the improvement of the control
system.

Furthermore, the fluid field and thermal dynamic field are simply considered separately
through a computational study for ovens. However, under the specific equipment using hot
air for sterilization [3-5], the thermal dynamic field and fluid field are coupled together,
which means that when the parameter of velocity is changed, it will influence the thermal
dynamic field as well. However, the relevant study is left to be filled.

Taking the drying and depyrogenation process of vials in a depyrogenation tunnel as
the research object, this research studied the heat transfer field and fluid flow field and its
coupled nature in hot air circulation. Specifically, it studied the problems of uneven flow
field of the depyrogenation tunnel and the unreasonable control of the heating process
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during the drying and depyrogontation of vials. Using the computational fluid dynamic
(CFD) numerical simulation method, the airflow distribution characteristics inside the
tunnel and the heating characteristics of the vials were explored, which provided a theoretical
basis for improving product quality and reducing production energy consumption and
subsequent further modification of control system parameters.
The contributions of this paper are as follows:
= According to the geometric parameters of the depyrogenation tunnel, using Catia
software, the three-dimensional physical model of the sterilization section of the
depyrogenation tunnel was established, and the resistance characteristic parameters of
the porous medium were determined through experiments; the 3D simulation model of
the sterilization depyrogenation tunnel was simplified, and mesh-independent
verification was carried out. Moreover, the accuracy of the simulation model was
verified by using the speed test results of the depyrogenation tunnel in no-load and cold
state.
= The internal flow field of the depyrogenation tunnel has been simulated. Through
the evaluation index of flow characteristics, the uniformity of the outlet velocity of
the depyrogenation tunnel was evaluated.
= After establishing a three-dimensional model of the vials in the depyrogenation
tunnel, the transient simulation of the heating process of the vials in the depyrogenation
tunnel was performed, and its energy consumption was analyzed and calculated;
The influence of process parameters on the heating characteristics of vials, residence
time and energy consumption of the depyrogenation tunnel was investigated, and the
process parameters were identified.

2. CRITICAL REVIEW

Along with the rapid development of numerical simulation technology, a variety of
numerical methods based on theoretical calculation, such as an iterative optimization method
[8], finite element method [9], interpolation method [10] and neural network method [11] have
been widely used in sterilization process research. However, realization of all these intelligent
algorithms needs the support of large base of experimental data, which is to validate the
drying and sterilization results of vails taken for experiments rather than to guarantee that
every vial has been dried and sterilized as required. Accordingly, it is particularly essential
to analyze the temperature field of the heating process of the vial in the sterilization
depyrogenation tunnel by using the method of numerical simulation. Meanwhile, the
analysis and application in drying and sterilization processing in the pharmaceutical
industry using CFD regarding the airflow field and temperature field concurrently is yet to
be flourished for the following reasons:

= The influence of thermal transfer to food flavor is under the spotlight due to the

development of food industry and market demand rather than the pharmaceutical
industry [12]. For example, the local convective heat transfer coefficient of oven is
studied using CFD in terms of bread baking process for better flavor and less energy
consumption [13-15]; a drying process and its influence to a solvent in terms of can
industry is studied using a CFD method [16]; a drying and sterilization process of bottled
milk is studied and the influence of the way to place the bottle inside the oven for a
heating period is addressed [17]. However, the analysis of thermal process in the
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pharmaceutical industry is keen to be studied regarding containers, such as vials and
needle cylinders. As the temperature elevating process differs from material to material,
the drying and sterilization process of the containers requires specific calculation.

= There are some studies that look into the numerical analysis of sterilization ovens. For

instance, several structure improvements of sterilization ovens have been proposed with
considerable simulation results after CFD regarding uniformity of airflow inside the
oven [18-20]. However, from industrial perspective, the practical validation of
equipment is missing which limits the structure improvement methods to be applied to
practical use due to the equipment validation requirement from sterilization process
validation, according to Current Good Manufacture Practices (cGMPs). Moreover, the
oven-like sterilization equipment in these studies are usually considered as batch-based
production equipment rather than continuous production equipment, also known as
tunnel-like equipment. The airflow is more independent from heat distribution in oven-
like equipment and is more predictable, while the heat distribution and airflow in tunnel-
like equipment are mutually dependent with strong dynamics.

= There are other studies that look into the heat transfer process of preparation containers.

Vials are considered as a porous medium for overall numerical calculation, which loses
the individual vial’s heating curve [21]. The temperature elevation process of an
individual vial [22] and a single batch of asparaguses in a still can [23] are respectively
studied to obtain their heating curve prediction. Wang’s research [22] reveals the airflow
distribution inside a depyrogenation tunnel using a two-dimensional model. The
mentioned results are obtained via a series of simplification models, which cannot
reflect the temperature and airflow three-dimensional distribution inside the
depyrogenation tunnel.

From the analysis above, the bottleneck issue of this area is identified as the strong
dynamics from pharmaceutical industry applications compared to impaired dynamics after
mathematical modelling and control, leading to solutions of desired simulation results with
less reliable consequences. Therefore, in order to validate the designed control system
coping with the industrial applications from the purpose of cGMPs, current on-site
equipment, a depyrogenation tunnel, is specially adopted for computational research
through geometric modelling, meshing and irrelevance validation.

3. COMPUTATIONAL MODELLING

The hot air circulation sterilization method is normally used in the dry heat sterilization
depyrogenation tunnel, as shown in Fig. 1. Here the typical equipment is adopted for the
following geometric modelling and simulation calculation, with its detailed description
found in previous work [3].

In this research, a geometric model is constructed via Catia V5R20, making use of its
powerful surface modelling. Catia VV5R20 is widely-used in design of vehicles and aerospace
fields, but yet to be adopted in plant equipment design and analysis. Regarding numerical
simulation of fluid, it is calculated via ANSYS 17.0, a large-scale general-purpose finite element
analysis software with abroad application internationally.
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Fig. 1 Schematic Diagram of Depyrogenation Tunnel
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3.1. Geometric Modelling

As shown in Fig. 2, the overall structure of the depyrogenation tunnel is mainly composed
of heaters, inlet air pipes, induced draft fan, fan runner, air hood, high efficiency filter, drying
chamber. The part structure is specifically modeled as shown in Fig. 3.
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Fig. 2 a) Overall structure of the tunnel b) Heating tube area, c) Induced draft fan, d) Filter
and drying chamber, e) Air hood
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Fig. 3 Composition structure of the tunnel - Impeller

During the high-temperature sterilization process of the hot air circulation equipment,
the hot air firstly is pumped from both sides of the heating pipe and heated from 300°C to
350°C by the heater, and the air flows through the hood are filtered to remove dust particles
via a group of high-temperature-tolerant filters. The purified hot air enters the drying room
to sterilize the vials at high temperatures. Afterwards, the hot air re-enters the heater
through the return air duct and is heated again, so that the process of hot air circulation is
completed. Meanwhile, part of the energy is lost during heat exchange between the
circulating hot air and vials; while the temperature of hot air is lowered, it is still much
higher than the room temperature. Thus, during the reheating process, the heating tube will
heat the air to the required temperature by the tunnel with less energy, so as to achieve the
purpose of energy saving.

The heat source structure in the heating tube area is defined as: a cylinder with a
diameter of 14 mm and height of 200 mm. Sixty heating rods are determined and distributed
on each side, then the total number of heating rods is 120. The air inlet surface is chosen
rectangular, with a size of 754 mm*247.5 mm. The rotational speed of the induced draft
fan impeller is set as 3000 rpm. It is worth mentioning that these specifications defined here
mainly facilitate calculation and modeling, rather than the exclusive specification for the tunnel.

3.2. Mathematical Modelling

The sterilization process is in the middle of the continuous production line which is not
a sealed container. Therefore, the airflow inside the tunnel is considered as incompressible
flow, and it complies with the continuity Equation and Momentum Equation. During the
flowing process of air flow, the convective heat transfer and conduction heat transfer are
considered, through which energy conservation is satisfied. Considering the power of heat
source is rather low, heat conduction through thermal radiation plays a far less significant
role and is omitted. Therefore, the analysis is conducted based on continuity equation,
momentum equation and energy equation respectively as follows.

3.2.1. Continuity Equation

All fluid motion problems must comply with the law of conservation of mass, that is,
within a unit of time, the mass of the in-flowing fluid and the mass of the out-flowing fluid
remains the same. In other words, the net inflow fluid mass is zero. According to this
principle, the mass conservation equation is obtained as:
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3.2.2. Momentum Equation

The momentum equation is also known as the Naiver-Stokes equation, which can be
described as: the rate of change of the momentum of the fluid with time was equal to the
sum of various external forces acting on the fluid. The flow rate, viscosity, density,
humidity and other index changes of the micro-element are included by the Naiver-Stokes
expression, which all vary over space and time.
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where: p - density of air, t - fluid flow time, «, v, w - velocities of the micro-element along
the X, y, and z coordinate axes respectively, Fy, Fy, and Fz are the sum of various external
forces in total along the x, y and z coordinate axes respectively.

3.2.3. Energy Equation

According to the energy equation of fluid dynamics, the growth rate of energy in the
micro-element is equal to the net heat entering the micro-element and the total work done
by the surface force and physical force on the micro-element. Thus, the energy conservation
expression is obtained as:

h «gradT]+S; (5)

Cp

%+ div(puT) =div[

where: T - thermodynamic temperature, ¢, - specific heat capacity h - heat transfer index
of the fluid S; - internal heat source of the fluid.

The part where the mechanical energy of the fluid is converted into heat due to the
viscous effect, which is referred to as the viscous dissipation term for short. In order to
construct closure equations to describe the flowing process and heat transfer equations, a
state equation is introduced as Eq. (6):

p=p (P:T) (6)
In terms of ideal gas, the equation of state is:
p=pRT @)

where the molar gas constant is denoted by R.
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3.2.4. Turbulence Modelling

The standard k - ¢ turbulence model is adopted for numerical simulation according to
the air flow in the tunnel. ¢ that represents the dissipation rate in the model is defined as:

2
PLOX )\ 0%

Here u:- turbulent viscosity can be expressed as a function of k and ¢ as follows in specific:
k2
M= pC/l ? (9)

In the standard k-& turbulence model, k and ¢ represent two fundamental unknowns, and
their corresponding transport equations are as follows [24]:
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where: C,, C/¢, C2, Cs. - empirical constants, G - generation term of the turbulent dynamic
energy caused by the average velocity gradient, k - turbulent dynamic energy, Gy -
generation term of turbulent dynamic energy caused by buoyancy, Yu - contribution of
pulsation expansion in compressible turbulence, dx, d: - prandtl numbers corresponding to
k and € respectively, Sy, S, - user-defined source items.

4. MESH GENERATION AND BOUNDARY CONDITIONS

The realization of the tunnel mesh is generated by ANSYS ICEM CFD software. The
mesh generated by ANSY'S is an unstructured mesh type, with all tetrahedral elements. In
order to ensure the accuracy and reliability of the calculation, the detailed structures such
as the impeller of the induced draft fan and the heating pipe are subjected to mesh
refinement processing, as shown in Fig. 4. In order to study the influence of the number of
meshes on the calculation results, a total of five different numbers of meshes were
distinguished, 2.32 million, 3.45 million, 5.69 million, 6.05 million and 6.77 million of
meshes, respectively. Subsequently, for the above five mesh schemes, mesh independence
test calculations were performed. The value of empirical constants are as follows: C1.=1.44,
C2=1.92, C3,=1.0, C;=0.09, ox=1.0, c.=1.3.
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(a) Tunnel integral mesh (b) Mesh of heating tube and induced draft fan area

(c) Heating tube mesh (d) Mesh of filter and drying chamber
Fig. 4 Tunnel meshing

As mentioned previously, the standard k-¢ turbulence model is adopted for calculations.
The inlet of the tunnel adopted the speed inlet boundary condition, with the speed of 4.2
m/s, the inlet temperature of 573 K, the impeller speed of the induced draft fan was 3000
rpm, and the rotation direction of the induced draft fan is along the positive Y axis. In terms
of outlet pressure, the outlet boundary condition is used, with relative pressure zero. The
entire outer wall of the tunnel is set as the adiabatic boundary condition; the heating tube
is set as the constant heating surface, with the heating density of 350 W/m?. The solution
is based on the pressure-velocity coupled simple algorithm, and the pressure and
momentum are discretized by adopting the second-order upwind scheme.

In the calculation, the fluid medium is hot air and the solid material is considered as
borosilicate glass. According to the theory of heat transfer, temperature has a significant
influence on air density and thermal conductivity. Consequently, when setting the air
physical property parameters, the corresponding polynomials are fitted and obtained
according to their changing laws with temperature, as shown in Table 1 as below.

Table 1 Physical Parameters and Expressions [25]

Physical parameters Expression
Density (kg/m®) p =2.836-0.0087T +1.055x10°T* — 4.841x107°T®

Thermal conductivity (W/(m-k)) 2.=0.003+8.314x10°T —2.105x10°7"*
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The above boundary conditions were used for the mesh independence verification of
the tunnel structure, and the same boundary conditions and parameters were used for the
calculation. The results of different mesh numbers were obtained by calculation, as shown
in Table 2. According to the comparison of the average velocity of the outlet surface, when
the number of meshes increased from 2.32 million to 5.69 million, the average speed of the
outlet surface decreased from 3.9795m/s to 3.697m/s. When the number of meshes reached
6.05 million, the error between the calculation result of the mesh and the calculation result
of the mesh number of 5.69 million was 0.54%. Continued increases in the number of
meshes had less effect on the average velocity of the outlet surface. The variation trend
between the number of meshes and the average velocity of the outlet surface is shown in
Fig. 5. Taking into account a variety of cost factors, namely, the accuracy and reliability of
the calculation, computing resources and computing time, the mesh with the final mesh
number of 6.05 million was selected as the final calculation scheme, and this mesh scheme
was adopted for subsequent calculations.

Table 2 Calculation results of mesh independence verification

Number of Average speed of Relative error Average temperature at the
meshes (10,000) outlet surface (m/s) outlet surface (K)
232 3.9795 - 574.800
345 3.9235 1.41% 574.798
569 3.6970 5.77% 574.778
605 3.7169 0.54% 574.798
677 3.7594 1.14% 574.789
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Fig. 5 Variation relationship between the number of meshes and the average velocity of
the outlet surface
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5. RESULTS AND ANALYSIS
5.1. Results Analysis

Verified by mesh independence, the final mesh size of 6.05 million was deduced. The
outer wall of the heating tube was fully set as a constant heating surface, with the heating
density of 350 W/m?2. According to this mesh, the steady-state numerical simulation
calculation was carried out, and the final distribution of the flow field and temperature field
inside the tunnel was obtained as follows.

Fig. 5 shows the overall pressure and temperature distribution of the tunnel, and it can
be observed that the heating area and the outer wall of the induced draft fan show obvious
high pressure areas, while the wind hood turned up in the drying room, obvious low
pressure areas.

There is an apparent thermal plume phenomenon on the wall near the heating tube area,
mainly because the heating tube was a constant heating component, which had a relatively
obvious heating effect on the heating area. Driven by the inlet airflow, the heat generated
a thermal plume as shown in Fig. 6.

According to GMP requirements to equipment with sterilization purpose, the airflow
inside the tunnel for sterilization is expected as laminar. From Fig. 6, considering the cross
infection issue especially in pharmaceutical industries, such wind hoods are expected to be
optimized in the following design.
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Fig. 6 Distribution of the overall pressure and temperature of the tunnel

Fig. 7 shows the streamline distribution of the airflow inside the tunnel. The airflow flowed
into the impeller and the induced draft fan channel through the inlet of the tunnel, formed a
relatively high-speed distribution because the rotation of the impeller part increased the airflow
velocity. After coming out of the induced draft fan channel, most of the accelerated airflow was
discharged from the center of the drying chamber directly, with a large discharge speed; another
part of the air flow generated a low-speed vortex in the area near the wall of the drying chamber.
The airflow in this part was comparatively turbulent. According to the phenomenon that vials
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next to the tunnel surface would fall down occasionally and cause long-time shutdown
identified in the previous study [4], this result gives a reasonable explanation.
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Fig. 7 3D streamline distribution of the front and reverse sides of the tunnel: a) Front size;
b) Reverse side

The flow field and temperature field distribution of section X=0.683 m were shown in
Fig. 8. The temperature distribution inside the drying chamber was significantly higher
than in other areas. However, due to the relatively low flow rate of air flow in the drying
chamber, the airflow generated vortices of different sizes inside the hood and the drying
chamber, which contributes to the drying effect to a certain extent.
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Fig. 8 Flow field and temperature field distribution of section X=0.683 m

The flow field and temperature field distribution of section Z=-0.687 m were shown in
Fig. 9. The temperature near the center line of the drying chamber was relatively low, while
the temperature near the wall surface was relatively high. The major reason was that the
airflow velocity near the centerline of the drying chamber was relatively large, and the
convective heat transfer effect of the space was prominent, and the heat was carried away by
the airflow, resulting in a comparatively low temperature in this area. To a certain extent, the
uneven temperature distribution inside the drying chamber was caused by the low-speed
vortex generated inside the drying chamber. Therefore, it was necessary to optimize and
improve the design of the internal structure of the drying chamber subsequently.
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Fig. 9 Flow field and temperature field distribution of section Z=-0.687 m

Fig. 10 has shown the velocity and temperature distribution on the outlet surface of the
tunnel under the condition that the inlet velocity was 4.2 m/s. The results suggest that the
temperature and airflow velocity distribution on the outlet surface of the tunnel was not
uniform. Compared to the inlet temperature of 573 K, the average temperature at the outlet
side was about 575 K, and the temperature rise was about 2°C. Most of the air flowed out
directly from the center of the tunnel, resulting in uneven distribution of velocity and
temperature at the center of the outlet surface.



Modelling and Simulation of Nonlinear Dynamic Flow Field and Temperature Field... 59

Velocity — — - N
Contour 1
l 26.09
2348 b

2088

Temperature r
Cantour 1

[ 675.00

574.88
- 574.75

L 57463 18.27

15.66
. 13.05
1044

7.83

[ 574.51
574.39
l 574.26
[ 574.14
574.02
I 573.89
573.77

[K] [m s*-1]

(a) Temperature (b) Airflow velocity

Fig. 10 Velocity and temperature distribution of outlet surface

By changing the inlet velocity of the tunnel, the inlet velocity was set to 6 m/s and 8
m/s respectively, while keeping the boundary conditions of other walls unchanged, and the
numerical simulation calculation of the flow field and temperature field of the entire tunnel
was performed. So as to explore the variation law of airflow velocity, temperature and
pressure inside the drying chamber at different positions, the inner center line of the drying
chamber was selected, and the variation data of the airflow velocity, temperature and
pressure on the center line with the position were extracted and studied. The specific results
were shown in Fig. 11.
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Fig. 11 Variation law of airflow velocity, pressure and temperature on vertical centerline
of drying chamber

It can be concluded from Fig. 11 that under different inlet speed conditions, the farther
away from the outlet, the lower the airflow velocity on the centerline, displaying a definite
trend; the relative pressure changes on the entire centerline are basically the same, and the
overall relative pressure is almost zero. The temperature on the centerline shows an
increasing trend with the distance from the outlet, which is mainly because the farther away
from the outlet, the smaller the airflow velocity, the less obvious the heat transfer effect,
and the greater the temperature of the space.
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5.2. Results Validation Discussion

Under most circumstances, the errors of computational results are caused by
discretization, namely the discretization error, which is caused by mesh numbers. In this
research, firstly the calculation results of mesh independence verification as shown in Table
2 removes the influence of mesh numbers from computational results. Secondly, the
average temperature at the outlet surface regarding different mesh numbers are very close,
which is 574.8K (recorded in Table 2), indicating the steady state of computation results.
Considering the boundary conditions are measured from practical equipment, the results
are proved with accuracy and reliability.

6. CONCLUSIONS

In this research, the tunnel is modeled geometrically using Catia and 5 numbers of
unstructured meshes, 2.32 million, 3.45 million, 5.69 million, 6.05 million and 6.77 million
respectively, are generated using ANSYS. The generated meshes are verified by mesh
independence, and the number of computing grids is determined to be 6.05 million finally.
Considering that the constant heating density of the heating tube was 350 W/m2, when the
inlet velocity is 4.2 m/s, 6 m/s and 8 m/s respectively, the corresponding steady flow field
and temperature field inside the tunnel are calculated, thus, the following basic conclusions
are ultimately summed up as below:

= After entering the tunnel from the inlet, most of the airflow is discharged from the

center of the drying chamber directly, with a large discharge speed; another part of
the air flow generated a low-speed vortex in the area near the wall of the drying
chamber. The airflow in this part was comparatively turbulent.

= Inside the drying chamber, low-speed vortices of different intensities are generated,

and the temperature in the center is relatively low, while the temperature close to
the wall is relatively high.

Although the depyrogenation tunnel structure and its heating and sterilization process
is studied using a CFD method in this research, many problems remained to be improved
and solved in the future research, which include:

= Structure improvement to reduce the low-speed vortex

In this study, the low-speed vortex in the area near the wall of the drying chamber is
identified, which is in line with the empirical results that vials occasionally fall down,
causing an unexpected shutdown of production line. In the future work, the structure inside
of the tunnel can be improved to decrease the vortex. Furthermore, GMP requirements
should be considered when performing structure improvement.

» Time-variant calculation

In this study, the steady-state temperature and fluid flow fields are calculated using CFD
methods. However, the temperature field inside the tunnel is time-variant, taking especially
the continuous production process in consideration. Therefore, in the following study time-
variant calculation could be conducted to express the dynamic process along time.

= Control system optimization for energy saving

In this study, the modelling and CFD calculation is carried out in terms of the
depyrogenation tunnel to validate the air fluid field and temperature field results. According
to the uneven distributed temperature from the wall to the central line, the reference input
(temperature) of the control system could be lower.
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