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ABSTRACT

The rational design of airflow distribution is of great importance for comfort and energy conservation. Several
numerical investigations of flow and temperature characteristics in cockpits have been performed to study the
distinct airflow distribution. This study developed the coupled heat transfer model of radiation, convection, and
heat conduction for the cockpit flight environment. A three-dimensional physical model was created and a shear
stress transfer (SST) k-w turbulence model was well verified with a high prediction accuracy of 91% for the
experimental data. The strong inhomogeneous flow and temperature distribution were captured for various initial
operating conditions (inlet temperature, inlet pressure, and gravitational acceleration). The results indicated that
the common feature of the flow fieldwas stable in themiddle part of the cockpit, while the temperature field showed
a large temperature gradient near the cockpit’s top region. It was also found that there was remarkable consistency
in the distributed features, regardless of the applied initial operating conditions. Additionally, the mass flux and
the top heat source greatly affected the flow and temperature characteristics. This study suggests that an optimized
operating condition does exist and that this condition makes the flow and temperature field more stable in the
cockpit. The corresponding results can provide necessary theoretical guidance for the further design of the cockpit
structure.
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Nomenclature

Cp specific heat
G, g gravitational acceleration
Gs absorption coefficient
T temperature
u′iu′j Reynolds stress
Pk turbulent generation term
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R inhomogeneity coefficient
U0 buoyancy velocity
X x axis
y y axis
y+ wall distance in conventional wall unit
z z axis

Greek symbol
σ Stefan-Boltzmann constant
αs solar incoming radiation
β volume expansion coefficient
δ kronecker delta
ε emissivity
λ thermal conductivity
μ viscosity
μt turbulent viscosity
v molecular viscosity of fluid
ρ density

Subscripts
ave average
b bulk
c cold wall
f fluid
h hot wall
in inlet
max maximum
min minimum
out outlet
w wall

1 Introduction

Confined turbulent flow is of great importance for a variety of practical engineering appli-
cations, such as air conditioning for cooling micro-electronic devices, air supply in buildings, and
airflow in vehicles and aircraft cockpits [1,2]. Among these applications, the airflow distributions
in cockpits are more confined and complex compared with airflow distributions in indoor envi-
ronments and buildings [3–5]. In a cockpit, the airflow may be more sensitive to the structure
design and the air supply system, which has a great effect on user experience, especially during
long flights [6–8]. Hence, the potential flow characteristics of the airflow in the indoor environment
of a cockpit appear crucial. In general, a well-designed airflow should retain a small temperature
difference in vertical space. Hence, temperature characteristics also need to be carefully studied
and evaluated to increase our understanding of temperature distribution in a cockpit.

At present, two main methods are available for investigating the flow and temperature distri-
bution in a cockpit, i.e., experimental measurements and numerical simulations. However, there
are extremely few studies on aircraft cockpits. In this study, the distinct flow and temperature
characteristics in an aircraft cabin are investigated. In terms of experimental approaches, there
are several classical research studies. In general, flows in cockpits are in a low-speed turbulent
state, and experimental data are obtained with high measurement accuracy. For the investigation
of airflow features, tests have been performed to characterize the airflow distribution [9–11], flow
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characteristics [12–14], and temperature characteristics [13,15,16]. During the airflow transport, the
temperature distribution has also been evaluated. Zhang et al. [17] experimentally measured the
air velocity and temperature distribution. Li et al. [18] evaluated the inhomogeneous distribution
pattern of temperature in a selected complex narrow space. They found that the velocity and
temperature features were greatly affected by the initial air volume. The aforementioned exper-
imental results have indicated that the air environment is very important for user comfort and
that the air environment can also be improved by reasonable airflow distribution. Most of the
experimental measurements were carried out in an actual stationary aircraft, which was because
an in-flight measurement would be very expensive as it would need to be conducted within a
reasonable requirement of spatial resolution. Because the airflow is unsteady, measuring the flow
and temperature fields poses an enormous challenge. The specific coupled heat transfer model for
the cockpit in flight is still unknown. Thus, it is necessary to study the flow and temperature
characteristics in a cockpit under various operating conditions.

Compared with experimental methods, computational fluid dynamics (CFD) is a potential
numerical tool that is less expensive and more efficient. Consequently, airflow can be predicted
and can contribute to structural optimization and cockpit design with respect to the comfort
requirements. Danca et al. [19] numerically investigated air distribution and temperature charac-
teristics, and they presented numerical simulations to verify the feasibility and effectiveness of the
scheme. Yao et al. [20] developed an anisotropic model based on the basic V2f turbulence model,
and the results indicated that the new model could successfully reproduce the flow instability
characteristics. You et al. [21] used the measured data to evaluate the prediction performance
of a renormalization group (RNG) k-e and SST k-w turbulence model. The results indicated
that the SST k-w model was better than the RNG k-e model in predicting airflow distribution.
Lin et al. [22,23] identified distributional features of airflow in terms of flow and temperature.
They calculated the flow and temperature information using both large eddy simulation (LES) and
Reynolds-averaged Navier-Stokes (RANS) turbulence models. At present, CFD has been adopted
extensively in the studies of air-supply design [24–26], flow and temperature characteristics [27,28].
Qian et al. [29] used CFD and the Wells-Riley equation to capture a spatial flow distribution.
Zhang et al. [30] focused on the existing temperature distribution and found that the fluid
concentration showed an inhomogeneous behavior. However, as these turbulence models adopted
approximations in CFD, the corresponding numerical results remain uncertain, and the existing
thermo-fluid boundary conditions have not been carefully considered. Additionally, few studies
have focused on the inhomogeneous behaviors that exist with the changes in the flight models.

This study establishes a three-dimensional cockpit model with various thermo-fluid bound-
aries, and evaluates the distinct flow and temperature characteristics with the commercial software
Fluent 19.0. In addition, the effects of the various boundary conditions on the inhomogeneous
behaviors are extensively analyzed.

2 Geometrical Models and Boundary Conditions

The flow and temperature field are the dominant factors influencing the driving performance
and comfort of a cockpit. The airflow in a cockpit is a complex three-dimensional flow interaction.
The simulation object in this research is an internal flow field that is solved with CFD equations,
as well as the boundary conditions on the walls. Fig. 1 illustrates the flowchart of modeling
processes. It mainly includes four parts: heat transfer model, turbulence model, geometric model
and CFD analysis. Fig. 2 shows the schematic diagram of the cockpit space with a complex
structure.
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Figure 1: Flow diagram of modeling process

Figure 2: Schematic diagram of the space configuration in the cockpit with (a) cockpit canopy
and (b) internal flow field and the cockpit structure

For the duration of the simulated flight, different classification stages are extracted, sum-
marized, and grouped, as shown in Fig. 3. Each phase of the flight stage is described as
follows:
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• Slipping out: Flight moves the blocks from the initial position to the runway
• Run-up: Without brakes
• Takeoff: Flight is 35 ft above the ground
• Climbing: Flight is 35–20000 ft above the ground
• Cruise: Flight is operated at an altitude averaging 20000 ft in a stable state
• Drop-in: Flight is at any altitude between 20000 and 1500 ft
• Waiting: Gliding at the same altitude
• Approaching: Flight is 1500–100 ft above the ground
• Landing: Ground-contact stage
• Buffer: Brake starting and buffering
• Slipping in: Moving the flight to a target position

Slipping
out

Run-up

Take-off

Climbing

Cruise Drop-in 

Waiting

Landing

BufferApproaching

Slipping
in

Figure 3: Different phases during the flight

It is worth noting that when the flight is at the climbing and dropping stages, the various
accelerations are considered the maximum feature. The flight undergoes a non-linear acceleration
that is mainly attributed to the flight climbing and dropping speed. This results in the distinct
inhomogeneous behaviors in the cockpit space for different flight acceleration effects, which are
focused on and evaluated in this study.

The associated boundary and initial conditions are shown below. As shown in Fig. 4, sup-
ply air is sent into the cockpit by the air distribution ventilation system. Hence, the flow and
temperature fields are formed in accordance with the changes of the inlet air. The initial param-
eter control, such as the inlet temperature and mass flux, should be considered for the further
construction design of the supply air system. In particular, the existing mixed thermal boundary
condition needs to be carefully considered inside the cockpit canopy because the convective and
radiation heat transfer may partly act on the canopy wall.

Fig. 5 shows the schematic diagram for developing heat transfer model. The whole heat
transfer processes strictly obey the energy conserving law. The solar incoming radiation is the heat
source, which flows into convection heat transfer, radiation heat transfer and heat conduction.
Because only the fluid field inside the cockpit is studied, we completely convert the radiation term
through the canopy into a thermal load term. We treat the cockpit as an approximate plane that
exchanges heat between the inner and outer walls. The significant inner wall temperature can be
obtained with the following formula [31,32]:

αsGs︸︷︷︸
Radiation

= hin(Tw,in−Tf,in)︸ ︷︷ ︸
Convection

+σε(T4
w,out

−T4
f,out

)︸ ︷︷ ︸
Radiation

+hout(Tw,out−Tf,out)︸ ︷︷ ︸
Convection

(1)
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λ

δ
(Tw,out−Tw,in)︸ ︷︷ ︸

Conduction

=hin(Tw,in−Tf,in)︸ ︷︷ ︸
Convection

(2)

where Gs and αs are the solar incoming radiation and absorption coefficients, respectively; hin and
hout are the convective heat transfer coefficients on the inner and outer walls of the canopy wall,
respectively; ε is the emissivity and σ is the Stefan-Boltzmann constant of 5.672× 10−8 W/m2·K;
Tw, in and Tw,out are the inner and outer wall temperatures, respectively; Tf, in and Tf,out are the
inner and outer air temperatures, respectively; λ is the thermal conductivity coefficient; and δ is
the thickness of the cockpit. Based on [31], the flight speed is less than 2 Ma, under which the
radiation term σε(Tw,out–Tf,out) can be ignored when compared with the inside convective heat
transfer. Thus, a new mixed heat transfer formula can be obtained with Eqs. (1) and (2).

αsGs= λ

δ
(Tw,out−Tw,in)+hout(Tw,out−Tf,out) (3)

Figure 4: Schematic diagram of the ventilation system with (a) supply air system and (b) exhaust
air system

According to data reported in [31,32], when the flight altitude is between 35 and 20000 ft, the
significant parameters are listed in Table 1. The fact that the space of the cockpit is small and
confined, along with the complex structure, makes the flow analysis very valuable. The primary
purpose of the present study is to establish a flow and heat transfer mode, which is numerically
integrated with CFD tools in the cockpit domain. The boundary conditions are shown in Table 2,
with the supply air set as an inlet boundary and the outlet boundary defined as outflow. It is
noteworthy that the acceleration ranges from 1 to 4 g, and the acceleration is bound to cause the
inhomogeneous behaviors, which will be evaluated and analyzed.
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Figure 5: Schematic diagram for developing heat transfer model. (a) The thermal boundary
conditions. (b) Heat transfer and exchange processes

Table 1: Parameter settings based on the flight altitudes between 0 and 20000 ft

Thermal boundary parameter Specific values

Tf,out (K) 288.15
αs 0.85
Gs (W/m2) 3000
hout (W/m2·K) 220
Tf,out (K) 288.15
Tw,out (K) 297.15
Tw,in (K) 295.15
λ (W/m·K) 0.038
δ (mm) 22

Table 2: Boundary condition settings for the simulation

Initial parameter Specific values

Cockpit altitude (ft) 35–20000
Mass flux of inlet air, G (kg/h) 0.83
Temperature of inlet air, Tin (K) 277.15–293.15
Acceleration (g) 1–4
Outlet boundary Outflow

Note: g is 9.8 m/s2.
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2.1 Physical Properties
The cockpit is an air-filled space where is characterized by the distinct inhomogeneous flow

and temperature distribution. Before implementing the numerical simulation, the physical prop-
erties must be determined to be input into the FLUENT software. Thermo-physical properties,
i.e., specific heat (cp), thermal conductivity (λ), density (ρ) and viscosity (μ), are considered the
most important input parameters. According to [31], the analysis of thermo-physical properties is
carried out by assessing the basic trend.

As shown in Fig. 6, the specific heat (cp) and thermal conductivity (λ) exhibit an increasing
trend, whereas the density shows a decreasing trend. In principle, thermo-physical property of air
fluid could be highly affected by flow and temperature redistribution in cockpit. The values of the
density and viscosity for the temperature ranging from 283 to 313 K are listed in Table 3, with
reference to which, the significant thermo-physical properties can be input into the FLUENT 19.0
platform.
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Figure 6: Trend with air temperature for (a) special heat, (b) thermal conductivity, and (c) density.
Data are taken from the [31]
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Table 3: The specific values of the density and viscosity of air

T (◦C)
qualitative
temperature

T (K)
qualitative
temperature

Thermo-physical properties of air

ρ(kg/m3) μ (10−5 Pa·s)
10 283.15 1.25 1.76
20 293.15 1.21 1.81
30 303.15 1.17 1.86
40 313.15 1.13 1.91

2.2 Model Validation
Inhomogeneous behaviors are ubiquitous in nature. The effect of unresolved scales must be

taken into account to recover a reliable description of motion. Currently, numerical methods are
categorized into three classes, i.e., Reynolds-averaged Navier-Stokes (RANS), large eddy simulation
(LES), and direct numerical simulation (DNS). DNS and LES are suitable for solving for tiny
vortex and turbulence statistics in all scales [25], with an obvious drawback in the demand for
very high-quality mesh. The RANS model with time-averaged equations is mostly used to simulate
practical flows in which various turbulence models play a key role [26]. Moreover, the predic-
tive ability of the RANS model is valid for practical engineering requirements, and the model
parameters are fitted to experimental or simulation data in various conditions. With comprehensive
consideration, the RANS model is adopted in this study. To obtain accurate results, it is necessary
to verify that the proposed RANS turbulence model achieves a better predictive performance for
the flow and temperature characteristics. In particular, the various gravitational accelerations are
bound to generate distinct buoyancy-driven flow that further induces notable inhomogeneous flow
behaviors in the cockpit. Thus, a complex flow field can be predicted, which also increases the
difficulty of the turbulence validation.

The classical models, i.e., Transition k-kl-w, SST k-w, Standard k-e, Realizable k-e, Reynolds
stress, Transition SST, and v2f, are employed to analyze significant differences for the predictive
inhomogeneous behaviors. Tian et al. [33] have analyzed the inhomogeneous flow and temperature
behaviors. The schematic view of the three-dimensional space of the flow field is shown in Table 4.
The length, width, and height of the physical space are 1.45, 0.725, and 0.725 m, respectively. The
temperature difference between the hot source temperature (Th = 333.15 K) and the cold source
temperature (Tc = 293.15 K) induces the thermal stratification phenomenon, which aggravates the
formation and development of inhomogeneous flow behaviors. To validate the prediction model,
a joint assessment of the flow and temperature information is required. Hence, a dimensionless
temperature (T–Tc/Th–Tc) and buoyancy velocity (U0 = (gβ	TH)1/2) are defined. The detailed
description is shown in Table 4. It should be noted that the central plane x = 0.3625 m is
perpendicular to the x-axis, and this plane bisects the space. In my study, this central plane is
adopted to derive the dimensionless temperature (T–Tc/Th–Tc) and the buoyancy velocity (U0 =
(gβ	TH)1/2).
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Table 4: Important parameter settings of physical model and initial boundary conditions based
on the selected experimental case [33]

Physical model Initial parameters 

Hot source (Th) 333.15 K

Cold source (Tc) 293.15 K 

Height 0.725 m

Width   0.725 m

Length    1.45 m

Monitoring parameters 

Temperature field  
c h c/T T T T− −

Velocity field 1/2
0 =( )U g THβΔWidth: 0.725 m

H
ei

gh
t:

 0
.7

25
 m

x
y

z

     40 K�T

The results are shown in Fig. 7. It can be clearly observed that the experimental data are
more variable, particularly in the near-wall region where the best performing validation region is.
Thus, broadly speaking, a turbulence model is excellent if it is within some model-error-informed
tolerance (a prediction accuracy greater than 90%, or approaching 100%, indicates an outstanding
model). Clearly, the Standard k-e (2 eqn), Reynolds stress (7 eqn), and v2f (4 eqn) are less effective
for the ux/U0 prediction in the near-wall region, as their prediction accuracies are 81%, 82%, and
83%, respectively. This means that the selected turbulence model with two equations may not
well capture the fundamental flow properties or reflect the basic mechanical law of viscous fluid
flow. The larger error is equally likely to appear for Realizable k-e, Transition SST, and Transition
k-kl-w, with prediction accuracies of 69%, 76%, and 77%, respectively. Fortunately, the SST k-
w model, rather than others, gives the best-predicted trend that is similar to the experimental
data. The prediction accuracy of the SST k-w model reaches 91%, which achieves excellent model
applicability.
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Figure 7: Validation of turbulence model under inhomogeneous velocity distribution conditions:
(a) comparison between the experimental data and the numerical results; (b) comparison of
prediction accuracy based on different turbulence models; here, n representing the number of
experimental data points, “pred” and “exp” denoting the predicted and experimental values,
respectively. Experimental data are taken from the [33]
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In practical conditions, the cockpit is characterized by inhomogeneous behaviors that are
induced by the large temperature gradient. Based on the validation results, the SST k-w model
can reliably capture more turbulent features and scales. Thus, based on the above analysis, the
SST k-w model achieves the best predictive ability, even for the inhomogeneous and buoyancy
conditions.

2.3 Dynamical Model
The numerical simulation of flow and temperature distribution in cockpit is performed using

commercial software Fluent 19.0. The numerical process depends on space-discretization and
the finite volume approach, as well as solving governing equations. In this study, the governing
equations, i.e., mass, momentum and energy conservation, are described below:

Continuity equation:

∂(ρui)
∂xi

= 0 (4)

where ρ is fluid density and ui denotes velocity component.

Momentum equation:

∂(ρui)
∂t

+ ∂(ρuiuj)
∂xj

=− ∂p
∂xi

+ ∂

∂xj

[
μ

∂(ui)
∂xj

−ρu′iu′j
]

(5)

where μ is the fluid viscosity, and u′ represents the velocity component fluctuation.

Energy equation:

∂

∂xi
(ρT)+ ∂

∂xi
(ρuiT)= ∂

∂xi

[
λ

Cp

∂T
∂xi

]
(6)

where Cp is the specific heat.

The ordinary differential equations are solved, and here we clarify its further derivation. In
particular, the turbulent kinetic energy equation is defined as

∂(ρk)
∂t

+ ∂(ρuik)
∂xi

=Pk−β∗kω+ ∂

∂xi

[
(μ+ σkut)

∂k
∂xi

]
(7)

The specific dissipation rate equation is expressed by

∂(ρω)

∂t
+ ∂(ρuiω)

∂xi
= ϕρS2 −βρω2+ ∂

∂xi

[
(μ+ σωμt)

∂ω

∂xi

]
+ 2(1−F1)ρσw2

1
ω

∂k
∂xi

∂ω

∂xi
(8)

where the significant blending function F1 is given by

F1 = tanh

⎡
⎣[

min

[
max

[ √
k

β∗ωy
,
500v
y2ω

]
,
4ρσω2k
CDkωy2

]]4
⎤
⎦ (9)

where CDkω =max
[
2ρσω2

1
ω

∂k
∂xi

∂ω
∂xi

, 10−10
]
and y denote the distance.



712 CMES, 2022, vol.130, no.2

The turbulent eddy viscosity is described as

vt = ϕ1k
max(ϕ1ω,SF2)

(10)

where S represents the invariant measure and F2 is a second blending function that is indicated
as

F2 = tanh

⎡
⎣[

max

[
2
√
k

β∗ωy
,
500v
y2ω

]]2
⎤
⎦ (11)

The turbulence is defined as a production term:

Pk =μt
∂ui
∂xj

[
∂ui
∂xj

+ ∂uj
∂xi

]
→Pk =min(Pk, 10β

∗ρkω) (12)

The pressure-based solver and the SIMPLEC scheme are chosen to solve for the pressure-
velocity coupling. The spatial discretization is achieved with second-order difference formulae to
achieve more solutions in terms of the energy transport, turbulent kinetic energy, and dissipation
rate. The convergence is deemed sufficient when the curve plateaus and the residual of convergence
are less than 10−8.

2.4 Grid Sensitivity Validation
It is known that different mesh systems have different errors, even for the same initial bound-

ary conditions. Hence, a suitable mesh number needs to be validated and selected individually.
The unstructured mesh is used for all simulations.

Table 5 shows the mesh setting used in the case examples. In fact, there is a very large
gradient of the normal velocity near the wall. A low-Re turbulence model is selected to calculate
the near-wall region, and then y+ ≤ 1 is required. The refinement is applied to the global region
and local boundary region. We adjust the global growth ratio to generate four different meshes
separately with 4.2, 5.9, 8.2 and 11.4 M. As shown in Fig. 8, the extreme initial boundary
conditions are used to calculate the outlet temperature and the outlet mass flux for 4.2, 5.9,
8.2 and 11.4 M mesh systems. Notably, in the boundary layer region, each layer-node increases
proportionally with a suitable growing factor of 1.05, and the first node near the wall is set to
1× 10−6 m to meet the requirement of y+ < 1. The results based on 11.4 M are considered the
baseline. It can be clearly found that there are very large errors for mesh systems of 4.2 and 5.9
M. Fortunately, the results for 8.2 and 11.4 M are very similar. Hence, 8.2 M is adopted for the
next numerical simulation, due to the time and cost of computing being considerably reduced.

Table 5: Mesh generation method based on boundary layer refinement

Mesh parameters Case A Case B Case C Case D

Initial height (mm) 1× 10−3 1× 10−3 1× 10−3 1× 10−3

Boundary layer mesh Height ratio 1.05 1.05 1.05 1.05
y+ (near the wall) <1 <1 <1 <1

Total mesh Mesh growth ratio 1 1.1 1.2 1.3
Total Elements 4.2 M 5.9 M 8.2 M 11.4 M
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3 Results and Discussion

Two surface monitors are employed to observe and evaluate the distinct flow and temperature
characteristics. As shown in Fig. 9, the coordinate system is built with the origin at the setting
central reference point. The xy-plane is chosen to be parallel to the xy axis, and the yz-plane
is chosen to be parallel to the yz axis. The two planes refer to the present surface monitors
that identify the significant change regions in the flow and temperature fields after multiple
observations and comparisons. The detailed condition setup is presented in Table 6.

Figure 9: Two surface monitors parallel to the xy axis and the yz axis

Table 6: Initial condition settings of Test 1–3

Condition Test-1 Test-2 Test-3

Inlet temperature
(K)

Inlet pressure
(MPa)

Gravity effect
(g)

Velocity Turbulent
kinetic energy

Temperature

283.15 0.5 1.0 a-1, a-2 a-1, a-2 a-1, a-2
288.15 1.0 1.5 b-1, b-2 b-1, b-2 b-1, b-2
293.15 1.5 2.0 c-1, c-2 c-1, c-2 c-1, c-2
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3.1 Flow Characteristics
It is well known that the flow characteristics of the fluid in a cockpit have effects on the pilot’s

general comfort, especially with various gravity effects. To obtain more additional details of the
flow characteristic related to the basic flow mechanism in the cockpit, the velocity and turbulent
kinetic energy are discussed in this section.

Fig. 10 illustrates the velocity distributions at the selected calibrated xy-plane and yz-plane for
various inlet temperatures, inlet pressures, and gravitational acceleration conditions. For the flow
information at the xy-plane (a-1, b-1, and c-1), it is found that the velocity distribution shows
a strong inhomogeneous behavior at the forepart (inlet part) and the rear (outlet part), as well
as a relatively homogeneous and stable feature at the middle of the cockpit, regardless of the
applied initial conditions. Furthermore, it is found that the velocity gradient is highly consistent.
This means that there is an insignificant change in the flow characteristics even as the parameter
setting of the inlet temperature, pressure, and gravitational acceleration increases. This is mainly
attributed to the small initial mass flux of 0.83 kg/h, which causes the numerical results to strongly
prefer consistency.

Figure 10: Velocity profile in the selected xy-plane and yz-plane under different thermal condi-
tions: a-1 and a-2 under inlet temperature of 283.15 K, inlet pressure of 0.5 MPa and gravitational
acceleration of 1.0 g; b-1 and b-2 under inlet temperature of 288.15 K, inlet pressure of 1.0 MPa
and gravitational acceleration of 1.5 g; c-1 and c-2 under inlet temperature of 293.15 K, inlet
pressure of 1.5 MPa and gravitational acceleration of 2.0 g

Similar results are also captured at the yz-plane (a-2, b-2, and c-2) with the consistent velocity
distribution, regardless of the types of increased inlet temperature, pressure, and gravitational
acceleration that are applied. Interestingly, the extremum value of the local velocity appears on
both sides of the figures. The velocity is often affected by the air inlet positions on both sides.
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The large velocity gradients near both narrowing regions are caused by the large recirculation
velocity. When moving to the center, the induced maximum velocity magnitudes become smaller.
The large slip of velocity gradient may be related to the variation. The profile of the temperature
gradient can also be discussed using a three-dimensional flow transport equation, as shown in
Section 2.3. The variable turbulent dissipation rate and the turbulent kinetic generation term
induce an inhomogeneous velocity distribution. Overall, there is a strong inhomogeneous flow
behavior and a great consistency in the velocity distribution, which is not changed by the applied
combination conditions for either case.

In general, turbulent kinetic energy is regarded as a critical parameter to determine turbulent
mixing ability. To better understand the distinct flow characteristics, a turbulent kinetic energy
(TKE) analysis is carried out. As shown in Fig. 11, for xy-plane (a-1, b-1, and c-1), the core
region of the TKE is located at the middle part, while the TKE can be negligible at the forepart
and the rear region. Moreover, a large amount of inhomogeneous behavior is discovered at the
middle part, which is also characterized at the yz-plane (a-2, b-2, and c-2). For the yz-plane,
the large gradient region of the turbulent kinetic energy is close to both sides. Notably, the
corresponding characteristics of the TKE are greatly similar to the velocity distribution.

Figure 11: Turbulent kinetic energy profile in the selected xy-plane and yz-plane under different
thermal conditions: a-1 and a-2 under inlet temperature of 283.15 K, inlet pressure of 0.5 MPa
and gravitational acceleration of 1.0 g; b-1 and b-2 under inlet temperature of 288.15 K, inlet
pressure of 1.0 MPa and gravitational acceleration of 1.5 g; c-1 and c-2 under inlet temperature
of 293.15 K, inlet pressure of 1.5 MPa and gravitational acceleration of 2.0 g

To some extent, a region with strong disturbance can be formed at the middle part. It is also
found that there is an obvious consistency characteristic for the TKE distribution, irrespective of
the initial setting of the thermal conditions. The air fluid almost fills the intermediate space, and
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the fluid velocity becomes small everywhere, resulting in low TKE. It is undeniable that a high
TKE gradient will lead to a local fluid disturbance in the near-wall region. The development and
decline of the TKE changes rapidly, which is beneficial for the local heat transfer.

3.2 Temperature Characteristics
The temperature distribution that is considered the important evaluation indicator of temper-

ature homeostasis, is evaluated and analyzed. A temperature gradient is created by the temperature
difference between the top and bottom walls.

As shown in Fig. 12, it is noticed that the large temperature gradient at the xy-plane and
the yz-plane occurs at the top region where there is a radiant heat source. The heat transfers via
turbulent flow from the top region. Hence, as shown in the xy-plane (a-1, b-1, and c-1), the high
temperature fluid is mainly focused on the top region, and the low temperature fluid is located
at the bottom region. The occurrence of the temperature difference is widespread in confined
spaces. For the yz-plane (a-2, b-2, and c-2), the local extremum value of the airflow temperature
occurs in the position that is characterized by the dramatic change of the TKE gradient. The
temperature gradient is considered to be driven by the inhomogeneous temperature distribution.
It is also revealed that the temperature distribution is more stable for various thermal conditions,
and this demonstrates the great internal consistency of the temperature fields.

Figure 12: Temperature profile in the selected xy-plane and yz-plane under different thermal condi-
tions: a-1 and a-2 under inlet temperature of 283.15 K, inlet pressure of 0.5 MPa and gravitational
acceleration of 1.0 g; b-1 and b-2 under inlet temperature of 288.15 K, inlet pressure of 1.0 MPa
and gravitational acceleration of 1.5 g; c-1 and c-2 under inlet temperature of 293.15 K, inlet
pressure of 1.5 MPa and gravitational acceleration of 2.0 g

Next, the inhomogeneity coefficient of temperature is considered. The whole-field inhomo-
geneity coefficient (R) is defined as the ratio of the maximum difference to the average value at
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the same cross-section:

R= Tmax−Tmin

Tave
× 100% (13)

where the “Tmax” and “Tmin” represent the maximum and minimum values of fluid temperature,
respectively, and “Tave” is the average temperature. Fig. 13 shows the results of temperature field
inhomogeneity under different thermal conditions. The whole-field inhomogeneity coefficient (R)
shows a decreasing trend as the inlet temperature, inlet pressure and gravitational acceleration
increase. Clearly, the inlet temperature has the greatest effect on the R. This is because the inlet
temperature gradually approaches the heat source temperature (295.15 K), and both cause the
whole-field temperature to strongly prefer consistency and homogeneity. It should be noted that
the R is insensitive to the changing pressure and gravitational acceleration. These two factors are
insufficient to enhance the heat transfer effect in the heat source region, and the high and low
temperature fluids remain inadequately mixed.
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Figure 13: Evaluation of temperature field inhomogeneity under different thermal conditions:
a-1 and a-2 under inlet temperature of 283.15 K, inlet pressure of 0.5 MPa and gravitational
acceleration of 1.0 g; b-1 and b-2 under inlet temperature of 288.15 K, inlet pressure of 1.0 MPa
and gravitational acceleration of 1.5 g; c-1 and c-2 under inlet temperature of 293.15 K, inlet
pressure of 1.5 MPa and gravitational acceleration of 2.0 g

Overall, when implementing the space design of the cockpit, the internal flow and the tem-
perature fields have to be taken into account. One of the well-validated critical evaluation factors
concerns the determination of the steadiness of the field information. This means that the flow
and temperature characteristics need to be constantly controlled in a reasonable and stable range,
and thus satisfy the requirements of user experience and general comfort. Furthermore, the local
flow and the temperature are dependent on many initial factors, i.e., the inlet temperature, inlet
pressure, and gravitational acceleration. We have found that these factors have a very limited effect
on the internal flow and temperature characteristics for a dedicated given initial mass flux of
0.83 kg/h. This result confirms that an optimized operating condition does exist and that this
makes the flow and the temperature field more stable. From another perspective, it is also
understood that the mass flux rather than the inlet temperature, inlet pressure, and gravitational
acceleration has a great effect on the flow and temperature characteristics.
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3.3 Inhomogeneous Behaviors
The complex structure in the cockpit, coupled with various operating conditions, can further

exacerbate the inhomogeneous distributions. Consequently, it can be predicted that the internal
fluid action caused by the interaction between the temperature field and the flow field will be very
violent. Here, the analysis of the local temperature gradient at yz-plane that is induced by the
temperature difference is further carried out under different initial conditions.

The results of the temperature-related gradient for the yz-plane are presented in Fig. 14. There
is an evidently inhomogeneous disturbance behavior along the y axis that is mainly caused by
temperature difference between the top and bottom walls. Typically, this inhomogeneity found
along the y axis is predominantly related to the temperature distribution. The key feature of the
temperature gradient trend is the ability to be less sensitive to the various inlet temperatures,
inlet pressures, and gravitational accelerations. Specifically, a common distribution feature of the
temperature gradient can be divided into two types: 1) slight changes of the gradient between 0
and 1.0 m on the y axis; and 2) dramatic changes of the gradient between 1.25 and 1.5 m on the
y axis. The high temperature in the top region is responsible for this gradient structure, which
cannot even be regulated by the given operating conditions. In other words, it is critical to conduct
the structure design of the cockpit in conditions such that the heat source in the top region is
a non-ignorable factor. Moreover, the impact of forced convection with thermal radiation is a
relevant field in which further studies are required.
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Figure 14: Temperature gradient distribution on the yz-plane along y axis under different ther-
mal conditions: (a) under inlet temperature of 278.15, 283.15, 288.15 and 293.15 K; (b) under
gravitational acceleration of 1.0, 1.5 and 2.0 g; (c) under inlet pressure of 0.5, 1.0, 1.5 and
2.0 MPa

4 Conclusions

The internal flow and temperature fields are studied with a high-accuracy SST k-ω turbulence
model to improve comfort in a cockpit. The flow and temperature characteristics are numerically
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evaluated and analyzed for various initial inlet temperatures, inlet pressures, and gravitational
accelerations. Additionally, the common characteristics and mechanisms of the inhomogeneous
distribution are described in detail. The main conclusions are summarized as follows:

1) To accurately predict the inhomogeneous behaviors, the proposed RANS turbulence models
are necessarily evaluated, and it is found that SST k-w (2 eqn) has a better predictive
performance for the modeling of the inhomogeneous behaviors.

2) The flow and temperature fields show a distinct inhomogeneous distribution at the fixed
xy-plane and the yz-plane. The results indicate that the flow field shows a stable state at
the middle part of the cockpit, and the temperature field has a large gradient that focuses
on the top region.

3) The results indicate that the flow and temperature distribution are stable, and that they
cannot be regulated by various operating conditions. Moreover, the mass flux and the
heat source have a critical impact on the inhomogeneous distribution of the flow and
temperature fields.

4) Two typical gradient features of temperature are discovered. The near-wall region shows a
dramatic disturbance, while the temperature-related gradient is relatively smooth near the
bottom region of the cockpit. This study, therefore, has important implications for cockpit
design.
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