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Flow field patterns in train compartments based on jet ventilation
under variable air volume system: isothermal conditions
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Abstract: Variable air volume systems are widely used in trains as they provide effective energy savings for air conditioning.
However, the design phase is usually carried out at a certain fixed airflow, resulting in a difference between the expected and actual
flow fields. In this study, we first analyzed the flow field characteristics at variable airflow rates under isothermal conditions, and
subsequently established a correlation equation between the airflow and the flow field parameters. The results show that the airflow
just entering the compartment conforms to the characteristics of an attached jet, and then, after converging in the middle, conforms
to the characteristics of a free jet. The flow field characteristics are significantly correlated with the Reynolds number (Re) and
are limited by the small space inside the vehicle. When Re>2650, the axial velocities all conform to the classical u, /u,—(x/b)" or
u, /u,—~(y/b) law, the sectional velocities conform to the exponential and Gaussian distributions, and the characteristic thicknesses of
the jets conform to a linear distribution. Derivation shows that the entrainment suction flow rate is related mainly to the initial
flow rate and the air opening width. The results of this study will inform the design of ventilation systems for high-speed trains.
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1 Introduction

With the development of urban construction and
breakthroughs in key technologies, high-speed trains
have become one of the most popular modes of trans-
portation (Tian, 2019; Zhang et al., 2022; Fang and Ma,
2023; Li et al., 2024; Liu et al., 2024; Song et al., 2025).
The compartment of a high-speed train is an enclosed
space, and passengers are often required to stay in the
compartment for several hours. A good thermal com-
fort and cabin environment during train operation needs
to be regulated by an efficient and reliable ventilation
system (Li et al., 2019; Woodward et al., 2022; Wang
TT et al., 2024a). How to create a healthy and com-
fortable cabin environment with low energy consump-
tion is one of the key issues facing high-speed train de-
signers. There are at least two challenges: the optimized
design of the ventilation structure and the strategy
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applied under variable air volume (VAV) air condition-
ing parameters.

Researchers have explored the ventilation systems
of high-speed trains (Li et al., 2022; Schmeling et al.,
2022; Liu et al., 2023; Yang et al., 2024; Wu et al., 2025;
Xu et al., 2026). Lu et al. (2023) applied an improved
proper orthogonal decomposition reconstruction method
for multi-objective optimization of a high-speed train
ventilation system, showing that ventilation parameter
optimization significantly boosts air quality. Wang TT
et al. (2024Db) investigated reducing contaminant diffu-
sion and infection risk in compartments by adjusting
intake tract turbulence intensity, achieving an increase
in decontamination rate from 0.23 to 1.86. Schmeling
and Volkmann (2020) studied the interaction between
ventilation methods and cabin thermal comfort, pro-
posing a new low-momentum ventilation scheme. Wu
et al. (2024) used experiments and numerical simula-
tions to study formaldehyde distribution in high-speed
train compartments, analyzing the link between ven-
tilation parameters and concentration, revealing that
ventilation modes/parameters significantly influence
its distribution. Chang et al. (2021) proposed a novel
hybrid ventilation system based on an original design,
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demonstrating improved thermal comfort and lower
energy consumption. Aliahmadipour et al. (2017) ex-
plored summer train compartment flow field charac-
teristics, noting improper design degrades the air envi-
ronment, while structural improvements for symmetr-
ical airflow enhance thermal comfort. Xu et al. (2022)
investigated how different ventilation methods affect
compartment flow fields and droplet diffusion, find-
ing that top air supply reduces infection risk and inhib-
its virus longitudinal spread. Yang et al. (2018) studied
the impact of different diffusers on thermal flow and
pollutant distribution fields in compartments, showing
that thermal plumes may cause pollutant locking. Schol-
ars have also advanced VAV ventilation strategies and
design theories. Liu et al. (2011) analyzed dynamic
cooling loads in train carriages during summer peak
conditions, revealing significant regional and temporal
variations. Wang et al. (2020) showed that VAV sys-
tems reduce energy consumption by 14.5% compared
to fixed-volume systems, while inverter controls save
14.0%—31.5% over on/off operation. Chen et al. (2024)
developed an adaptive temperature control model con-
sidering air infiltration, thermal comfort, and energy
consumption, achieving a 0.069 °C temperature error
reduction and 1.534 kWh energy savings per compart-
ment. To address air-conditioning system time lag is-
sues, Bai et al. (2008) proposed an adaptive propor-
tional integral (PI) controller with a Smith predictor,
improving control stability. Zhang et al. (2015) intro-
duced a model-free static pressure reset fuzzy control
method for nonlinear VAV systems, achieving at least
7% energy savings. Relevant studies have also been
conducted in the field of jet ventilation systems (Wang
J et al., 2024). Han and Li (2021) investigated the ve-
locity distribution of wall-attached jets in slotted-inlet
ventilated spaces under isothermal conditions and de-
rived unified mathematical equations to describe the
decay of centerline velocity and the distribution of ve-
locity profiles. Cao et al. (2010) conducted a series of
experiments on ceiling-attached jets and their flow char-
acteristics after impinging on a corner. They focused
on the jet impingement region and the flow character-
istics of the jet after deflection, proposing a virtual ori-
gin model for predicting the centerline velocity of the
jet after deflection. Triboix and Marchal (2002) per-
formed a stability analysis of the mechanism of jet at-
tachment to walls and presented a formula relating the
penetration distance and the height of the slot to the
Archimedes number (47), based on the fundamental
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assumption of self-similar velocity and temperature pro-
files. Yu et al. (2003) carried out a scaled model study
on the velocity and thermal fields of slotted ventila-
tion ceilings under isothermal conditions, analyzing the
airflow patterns, decay of centerline velocity and tem-
perature, and velocity and temperature profiles, and es-
tablished relevant semi-empirical predictive equations.
Yin et al. (2021) studied the application and mecha-
nism of air distribution of column-attached ventilation
in winter heating conditions and found that the Ar is
related to air distribution and ventilation effectiveness.
An Ar value less than 2.241x107 is a prerequisite for
effective airflow, and the heat transfer efficiency is
negatively and linearly correlated with the Ar value.

The above research shows that VAV systems can
effectively save energy. However, most of these studies
have concentrated on ventilation system design under
fixed air volume conditions. This focus has left a gap
in addressing the dynamic challenges encountered dur-
ing train operation, such as fluctuations in heat load and
external climate conditions. These dynamic factors can
lead to mismatches between the fixed air volume de-
sign and actual requirements, resulting in either exces-
sive or insufficient cooling/heating capacity. This not
only causes unnecessary energy consumption but also
compromises passenger thermal comfort. Moreover,
current VAV control strategies are largely based on pre-
set static parameters, which severely limit their ability
to adapt to the real-time variations in the in-car flow
field heat load. To bridge this gap, in the present study,
we endeavored to uncover the evolution patterns of the
flow field under both isothermal and VAV conditions.
By establishing correlation equations between air vol-
ume and flow field parameters, we aimed to provide a
robust theoretical foundation for the development of
intelligent ventilation control systems. This advance-
ment is expected to offer innovative solutions for en-
hancing thermal comfort while simultaneously achiev-
ing energy savings. The findings of this study are ex-
pected to hold substantial reference value for the evo-
lution of ventilation systems within the rail transit in-
dustry, potentially guiding future advancements to-
wards more efficient and adaptive designs.

2 Turbulence model

The air flow in train compartments is a low-speed
turbulent flow, and the flow field information can be
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predicted by solving the incompressible Navier-Stokes
equations. Realizable &-¢ is a classical two-equation
model shown to be sufficiently accurate in predicting
the flow field in compartments (Cao et al., 2022; Wu
et al., 2023). Therefore, this model was used here for
flow field prediction with an enhanced wall function
for the near-wall surface. The generalized governing
equations were as follows:
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where ¢ is the physic time; p is the air density; u, is
the air velocity (component in the jth direction); x; is
the spatial position (component in the jth direction); u
is the dynamic viscosity of the fluid; v is the kinematic
viscosity of the fluid; g, is the turbulent dynamic vis-
cosity; 8, is the strain-rate tensor; S is the magnitude
of the strain-rate tensor; 7' is the dimensionless pa-
rameter used in the turbulence model to determine the
coefficient C,; G, and G, are the generations of turbu-
lent kinetic energy due to buoyancy and the mean ve-
locity gradients, respectively; Y,, represents the contri-
bution of fluctuating dilatation incompressible turbu-
lence to the overall dissipation rate; k and ¢ are the tur-
bulent kinetic energy and turbulent dissipation rate,
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respectively; o, and o, are the turbulent Prandtl num-
bers for k and ¢, respectively; C,, C,, and C,, are con-
stants; S, and S, are user-defined source terms.

3 Computational model
3.1 Numerical model

A full-size geometric model was developed based
on the carriages of a high-speed train that is in service.
The length, width, and height of the carriages are about
18300 mm, 3200 mm, and 2300 mm, respectively. The
occupants of a car in fully loaded condition total 90,
with a 3+2 seating distribution. The air intake of the
cabin is located on both sides of the ceiling, and the
exhaust is located on both sides of the floor (Fig. 1).

The cases for the isothermal jet are given in
Table 1. When calculating the Reynolds number (Re),
the characteristic length is taken as the slit width of the
air supply opening, which is specifically 5=20 mm. To
reveal the effect of different Re values on the jet law,
several sets of small and large airflow conditions were
also selected. During the calculations, all working con-
ditions were set to an isothermal mode with a temper-
ature difference (A7) of 0 °C; the ventilation flow rate
(Q) ranged from 6 to 20 L/(s-person), corresponding to
Re approximately between 990 and 3310, and the cor-
responding initial air supply velocity (u,) ranged from
about 0.735 to 2.449 m/s.

3.2 Boundary conditions

The carriages of high-speed trains are relatively
closed, and the indoor environment is uniformly regu-
lated by the air-conditioning system. The airflow in the
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Fig. 1 Geometric model of the train carriage



Table 1 Cases for the isothermal jet (/=20 mm)

Case QO (L/(s'person)) AT (°C) u,(m/s) Re
1 6 0 0.735 990
2 8 0 0.980 1330
3 10 0 1.225 1660
4 12 0 1.470 1990
5 14 0 1.714 2320
6 16 0 1.960 2650
7 18 0 2.204 2980
8 20 0 2.449 3310

compartment is small and incompressible, and its ma-
terial properties are considered to be incompressible
ideal gases. Here, we assumed that the air flow was
fully mixed and uniformly distributed before entering
the passenger compartment. Therefore, the boundary
condition of the air supply outlet was set as a velocity-
inlet, and the magnitude of the velocity was a fixed
value (Lu et al., 2023). The air supply temperature of
the air conditioner was set at 22 °C, and the flow rate
was determined by the specific calculation conditions.
Since the distribution of the specific flow parameters
at the air exhaust outlet is complex and difficult to de-
termine, the boundary condition was set as an outflow.
This method can automatically adjust the state at the
outlet according to the internal flow situation. During
the operation of the train, the flow field inside the car
will be affected by the solar thermal radiation and the
heat conduction of the car body. Here, we assumed
that the ambient temperature was 35 °C and the solar
radiation intensity 800 W/m* (Li et al., 2022; Xu et al.,
2022). Considering the differences in structural design,
material properties, and processing techniques, the heat
transfer coefficients of the side walls, floor, end walls,
and windows were setto 0.9, 1.2, 1.2, and 1.4 W/(m*K),
respectively (Wu et al., 2023).

In the solution of the Navier-Stokes equations, the
realizable k-¢ turbulence model was selected, and en-
hanced wall functions were used to handle the near-
wall region. The semi-implicit method for pressure-
linked equations (SIMPLE) algorithm was chosen to
solve the pressure—velocity coupling terms. The least-
squares cell-based method was selected for calculating
the physical quantity gradients on the grid cells. The
pressure staggering option (PRESTO!) discretization
scheme was adopted for pressure, and second-order up-
wind discretization schemes were used for turbulent
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kinetic energy, turbulent dissipation rate, momentum,
and energy.

3.3 Mesh independence

To ensure that the computational results were not
affected by the numerical grids, grid independence ver-
ification was first needed. The numerical grid division
of the carriage model was carried out using Fluent
Meshing software, with the Poly grid type. Three sets of
grids with different scales were divided, and the number
of body grids was about 6.8, 21.7, and 34.5 million, re-
spectively. The maximum size of the body grid corre-
sponded to 36, 28, and 20 mm, respectively. To ensure
that y* was less than 3 in most regions, a two-layer
boundary layer was delineated, with the height of the
first boundary layer being 2 mm. Fig. 2 presents the
computational results from the three grid sets. It shows
the air velocity (u) profiles along two sampling lines,
the locations of which are specified in Fig. 1. Calcula-
tion results showed that the change rule of each phys-
ical quantity was consistent and showed a small devia-
tion when using medium or fine grids. Considering the
calculation accuracy and calculation speed, the medium
grid was used here for calculation. The specific dimen-
sions were: the surface grid sizes of the air supply and
exhaust vents were 2 mm and 5 mm, respectively; the
surface grid size of the seats and the train was 24 mm;
the maximum size of the body grid was 28 mm. Fig. 3
shows a schematic diagram of the grid. Details of the
verification of numerical methods are given in Section
S1 of the electronic supplementary materials (ESM).

4 Results

First, we analyzed the interrelationship between
VAV ventilation and flow field characteristics under iso-
thermal conditions. Subsequently, we established the
correlation equation for the interaction between the VAV
and the flow field parameters in the vehicle by com-
bining the Prandtl turbulence hypothesis and some clas-
sical theories.

4.1 Air flow characteristics
4.1.1 Distribution of velocity field

Fig. 4 illustrates the velocity field distribution under
different Re values. When the jet flow enters the com-
partment, it immediately adheres to the ceiling surface
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Fig. 4 Time-averaged velocity vector fields at different Reynolds numbers

due to the Coanda effect, a phenomenon where fluid
flow tends to attach to a nearby surface, presenting char-
acteristics typical of an adherent jet. After converging
at the mid-ceiling position, the airflow begins to diffuse
downward, exhibiting features of a free jet. In this free
jet stage, the airflow is no longer restricted by surface

attachment, enabling unrestricted spreading. Driven by
the two jet flow volumes, part of the airflow forms a
large-scale airflow circulation in the passenger area. The
velocity field distribution is significantly influenced by
the Re (Fig. 4). Quantitatively, there is a positive correla-
tion between the overall airflow velocity in the vehicle



and the Re, meaning the airflow velocity increases as
the Re rises. Notably, across all six Re values investi-
gated, a fixed pattern of fully circulating airflow is gen-
erated in the compartment. Although the velocity field
allows for qualitative analysis of the flow field (e.g.,
observing flow patterns and circulation structures), quan-
titative analysis remains essential. This is because quan-
titative methods can reveal intrinsic properties of the
compartment’s flow field, such as precise velocity mag-
nitude distributions, circulation intensity metrics, and
dynamic flow characteristics that cannot be fully cap-
tured through qualitative observation alone.

Note that two right-angle coordinate systems are
involved in the flow field analysis, x—y and x'—y, with

@ e 0
1
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(
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the z-axis perpendicular to the cross-section. The coordi-
nate origin is located at the outlet of the air supply when
analyzing the attached jet (Fig. 5a) and in the middle
of the top of the compartment when analyzing the free
jet (Fig. 5b). Four monitoring lines were established
along the x-direction and six in the y-direction to mon-
itor the velocity profile of the flow field in the compart-
ment (Fig. 5). The four positions along the x-direction
were 150, 300, 450, and 600 mm. The six positions
along the y-direction were 300, 600, 900, 1200, 1500,
and 1800 mm.

Fig. 6 illustrates the velocity profiles at four posi-
tions along the x-direction. For comparison, the veloc-
ity profiles are dimensionless using the axial velocity

Fig. 5 Schematic diagram of the location of the monitoring lines in the compartment
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(u,,) of the location, and the dimensionless parameter
is u/u,,. The location of the maximum axial velocity at
the same position for different Re values is essentially
certain. After the jets are ejected from the slit, they all
show the characteristics of attached jets. In the inner
layers of the attached jets, the dimensionless velocity
profiles essentially overlap, exhibiting Reynolds inde-
pendence. In the outer layer of the attached jet, the jet
thickness decreases as the Re increases, and the dimen-
sionless velocity (u/u,) at the same location is smaller.
Below the main region of the jet, the dimensionless ve-
locities at low Re values (Re<1330) are larger and more
capable of inducing cyclonic rise in the flow. It may be
that the dominant vortex structure within the shear layer
at low Re values is larger, and its relative entrainment
and sucking capacity is stronger and more capable of
promoting the development of the jet. This is in general
agreement with the findings of Suresh et al. (2008) and
Cao et al. (2014). As the distance from the jet outlet po-
sition increases, the thickness of the jet also gradually
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increases, and the ability to coil and suck the airflow
gradually increases. However, this difference decreases
with increasing Re values, and the velocity profiles at
high Re values (Re=2320) gradually show Reynolds
independence.

Fig. 7 illustrates the dimensionless velocity pro-
files at the six positions along the y-direction. Similarly,
the locations of the maximum axial velocities at dif-
ferent Re values are essentially the same and are located
in the mid-section region of the compartment (x'=0 m).
The velocity development pattern in the middle of the
compartment exhibits some free jet characteristics, but
its development pattern can be equally limited by the
space of the compartment. Two sets of vortex structures
are formed on both sides of the free jet under the dual ef-
fect of jet entrainment and compartment micro space.
As the jet progresses downward, the thickness of the jet
gradually increases. In contrast, the region outside the
main jet is significantly affected by the vortex structure.
At the same location, the thickness and dimensionless
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Fig. 7 Cross-sectional velocity distribution in the free jet region: (a) =300 mm; (b) =600 mm; (c) y=900 mm; (d) y=

1200 mm; (e) y=1500 mm; (f) y=1800 mm



velocity of the jet at low Re values (Re<1330) are larger,
which suggests that it is more efficient in entrainment
of the surrounding air. As the Re increases, the thick-
ness of the jet gradually increases, but the rate of change
of the increase decreases, and the velocity profiles at
high Re values largely overlap. Note that when y=
1800 mm, the velocity profile law is affected differ-
ently by the asymmetric seat.

4.1.2 Distribution of vorticity field

As the jet develops, it constantly entrains and
sucks in the surrounding gases and creates a vortex
structure. These vortex structures play an important role
in the development of the jet and the distribution of
the flow field. Fig. 8 shows the time-averaged vorticity
field distribution at different Re values. The positivity
and negativity of the vorticity field give a clear pic-
ture of the rotational direction of the flow as well as
the shear and boundary layers of the attached jet. For
the attached and free jet regions, the line of intersec-
tion between the two is the center axis of the jet. For
adherent jets, the centerline gradually bends downward.
For free jets, the centerline is essentially located in the
middle of the compartment. As the Re increases, the
strength of the vortex structure gradually increases.
This indicates that the jet entrainment capacity is also
increasing and is capable of suctioning more surround-
ing air, which is conducive to improving the ventila-
tion efficiency of the system.

The main drivers behind the continuous develop-
ment and expansion of the jet are the guidance and en-
trainment of the external airflow via the entrainment
effect, which in turn gives rise to a vortex structure.
To analyze the similarity in vorticity across different Re

Vorticity
(s™)
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values and nullify the impact of units, we rendered the
vorticity dimensionless. Its definition was as follows:

, b
W=wX — =
Uy

v, _ % )” @
oy 0z u,’

where w represents the vorticity, w' represents the di-
mensionless spanwise vorticity, and u, and u. denote
the velocity scalars of the airflow in the y-direction and
z-direction, respectively.

Fig. 9 illustrates the dimensionless vorticity dis-
tribution within the attached jet region. When Re=990,
a consistent pattern emerges in the vorticity distribution.
Near the wall boundary layer, the vorticity is positive
and relatively high, but it swiftly diminishes to zero.
This transition point marks the interface between the
boundary layer and the shear layer, and this change oc-
curs very abruptly. Following this, the vorticity surges
sharply in the positive direction, reaching a peak value
before gradually subsiding. Overall, the vorticity is no-
tably higher in the inner jet region, which signifies a
stronger vortex structure and enhanced entrainment ca-
pability. Conversely, in the outer jet region, the vorticity
is relatively low and continues to decrease with increas-
ing distance (y). When x=300 mm and the jet has fully
developed into the main flow region, the vorticity ap-
proaches zero. Additionally, as the entrainment flow in-
creases and the jet momentum diminishes, the vorticity
also progressively decreases with increasing distance x.
This trend indicates that both the strength of the vortex
structure and the entrainment ability of the jet weaken
as the jet develops from the inner to the outer regions
and from the near to the far field. Moreover, the dimen-
sionless vorticity increases with a higher Re, suggesting
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Fig. 8 Time-averaged vortex fields at different Reynolds numbers
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Fig. 9 Dimensionless vorticity profiles in the region of the attached jet: (a) x=150 mm; (b) x=300 mm; (c) x=450 mm;

(d) x=600 mm

improved entrainment efficiency per unit flow. How-
ever, note that the gradient of this increase diminishes
with rising Re and eventually becomes independent of
the Re.

4.2 “Parameter—flow field” theoretical calculation

From the flow field analysis, the air flow enter-
ing the carriage undergoes two stages successively: at-
tached jet flow (region I) and free jet flow (region II).
Details are given in Section S2 of the ESM. In this
section, we describe the “parameter—field” theoretical
calculation for the attached and free jet regions under
isothermal conditions, including the axial velocity dis-
tribution law, the section velocity distribution law, the
characteristic thickness of the jet, and the jet entrain-
ment volume.

4.2.1 Distribution of jet axial velocity

Based on extensive experimental observations, in
the longitudinal expansion of turbulent jets, both the lon-
gitudinal time-averaged velocity and axial velocity grad-
ually decay. Due to the similarity of the time-averaged

velocity in the main body section of the jet, combined
with the coordinate system in Fig. 5, the axial velocity
distribution in the attached jet region can be set as
Au,/u,, x/b)=0, and in the free jet region as flu,/u,,
y/b)=0.

Relevant studies have derived the distribution law
of jet axial velocity (Li, 2020). Details are given in
Section S3 of the ESM. The derivation of the above
equations is based on multiple assumptions and exper-
imental parameters from simplified models, such as
Prandtl’s new turbulence hypothesis and the similarity
of turbulent shear stress. However, jet ventilation in
train carriages is constrained by more complex geo-
metric spaces and air outlet types. Therefore, certain dis-
crepancies exist, and based on the derivation, it can be
assumed that:

®)

where 7 can be determined by experiments and reflects
the momentum decay rate of the jet.



The law of variation of dimensionless velocity
(u,/u,) along the axis is given in Fig. 10. Fig. 10a shows
the axial velocity in the region of the attached jet and
Fig. 10b the axial velocity in the region of the free jet.
Theoretical calculations of incompressible flows for tur-
bulent boundary layers have not developed enough to
allow a move away from semi-empirical theories. Here,
we attempt to establish a semi-empirical formula for the
axial velocity of train ventilation in conjunction with the
theoretical analysis of the Prandtl turbulence hypothe-
sis. In the region of attached jets, the decay rate of di-
mensionless axial velocities increases with decreasing
Re. As a result, the axial velocities at low Re values are
relatively small in the trailing region of the free jet,
which also leads to relatively small initial velocities in
the free jet region. When Re>2650, the decay rates of
the attached jets are basically the same. Therefore, for
jets with Re=2650, the decay law of the jet axial ve-
locity before reaching the collision zone (x/b<32.5) can
be described uniformly as:

u 1

Lmo_ . (6)
Uy 0.007(x/b) +1

In the free jet region, the jet decay rate is essen-
tially the same, with the jet decaying relatively slowly.
When y/b=15, at u, /u, between 0.35 and 0.45, and when
y/b=95, at u /u, near 0.25, after fitting, it is found that
for jets with Re=2650, the decay law of the jet axial ve-
locity in the free jet range (15<y/b<95) can be described
uniformly as:

Uy _ 0.446 - ' )
U 337x10°%(y/b)  +1
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4.2.2 Distribution of section velocity

For an attached jet air supply, according to the
classical theoretical studies of Glauert (1956), Schwarz
and Cosart (1961), and Verhoft (1963), the velocities
within the jet zone conform to an exponential form of
distribution and show similarity in the velocities at dif-
ferent cross-sections. The theoretical velocity profile in
the laminar state is given by the Glauert tabulation. The
theoretical velocity profiles in the turbulent state are
given by the theories of Schwarz and Cosart (1961)
and Verhoff (1963), respectively, as follows:

= =exp[ ~0973(13,:-014)° ], (®)

ul =1.48(/d,5) 1 —erf (0.680/5,) 1, (9)

m

where exp is the exponential function, erf is the error
function, and J,, is the jet characteristic thickness.
Four jet profiles were selected for comparative
analysis: for x=150 mm, x=300 mm, x=450 mm, and x=
600 mm. Fig. 11 shows that within the main jet zone
(0<#<2), the section velocities are in good agreement
with the classical theory. Within the near-wall zone, the
velocity increases rapidly from the wall and reaches a
maximum value at about #=0.25. In the interval 0.25<
n<2, the section velocity begins to decrease gradually
until the outer edge of the jet converges with the am-
bient velocity. Outside the main jet region (17>2), the
velocity is gradually influenced by the surrounding flow
field. When Re>1660, the flow field outside the main
flow zone also has high similarity. When the vortex
structure exists outside the mainstream region, the ve-
locity distribution is significantly affected by the vortex.

(b)
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Fig. 10 Jet axial velocity distribution at different Reynolds numbers: (a) attached jet region; (b) free jet region
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From experimental study and theoretical analysis,
it shows that free turbulent jets are characterized by
the similarity of the velocity distribution in the cross-
section and linear expansion of the jet boundary (Liu,
2008). In addition, during the jet flow, the velocity dis-
tribution of the jet section is characterized by a Gaussian
distribution due to vortex pairing and entrainment.
Solved according to the classical theory of Tollmien, the
section velocity solution for a free jet can be described
by (Liu, 2008):

u —
um
0.14 . 2
0.86+ ————|exp[<0.621(x"/8,5)]. (10)
1+ x5
@1of ~ " = Re=990 + Re=2320
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02} 1
on om
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c 06+ - = - Schwarz and Cosart (1961)
g Verhoff (1963)
04+t
0.2+
o f V5
T S S B
00} ,
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n

Two jet profiles were selected for comparative
analysis, taken from a height of 1700 mm (y=600 mm)
and 1100 mm (y=1200 mm) from the floor. Fig. 12
shows that the velocity distribution is consistent with the
Gaussian distribution in the main jet region (-2<#7<2).
Considering that the jet axis may be shifted, its center is
not necessarily at x’=0 mm. Especially at y=1200 mm,
it may be affected mainly by the distribution of seats.

4.2.3 Jet characteristic thickness

As mentioned above, the jet characteristic thick-
ness (jet boundary) increases linearly. According to
our data fitting, the characteristic thickness of the jet
at different Re values also conforms to the law of lin-
ear growth, which is consistent with the theoretical
derivation.
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Fig. 11 Section velocity distribution of an attached jet at different Reynolds numbers (y=y/6,): (a) x=150 mm; (b) x=300 mm;

(¢) x=450 mm; (d) x=600 mm
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Fig. 12 Section velocity distribution of a free jet at different Reynolds numbers (y=x"/d,.): (a) y=600 mm; (b) y=1200 mm



Fig. 13 shows that the growth rate of the jet char-
acteristic thickness is related to the Re. The growth rates
were about 0.15, 0.13, 0.12, 0.11, 0.11, 0.10, 0.10, and
0.10 in the attached jet region and 0.21, 0.20, 0.13,
0.11, 0.10, 0.10, 0.09, and 0.09 in the free jet region.
The growth rate decreases with the increase of Re, and
when Re=2650, it is basically independent of the Re.
The corresponding functional expressions for the at-
tached jet region and free jet region are described re-
spectively as:

3,:=0.1(x—0.05) +0.95,
3,:=0.09(y—0.3) +4.4b.

(11)
(12)
4.2.4 Entrainment flow volume of the section

The jet entrainment flow volume Q, can be cal-
culated by integrating the section as:

0.- f:udx. (13)

When Re>2650, for attached jets, bringing in the
section velocity distribution (Eq. (9)) yields:

0.= 1,0, j 148771 —erf (0.687) 1dp=1.0931,0,..
(14)

Bringing in the axial velocity distribution (Eq. (6))
and the jet characteristic thickness (Eq. (11)) yields:

0.109(x+9b-0.05)
Qa:uO 1.46
0.007(x/b) "~ +1

(15)

The initial flow rate of the jet is:
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O,=1u,b. (16)

The dimensionless equation is obtained by bring-
ing Eq. (16) into Eq. (15):

0, 0.109(x+9b-0.05)
Q0 p[0.007(x/b)“+11

(17)

where Q, is the entrainment flow volume of any cross-
section of the attached jet, in m*/s, and Q, is the jet ini-
tial air supply flow, in m’/s.

When Re=2650, for a free jet, bringing in the sec-
tion velocity distribution (Eq. (10)) yields:

0= | udy=2 udy=2u,6,,%

f [(0.86+ 0.14
0 1+l1

)exp (—0.621772)} dn =2.134u,,0,5,
(18)

where Q; is the entrainment flow volume of any cross-
section of the free jet, in m’/s.

Bringing in the axial velocity distribution (Eq. (7))
and the jet characteristic thickness (Eq. (12)) yields:

0.086(y+48.95—0.3)
'337x10%(b) 41

f=u

(19)

The dimensionless equation is obtained by bring-
ing Eq. (16) into Eq. (19):
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Fig. 13 Characteristic thicknesses of the jet at different Reynolds numbers: (a) attached jet region; (b) free jet region
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5 Discussion

This research has achieved notable advancements
in elucidating the flow field characteristics of high-
speed train carriages operating under VAV systems.
However, several limitations and shortcomings are ac-
knowledged (detailed in Section S4 of the ESM).

6 Conclusions

VAV systems are usually used in train operation.
To be more in line with the actual operating conditions,
the flow field characteristics in train compartments
under a VAV system were investigated based on iso-
thermal conditions. Subsequently, the relevant equa-
tions for the interaction between the variable airflow
and the flow field parameters in the train carriage were
revealed by combining the Prandtl turbulence hypoth-
esis and some classical theories. The main conclusions
drawn are as follows:

(1) Influenced by the Coanda effect, the jet enters
the compartment and attaches to the ceiling, which is
consistent with the characteristics of an attached jet. The
two sides of the jet converge and then spread down-
ward, in a manner consistent with the characteristics of
a free jet. However, the jet state cannot be fully devel-
oped due to the tiny environment of the compartment.
Two vortices are formed in the compartment by the
jet’s entrainment effect.

(2) The isothermal jet development trajectories,
velocity profiles, and in-vehicle flow field characteris-
tics all exhibit significant Re correlations. A dimen-
sionless treatment of the characteristic parameters of
the flow field revealed that the flow characteristics are
progressively independent of the Re when Re=>2650.
Flow field characterization parameters and ventilation
parameters can be predicted by combining data and
classical theory with fitting.

(3) When Re=2650, the axial velocity conforms to
the classical u,/u,—(x/b)" or u,/u,—(y/b)" law; the sec-
tion velocity conforms to the exponential and Gauss-
ian distributions in classical theory; the jet characteris-
tic thicknesses all conform to a linear distribution.

(4) Through derivation, we found that the jet’s en-
trainment capacity is related to the initial flow rate and
the width of the air opening. Improvement of the jet’s
entrainment capacity is conducive to the improvement
of the ventilation efficiency of the system.

In conclusion, this study contributes to a compre-
hensive explanation and prediction of flow field char-
acteristics under VAV systems. It can also provide fast
post-prediction data feedback for real-time regulation
of VAV systems, which has potential for improving
thermal comfort and energy saving. Therefore, it is of
great significance for the design of air conditioning and
ventilation in the railroad industry.
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