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Abstract

Wake vortex is a critical factor affecting aircraft safety and airport runway capacity. To assess
the runway capacity of mixed operations for training and transport airports, this study
first simulated the wake vortex dissipation process of the commonly used A321 aircraft at
Luoyang Beijiao Airport using a wake vortex prediction model. The SR20 training aircraft
was selected as the subject for wake vortex encounters, with the rolling moment coefficient
used as an indicator to assess the risk of wake encounters, and the wake vortex safety
separation was calculated. Finally, a runway capacity model based on runway average
service time for mixed training and transport operations was developed, calculating both
runway landing capacity and the total runway capacity in the continuous landing and
interleaved takeoff mode. The simulation results indicate that under different atmospheric
BV frequencies, the safe wake vortex separations for the A321-SR20 combination are 6375 m,
6188 m, and 5700 m, respectively, representing reductions of 31.5%, 33.2%, and 38.4% shorter
than the current CCAR-93TM-R6 regulatory separations, and compared to the RECAT
1.5 and RECAT-EU standards. Under reduced separation conditions, runway capacity
demonstrated improvement across various atmospheric conditions and operational modes.

Keywords: wake vortex; wake encounter; training and transport airport; runway
capacity assessment

1. Introduction

Wake vortex is a pair of swirling airflows generated at the wingtips during aircraft
flight, characterized by its intensity, long duration, and large spatial scale. It poses a signifi-
cant safety threat to following aircraft, especially during takeoff and landing phases [1].
To reduce the threat of wake vortex encounters during aircraft operations, the Interna-
tional Civil Aviation Organization (ICAO) has developed wake vortex separation standards
based on operational experience (ICAO Doc 4444), which have been in place since the
1970s. These standards classify aircraft by their maximum takeoff weight and provide
corresponding safety separation for different aircraft pairings. The aim of these standards is
to establish a safety separation between the leading and following aircraft to prevent wake
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vortex-related safety incidents. As civil aviation continues to develop, a critical research
topic has emerged: how to reduce wake vortex separation while ensuring safety, in order
to enhance airport operational capacity. In airports with mixed operations of transport and
training aircraft, where civil transport aircraft and training aircraft share the same airspace
and exhibit significant differences in weight and flight speed, wake vortex separation and
the configuration of training flight procedures become key factors limiting runway capacity
enhancement. With the increasing demand for civil air transport, analyzing the safety
impact of wake vortices from transport aircraft on training aircraft, calculating the wake
vortex safety separation, and simulating the operation modes of both civil transport and
training flights are crucial for quantifying airport runway service levels and improving
runway capacity efficiency.

The aircraft wake vortex significantly impacts airspace utilization, Wang et al. [2]
proposed an improved hybrid deep learning network Inception-VGG16 to enhance the
accuracy of aircraft wake vortex identification. The model extracts Doppler radar data
features from multi-scale and deep spatial levels, and its recognition performance was
validated using experimental data collected at Chengdu Shuangliu Airport. Pan et al. [3]
explored aircraft wake vortex identification using a deep learning approach. The study
focused on the wake vortices generated by aircraft during takeoff and landing, particularly
in the near-field phase, where the low altitude and ground effect make the vortex more
dangerous. Using the YOLO v3 deep learning model, the study identified wake vortices
through laser radar scanning and deep neural network simulations. The results showed
that the model could accurately recognize wake vortices, providing air traffic controllers
with valuable decision-making support to ensure flight safety. Roa et al. [4] conducted an
assessment of runway capacity at Chicago O’Hare International Airport, aiming to study
the impact of wake vortex separation on runway limitations. The assessment utilized a
Monte Carlo simulation model, considering static and dynamic wake vortex separations,
aircraft fleet mix, runway occupancy time (ROT), aircraft approach speeds, wake vortex
circulation, environmental conditions, and operational error buffers. Their results showed
that when the simulated RECAT II/IIl separation times were shorter than the ROT from
the simulation, reducing the separation time could enhance runway capacity.

Existing research on the impact of wake vortex separation on runway capacity gener-
ally does not fully consider the complexity introduced by the mixed operations of transport
and training flights. However, transport aircraft and training aircraft differ significantly
in terms of type, flight performance, and operational modes, leading to different wake
vortex characteristics and encounter risks. Therefore, this study focuses on the Training
and Transport operations scenario at airports:

e Based on the context of reducing wake encounter safety separation, it simulates the
wake vortex evolution process for transport aircraft and integrates wake encounter
response analysis to systematically assess the wake vortex safety separation require-
ments for a medium aircraft in the front and a light aircraft in the back during the
approach and landing phase.

e  Furthermore, a runway capacity assessment model is developed to quantify airport
operational capacity under different wake vortex separation strategies.

The earliest studies on aircraft wake vortices were conducted through outdoor ob-
servational methods. Based on the lifecycle of wake vortex evolution and dissipation, the
process is divided into the near field, extended near field, far field, and dissipation stages.
CROW [5] proposed that the evolution and dissipation of wake vortices are influenced by
long-wave instability. To further accurately quantify and analyze the evolution behavior of
wake vortices, Greene [6] developed a semi-empirical approximation model that integrates
atmospheric parameters such as BV frequency, turbulence, and Reynolds number to predict
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the motion and decay characteristics of aircraft wake vortices. By calculating air viscosity
forces and buoyancy, the model determines the circulation, velocity, and position of wake
vortices, and verifies that wake vortex decay is mainly caused by Crow instability. The
model’s predictions align well with field observation data. For the study of wake vortex
evolution and dissipation near the ground, Sarpkaya et al. [7] proposed the APA wake
vortex prediction model, incorporating the ground effect of wake vortices. This model
enhances the ability to simulate and predict near-ground wake vortices and is used in the
Aircraft Vortex Spacing System (AVOSS) to reduce wake vortex safety risks. Holzapfel [8]
introduced the Probabilistic Two-Phase (P2P) prediction model, noting that the descent
rate of the wake vortex has a nonlinear relationship with vortex strength. The model
uses probabilistic intervals for wake vortex position and strength to explain the deviations
between model predictions and deterministic vortex behavior. Through comparison with
detection data, the model’s validity and applicability were verified. Campos et al. [9]
studied the impact of leading aircraft wake on the lift, rolling moment, and roll stability of
following aircraft, and calculated the wake vortex safety separation for different aircraft
types under varying atmospheric conditions. Luo et al. [10] investigated the evolution of
A333 aircraft wake vortex under different turbulence dissipation rates using large eddy
simulation, and calculated the rolling moment coefficient (RMC) of the ARJ21 aircraft.
The results showed that the wake separation for the ARJ21 following the A333 during the
approach phase is reduced by approximately 33% compared to the ICAO RECAT standard.
PAN et al. [11] studied the effect of different BV frequencies on aircraft wake vortex evolu-
tion and constructed a wake hazard zone for the A320 and ER]J190 aircraft following the
A330 wake, calculating the wake vortex safety separation. With the rapid development of
deep learning, its application in aircraft wake vortex research has been extensive, Deng
et al. [12] proposed the TransCNN model, a hybrid framework combining Convolutional
Neural Networks (CNNs) and Transformers to improve aircraft wake vortex identification
and safety interval assessment. The model integrates multi-scale hybrid attention modules
and global feature fusion to enhance feature extraction, achieving an impressive accuracy of
99.09% in wake vortex detection, surpassing traditional methods by 12.09%. Additionally,
Deng et al. [13] introduced the PA-TLA model, a parallel hybrid architecture combining
Temporal Convolutional Networks (TCN), Long Short-Term Memory (LSTM) networks,
and an attention mechanism. The PA-TLA model efficiently predicts aircraft wake evo-
lution and significantly outperforms other models, achieving up to 35% improvement in
prediction efficiency.

Appropriate wake vortex separation is a key factor in enhancing airport runway
capacity and optimizing takeoff and landing scheduling. Aircraft must maintain the
specified minimum time or separation during takeoff or landing to ensure that following
aircraft do not enter hazardous wake vortex regions. This separation standard, based on
wake vortex classification and aircraft performance, directly determines the number of
aircraft movements that a runway can accommodate per unit time, becoming one of the
bottlenecks restricting runway operational efficiency. In recent years, the concept of Time-
Based Separation (TBS) has been proposed [14], aiming to dynamically adjust the separation
time based on current weather conditions such as wind speed and direction, in order to
maintain a consistent wake vortex decay level. In particular, under strong headwind
conditions, the time interval between following flights can be significantly shortened, thus
improving runway usage efficiency. By converting wake vortex separation into a time-
based separation format, a more refined assessment of runway capacity can be achieved.
Tee et al. [15] simulated different runway operational scenarios by adding flights from
low-cost carriers to assess their impact on airport runway capacity. The results indicated
that assigning a dedicated runway for medium arriving aircraft could improve runway
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service capacity. Hu et al. [16] based on ASDE-X data and the RUNSIM model, proposed a
composite separation rule that combines wake vortex separation and ROT limitations, in
order to assess the impact of ROT limitations on runway throughput capacity during peak
periods at airports and estimate the effectiveness of new ROT separation rules in avoiding
go-around events. Chen et al. [17] proposed the concept of a runway expansion system and
developed a runway arrival, departure, and mixed operations capacity assessment model
for general aviation airports. Maltinti et al. [18] introduced a new method for designing
Rapid Exit Taxiways, which, through real-world airport validation, can effectively increase
runway hourly capacity and reduce ROT. Tascén et al. [19] used system dynamics methods
to predict air traffic flow at Bogotd’s capital airport and assess the impact of future traffic
demand on runway capacity, suggesting the need to add more runways to cope with
traffic growth challenges. Katsuhiro et al. [20] proposed a data-driven simulation approach,
considering actual operational constraints and weather conditions, to evaluate the impact
of smaller aircraft separation standards on the available airspace and runway capacity at
Tokyo International Airport. The results showed that adopting RECAT standards could
reduce terminal area guidance time by 7-10%, increase airspace capacity by 10%, and
significantly reduce route and departure delay times. Cetek et al. [21] developed a discrete-
event simulation model to analyze the runway capacity of training airports under different
operational scenarios. Itoh et al. [22] proposed a data and queue-based model approach to
analyze the impact of new, reduced aircraft separation standards on arrival delays within a
100 nautical mile radius of the airport. The experimental results indicated that this strategy
could increase aircraft arrival capacity to 120% of the original. Chen et al. [23] proposed
an improved stochastic frontier analysis method based on causal statistical modeling,
which can capture key factors and interactions affecting runway system capacity, providing
precise runway capacity estimates for short-term decision-making. Mascio et al. [24]
optimized the mixed operation mode using the RECAT separation matrix and parallel
runway coordination rules, achieving high-precision capacity prediction. Comparing this
with the fast simulation method, they revealed that the runway capacity on the airside can
be increased by up to 18%. The contributions of this study are summarized as follows:

e By constructing a multi-model analysis approach, the H-B wake vortex initializa-
tion model for the A321 aircraft is developed, and the wake vortex evolution and
dissipation model is used for simulation calculations.

e  Based on the simulation results of the A321 wake vortex, the strip method is employed
to establish the force model for the SR20 training aircraft. The wake vortex safety
separation for the SR20 training aircraft following the A321 during the approach and
landing phase is calculated using the RMC risk Threshold.

e  Byincorporating the flight rules of training aircraft, a runway capacity model for mixed
operations at airports is constructed. This model assesses both the current separation
standards and the reduced separation intervals for runway landing capacity and
interleaved landing and takeoff capacity, and compares the results with the runway
capacity based on airport operational separation standards.

2. Methods
2.1. Model Building Process and Methodology

The core objective of this study is to predict the wake vortex of civil aviation aircraft,
analyze the wake encounter risk for training aircraft, and determine the wake safety
separation, which is then used to assess the runway capacity. The research scenario
involves mixed operations of training flights and civil air transport. In this scenario, due
to the significantly lower speed of training aircraft compared to civil aircraft, their longer
flight times during the approach and landing phases affect runway operational efficiency.
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First, the wake vortex prediction model is developed based on the approach phase
parameters of civil aircraft to predict the wake vortex circulation, velocity distribution, and
provide foundational data for subsequent risk analysis. A wake encounter risk analysis
model is then established based on the wake prediction results to assess the wake encounter
risks between training aircraft and civil aircraft under different atmospheric conditions. By
calculating the RMC that the following training aircraft can tolerate, the minimum safe
separation between the training and civil aircraft can be determined, avoiding safety issues
caused by wake vortices. This model not only considers the performance of training aircraft
and the set benchmark meteorological conditions but also accounts for the particularities
of the flight tasks, such as the low speed and high maneuverability of training flights,
ensuring a more comprehensive risk assessment in mixed operational scenarios. Finally,
the runway capacity assessment model combines the results of the first two models, taking
into account the difference in approach speeds between the two types of aircraft, converting
the safety separation into a time interval, and using this conversion to assess the maximum
capacity of a runway at the airport. By converting the safety separation into a time interval,
the model enables a more accurate assessment of the maximum throughput capacity of the
airport under specific flight conditions.

As shown in Figure 1, this model not only provides a quantitative analytical tool for
runway capacity at airports but also helps air traffic controllers in effectively planning
flight intervals to improve operational efficiency. In a mixed operation environment, the
model takes into account the specific needs of civil air transport and training flights, thereby
optimizing the airport scenario.

Leading Aircraft Following Aircraft
Wake Vortex Prediction Wake Vortex Encounter
Model Model

I |
|
Safety Separation Distance

}

Safety Separation Time

!

Single Runway Capacity
Assessment Model

Figure 1. Runway capacity assessment methodology flow.

2.2. Wake Vortex Prediction Model

Based on the aircraft parameters, the Hallock-Burnham (H-B) wake vortex induced
velocity initialization model [25] is constructed, as shown in Equation (1) below:

r r 2

o= %, o _To ,
0 pVibo 07 4 27th y(r) 27tr 12 + 1.2

1)

In Equation (1), M denotes the aircraft weight, g is the gravitational acceleration, p
represents the air density, B is the wingspan, and V is the true airspeed of the aircraft. ws is
the characteristic velocity of the wake vortex. Vy(r) is the vertical induced velocity of the
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aircraft wake vortex at a distance r from the vortex core center, Iy is the initial circulation
of the vortex pair, and r. is the vortex core radius, where r. is taken as 0.052B.

The simulation of the wake vortex evolution and dissipation phase adopts the pre-
diction method proposed by Sarpkaya [26], and the initial parameters for wake vortex
modeling are listed in the table. The wake vortex evolution and dissipation process is
divided into two stages: the near-field dissipation phase and the far-field dissipation phase.
During this process, the characteristic time ty of the near-field vortex, the duration t,
the turbulence dissipation rate ¢, the dimensionless turbulence dissipation rate ¢*, the
Brunt-Viiséld (BV) frequency N [27], and the dimensionless buoyancy frequency N* are
closely related. The relevant equations are as follows:

79
«  2mpVibye3 bp |+
= ———— ty=—, N = Nt, 2
£ Mg 0= o 0 ()

0.75 .
t, :t0(0-7é75) £ >02535

€
0.25 ", —0.7¢
S 7 (=2 > >
( ) o) 02535 > ¢ > 0.0121 )
> 0.

=
te = t9(9.18 — 180¢”), 0.0121 > ¢ 001
te = 9%, 0.001 > ¢

During the near-field dissipation phase of the wake vortex, this process can be de-
scribed by an approximate model. From Equation (4), the circulation I', of the wake vortex
during the near-field dissipation phase can be derived, where I'y represents the initial
circulation of the wake vortex. After the dissipation in the near-field phase, the buoyancy
of the air, gravity, and viscous forces will affect the dissipation of the far-field vortex. Dur-
ing this phase, wake vortices induce sinking motions, and the dissipation rate increases
significantly. The variation in wake vortex intensity over time is given by Equation (5),
where I'¢ represents the circulation of the wake vortex after near-field dissipation:

—5t,
Ta(t) = T (1.1 - 10f+5f%), @

[—(0452-+0.25N7 ) ke }, (5)

l"f(t) = Fne

The experimental setup includes three cases of dimensionless BV frequency: 0, 0.25,
and 0.5. The wake vortex evolution is calculated at different times, with the average
circulation of the circular surface with a radius ranging from 5 to 15 m being nondimen-
sionalized [28]. The average circulation is given by the following equation:

, 1 15m
F5715 = ﬁ Z I-‘}'/FO (6)

r=5m

2.3. Wake Encounter Model

During the final approach phase, the following aircraft will encounter the wake vortex
of the leading aircraft in the longitudinal direction within the final region. When the
following training aircraft encounters the induced velocity field formed by the wake vortex
of the leading A321 aircraft during its approach and landing, it will generate additional
lift on the wings. Due to the unequal aerodynamic forces on the left and right wings, the
aircraft will experience a rolling moment, causing varying degrees of roll. If the rolling
moment exceeds the control capacity of the training aircraft, making it difficult for the
aircraft to correct the roll, it will pose a threat to the flight safety of the training aircraft.
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The force model for the following training aircraft is simplified by strip modeling, as
shown in Figure 2. When the following aircraft encounters the wake vortex of the leading
aircraft, additional lift is generated on each strip due to the vertical induced velocity. The
calculation process is as follows:

B
f
1 7
Alw = 5pVE [ by Calx)Ca(x)dx, @

In Equation (7), ALy, represents the additional lift on the wing surface caused by the wake
vortex of the leading aircraft, p is the air density, B is the span length of the training
aircraft’s wing in the X direction, V¢ is the flight speed of the training aircraft, Cg(x) is the
wing chord length in the spanwise direction of the training aircraft, and x is the distance
from the training aircraft’s wing strip to the origin of the coordinate system. The variation
in the lift coefficient, Cy (x), can be calculated using the following equation:

Vy(x) Vy(x)

Cu(x) = Cgarctan 7 ~ Cy v, , (8)

As shown in Equation (8), Vy(x) is the induced velocity of the wake vortex from the leading
aircraft acting on the training aircraft’s wing section, and Cg is the slope of the lift curve.
This can be further used to derive the rolling moment M,, experienced by the following
training aircraft’s wing:

B
f
1 i
My = ALyx = EprCQ/ ;f Car(x)Vy(x)xdx, 9)
-

The dimensionless RMC is used as an indicator for evaluating the wake vortex encounter
risk of different aircraft types, as shown in Equation (10). In the final approach phase, the
RMC limit for medium and light aircraft is approximately 0.05 to 0.07 [29,30]. Exceeding
this safety threshold will lead to aircraft instability and loss of control. Considering both
the safety of wake vortex encounters and operational efficiency, the RMC safety threshold
was set to 0.06. This value was selected as a balanced choice, ensuring both safety and
operational efficiency. The RMC can be calculated using the following equation:

RMC = Mo (10)

3PV7S By

In the equation, S¢ represents the wing area of the following training aircraft.

Figure 2. SR-20 wing force analysis model.
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2.4. Runway Capacity Assessment Model

Runway capacity is defined as the maximum number of aircraft that can be served by
the runway per unit of time, typically represented as the weighted average service time for
all types of aircraft. Before developing the mathematical model for the runway capacity
at Luoyang Beijiao Airport, several assumptions were made: first, the airport’s ground
facilities support the normal operation of medium and light aircraft; second, meteorological
conditions are favorable, meeting the operational requirements for continuous approach,
landing, and takeoff; and third, air traffic controllers are qualified to meet the operational
requirements of the airport.

In the runway capacity assessment experiment of this study, environmental factors
such as wind conditions and temperature variations were not modeled or considered,
primarily based on the following two reasons. First, to accurately quantify the nonlin-
ear relationship between wake vortex separation and runway capacity, it is necessary to
eliminate the coupling effects of environmental parameters as much as possible using the
control variable method, so as to isolate the impact of environmental variables. Second,
from the perspective of the benchmarking and comparability of capacity assessments,
existing capacity assessment experiments typically do not incorporate environmental fac-
tors such as wind speed, temperature, and air pressure as variable inputs, nor do they
provide mechanisms for modeling dynamic weather changes. To ensure the reproducibility
and consistency of results across different studies, capacity assessments generally rely on
fixed meteorological assumptions. Therefore, this study chooses to conduct the capacity
assessment experiment under standardized calm wind meteorological assumptions, which
aligns with the normative requirements of the current assessment framework, as shown in
Figure 3 for aircraft approach separation.

Runway ;
Runway Final Approach
Threshold B Position

o+

v, v,
I‘__ Dijw *’|
D,

| wp |

Figure 3. Schematic diagram of aircraft approach separation.

In the mixed operations scenario of transport and training flights, this study optimizes
the runway capacity model for aircraft during the final approach phase under Instrument
Flight Rules (IFR) and Visual Flight Rules (VFR). For IFR, RASR;; represents the radar wake
time separation requirement between the leading and following aircraft during approach.
This separation requirement mandates that two consecutive approaching aircraft maintain a
sufficient radar wake safety separation to ensure that the leading aircraft i and the following
aircraft j do not violate the minimum separation requirements set by air traffic control
during the approach phase.

As shown in Figure 4, different approach scenarios are illustrated. The approach speed
of medium aircraft performing civil aviation transport operations is higher than that of
light aircraft engaged in training flights. When a light aircraft is the leading aircraft, the
speed difference results in a “catch-up” effect in the final approach segment, causing the
relative separation between the two aircraft to gradually decrease over time. To address
this effect, the RASR between the leading and following aircraft is adjusted to compensate
for the reduction in spatial wake separation caused by the speed difference. A time buffer
term is introduced to ensure operational safety. Conversely, when the leading aircraft is
a medium aircraft, the speed difference increases the temporal separation between the
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two aircraft during the approach phase. The separation between the two aircraft during
the approach phase is calculated as shown in the following;:

Di',w 1 1
7 "’Dij,W(Vz. - vj)‘/l <V
RASR;; = (11)
D

ij,w 1 1
7 +Dam7(7j_ W)rVi >V

1

In Equation (11), Djj,y represents the minimum wake safety separation between the two
approaching aircraft, V; is the approach speed of the leading aircraft, V; is the approach
speed of the following aircraft, and Dapy, is the distance of the final approach path.

N Training flight :
' ~ Separation Time

Light Light
Vv, v,
_ Wake Separation
Time
Middle Middle
| \'2
__ Wake Separation Approach range Speed
Time difference Time
Middle Light
\" \A
. Wake Separation = Speed Difference Buffer
Light Middle
v, Vi

Figure 4. Approach aircraft combination categories diagram.

According to the actual operational regulations of the airport, the separation time
Tjj (AA) for aircraft using the same runway for consecutive takeoff and landing is the
maximum of the leading aircraft’s runway occupancy time AROR; and the time interval
for the following aircraft to pass the runway threshold RASR;;. Therefore, we have:

Tl](AA) = max [ARORZ‘, RASRZ']‘] ’ (12)

The time interval between consecutively arriving aircraft at the runway threshold is
weighted and summed to obtain the average runway service time:

E[T(AA)] = Z?:],j:l piiTij(AA), (13)

In Equation (13), E[T(AA)] represents the average service time on the runway for an
arriving aircraft. Assuming that the aircraft arrive in a random sequence, Pj represents
the probability of a pair of consecutive aircraft, where the type of the leading aircraft is
i with probability P;, and the type of the following aircraft is j with probability P;. These
probabilities satisfy the following conditions:

Pij = PiPj
pij = 0 , (14)
n n

i—1 Lj—1 Pij = 1
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The reciprocal of the expected value of the average service time on the runway for an
arriving aircraft gives the continuous arrival capacity of a runway Cs(AA):

E {T(;A)}

In air traffic control regulations, priority is generally given to landing aircraft over

Cs (AA) - (15)

departing aircraft. Furthermore, at any given moment, only one aircraft can occupy the
runway. A departing aircraft cannot be cleared for takeoff when a landing aircraft is within
a specified distance from the runway threshold. To account for this, the time interval
ADASR;; between two consecutive aircraft that one landing and one departing must satisfy
the following relationship:

ADASR;; = Dl;ﬁ + ROTA; + ROTD; + (k — 1)E(TDj), (16)

]
In Equation (16), ROTA; represents the time duration the runway is occupied by the landing
aircraft, ROTD; denotes the time for the last departing aircraft’s runway roll in the interval
ADASR;;, and k is the number of departing aircraft inserted between the landing aircrafts i
and j. The term E(TD;) denotes the expected value of the continuous departure interval. In
practical applications, empirical values of AROR; and ROTA,; are typically set at 50 seconds,
while the empirical value for ROTD; is 45 seconds. DisAD refers to the distance at which
the controller issues the landing clearance to the following aircraft, which is typically set at
4 km from the runway threshold.
Additionally, under this operational scenario, the time interval between two consecu-
tive landing aircraft in the approach phase must satisfy the following condition:

Ti]'(AA) = maXx [RASR ADASRI']'] (17)

ijs
3. Results
3.1. Experimental Platform

All experiments were conducted on a computer configured with the Windows oper-
ating system. The hardware specificatsions of the computer include an Intel i7 processor,
32 GB of RAM, and a 1 TB SSD. Experiments and data processing were performed on the
MATLAB R2023b and Python 3.9.23 platforms, ensuring the efficiency of the simulations.

3.2. Experimental Parameter Settings

Taking Luoyang Beijiao Airport in Henan Province as an example, it is a mixed-
operation airport integrating flight training and air transport. The airport has a 4D flight
zone classification and is a runway airport. The runway is 2500 m long and 45 m wide, with
the primary landing direction from east to west. The minimum wake separation for the
medium A321 aircraft and the light training SR20 aircraft, calculated through simulation,
are used as the basis for flight interval assessment in this study. In the runway capacity
assessment for this study, civil aviation transportation flights at Luoyang Beijiao Airport
operate in accordance with the relevant regulations of the domestic air traffic control under
the IFR. Training flights, depending on the specific training objectives, are classified and
assessed under two different flight rules: VFR and IFR, to assess the runway capacity under
mixed operations.

The A321 aircraft was selected as the leading aircraft type, which served as the wake
turbulence model for the approach and landing phase. The specific parameters of the A321
and SR-20 aircraft categories of wake turbulence under various standards is shown in Table 1.
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Table 1. A321 and SR-20 aircraft approachlanding phase parameters and categories of wake turbu-
lence under various standards.

Wake Turbulence Categories

Type of Standards Classification i : 2 Approach
Aircraft Wingspan (m)  Wing Area (m?)  MLW (kg) Speed (km/h)
RECAT 1.5 [31] RECAT-EU [32] CCAR-93TM-R6 [33]
A321 D CAT-D M 34.10 122.60 73,500 270
Cirrus
SR20 F CAT-F L 11.67 13.47 1383 145

3.3. Risk Analysis of SR20 Encountering A321 Aircraft Wake

To more accurately simulate the impact of wake vortices on the following aircraft, the
scenario in this study was during the aircrafts” approach and landing phase. Therefore, a
double vortex model was used to study the wake vortex effect on the following aircraft.
The radial cross-section of the wake vortex field was selected, with the midpoint of the line
connecting the two vortex core centers of the initial wake vortex model as the coordinate
origin. The line connecting the vortex cores was defined as the X-axis, and the direction
away from the ground was specified as the positive Y-axis. Based on the A321 aircraft
parameters, we constructed a two-dimensional computational domain and the initial wake
vortex velocity field. The comparison and validation of the velocity in the X and Y directions
with the CFD simulation and LIDAR results are shown in Figure 5. The comparison results
indicated that the wake vortex velocity field from the numerical simulation and detection
aligns well with the predicted wake vortex model, with similar structural ranges. The
simulation parameters are presented in Table 2.

15
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Figure 5. Comparison of the A321 Wake Vortex Initial Velocity Field Evolution. (a) Induced velocity
in the X direction from model; (b)Induced velocity in the X direction from CFD; (c) Induced velocity
in the X direction from LIDAR detection.
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Table 2. A321 initial parameters for wake simulation.

Iy (m2/s) 1. (m) by (m) to (s) wg (m/s)
292.49 1.39 26.78 15.40 1.74

After simulation and nondimensionalization of the wake evolution time t* = t/tg, the
variation in the wake vortex circulation dissipation process of the A321 aircraft at different
BV frequencies is shown in Figure 6. The simulation results indicated that the BV frequency
affected the dissipation rate of the wake vortex. The higher the BV frequency, the faster
the dissipation rate. When t* = 4, the wake vortex intensity decreased to 23-28% of the
initial circulation.

1 :
—N=0
—N=0.25
0.8} —N=0.5 -
__ 06
v
')
“ o4}
0.2}
0 ‘
0 2 4 6 8

t*

Figure 6. Variation in wake vortex intensity decay of the A321 at different BV frequency.

Figure 7 illustrated the change in lift generated by the vertical component of the
induced wake vortex velocity of the A321 aircraft, acting on the SR20 aircraft’s wing surface
at different characteristic times. Overall, the change can be considered as axisymmetric
with respect to the X = 0 axis. On the positive half of the X-axis, the lift changes rapidly
within the range of X = 0 m to X = 35 m, particularly at X = 14 m, where the lift changed
from negative to positive. Within this range, the roll risk for the following aircraft was
relatively high. The maximum positive and negative lift peaked occur at X = 7 m and
X =20 m, respectively. Additionally, the higher the BV frequency, the greater the reduction
in the peak values.
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Figure 7. Variation in wing lift for SR20 Encountering A321 wake vortex at different characteristic
times. (a) t* = 2.5; (b) t* =5.5.
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As shown in Figure 8, the encounter risk of the A321 wake vortex at different times
within a 100 m range around the vortex core height was presented. The RMC values for the
negative half of the horizontal axis were treated as absolute values. With the dissipation
of the wake vortex, the peak value of the wake vortex at different characteristic times
decreases. The BV frequency affected the rate of wake vortex dissipation; the higher the
BV frequency, the faster the dissipation of the wake vortex strength, resulting in a smaller
rolling moment experienced by the following aircraft and a corresponding reduction in
the RMC values. When N = 0 and t* = 5.5, the RMC value of the SR20 aircraft reached the
preset safety threshold. When N = 0.25 and t* = 5.3, the RMC value also reached the same
safety threshold, and when N = 0.5 and t* = 4.9, it again met this threshold. The simulation
results under N =0, 0.25 and 0.5 atmospheric conditions were therefore used as the basis for
determining the corresponding safety separations. Based on the A321’s approach speed, the
safe separation distance for the following light aircraft SR20 was determined to be 6375 m
under N =0, 6188 m under N = 0.25, and 5700 m under N = 0.5. These were 31.5%, 33.5%,
and 38.7% smaller, respectively, than the radar-based wake vortex separations prescribed in
the current regulatory document CCAR-93TM-R6. Compared to the RECAT-EU standards,
the reductions were 31.2%, 33.2%, and 38.4%, while compared to the RECAT 1.5 standards,
the reductions were 13.9%, 16.5%, and 23.1%. Table 3 presents a comparative summary
of the wake vortex safety separations obtained from this study and those specified in the
CCAR-93TM-R6, ICAO RECAT, and RECAT-EU standards. As shown, the N =0, 0.25, and
0.5 scenarios all yield shorter separations compared to the regulatory requirements. The
proposed wake vortex safety separation based on the RMC threshold provided a more
refined and operationally efficient standard while maintaining safety margins consistent
with standard.
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Figure 8. Variation in MRC Values for SR20 Encountering A321 Wake Vortex at Different Characteristic
Times. (a) t* =2.5; (b) t* =4.9; (c) t* =5.3; (d) t* = 5.5.
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Table 3. Comparison of wake turbulence safety separations under different atmospheric stability
conditions with international standards.

Leading Aircraft-Following BV Safety Separation Wake Turbulence Categories Standards (m)
Aircraft Frequency  from Simulation (m) ~ FAA RECAT1.5  RECAT-EU  CCAR-93TM-R6
N=0 6375
A321-SR20 N =0.25 6188 7408 (4 NM) 9260 (5 NM) 9300
N=05 5700

3.4. Runway Capacity Assessment

The establishment of aircraft separation was not only to ensure flight safety and
prevent collisions between aircraft, but also to meet the required separation between
aircraft during flight. Additionally, considering the wake vortex of the leading aircraft
during the takeoff and landing phases, the wake vortex generated by civil transport
aircraft may pose a threat to smaller aircraft following in its wake. Specific separation
requirements varied depending on the flight rules. In airports with mixed operations,
when VER and IFR were simultaneously in operation, the separation requirements between
aircraft must not only comply with the corresponding air traffic management regulations
but also comprehensively considered the effects of the leading aircraft’s wake vortex and
the differences in flight speeds.

The medium A321 aircraft performing civil aviation transport flights operated under
IFR, while the light SR20 training aircraft were divided into VFR and IFR due to training
requirements. This study discussed the aircraft separation under both IFR and VFR at
Luoyang Beijiao Airport. Additionally, it compared the wake vortex encounter safety
separation between the medium and light aircraft combinations from Section 3.3 with the
current wake vortex separation standards to assess the airport runway capacity.

According to civil aviation air traffic management rules and the flight interval speci-
fications for light training aircraft at Luoyang Beijiao Airport, during the final approach
phase, when both aircraft operated under IFR, the separation between consecutive takeoffs
and landings must consider the wake vortex effect. During the approach and landing
phase, when the leading aircraft was a medium aircraft and the following aircraft was a
light training aircraft, the wake vortex separation was 9.3 km, while other aircraft pairings
used the minimum radar separation of 6 km. The interval between consecutive takeoffs
was governed by the time separation requirements. For runway use, the following aircraft
was only allowed to take off or taxi after the leading aircraft passed the runway end or
started turning, or after all landing aircraft vacated the runway. Similarly, the following
aircraft was only allowed to cross the runway threshold after the leading aircraft passed
the runway end or started turning, or after all landing aircraft vacated the runway.

At Luoyang Beijiao Airport, the experiment distance from the final approach point
to the runway threshold (Dapp) was set to 15 km. The IFR specified a 2 NM longitudinal
separation between light aircraft. For wake vortex separation during takeoff, The rules
required a 50 s interval between light aircraft, a 180 s interval when the leading aircraft
was a light aircraft and the following aircraft was a medium aircraft, and a 120 s interval
for other aircraft combinations. The reduced time intervals for different N values were
indicated in parentheses, as shown in Table 4.

In the case of simultaneous operation under IFR and VFR, according to the regulations,
aircraft operating under IFR and VFR are required to maintain the separation as specified
under their respective flight rules. The light aircraft VFR separation was set at 50 s. How-
ever, in actual operations, the approach speed of the medium IFR aircraft was relatively
higher, while the VFR aircraft had a slower speed. As a result, the longitudinal separation
between the two aircraft gradually increased during the final approach phase. In this case,
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the separation between the aircraft wasgreater than the regulation requirements. The time
intervals for the simultaneous operation of both flight rules under different N values in
actual operations at Beijiao Airport are shown in Table 5.

Table 4. Instrument flight rules approach landing separation time for light aircraft (seconds) under the
CAAC regulation, with wake encounter safety separation time interval in parentheses, as specified in
the footnote.

. . Following
Aircraft Type Categories
Light Middle
: Light 93 150
Lead &
cacing Middle 299 (2601, 2572, 251 3) 80

! Interval time when N = 0. 2 Interval time when N = 0.25. 3 Interval time when N = 0.5.

Table 5. Visual flight rules approach landing separation time for light aircraft (seconds) under the
CAAC regulation, with wake encounter safety separation time interval in parentheses, as specified in
the footnote.

. . Following
Aircraft Type Categories
Light Middle
. Light 50 150
Lead
cacing Middle 299 (260 1,257 2, 251 3) 80

1 Interval time when N = 0. 2 Interval time when N = 0.25. 3 Interval time when N = 0.5.

In the interleaved operation mode of takeoff and landing, multiple factors need to be
fully considered, including the ROTA of the landing aircraft, the ROTD of the departing
aircraft, and the runway threshold distance when the air traffic controller issues landing
clearance to subsequent aircraft. The time intervals for interleaved takeoff and landing
operations under different N values are shown in Table 6.

Table 6. Time interval for landing on the same runway that meets takeoff requirements (seconds)
under the CAAC regulation, with wake encounter safety separation time interval in parentheses, as
specified in the footnote.

Scenario Aircraft Type Following
Categories Light Middle
light aircraft departure under VFR l\I/hlgc}ilfe 299 (260 1/1327 2 751 3) i?g
light aircraft departure under IFR Leading h]/ffggi[e 299 (2 63,8557, 251) gg
middle aircraft departure under IFR I\If:gg{e 299 (263185571 251) 1??

1 Interval time when N = 0. 2 Interval time when N = 0.25. 3 Interval time when N = 0.5.

In the runway capacity assessment simulation setup of this study, the simula-
tion was conducted using the speed, wake vortex safety separation parameters of the
A321 and SR20. The simulation setup aircraft type combination probabilities, limited to
only medium and light aircraft. Based on this, the proportion of medium aircraft varied
from 0% to 100%, with intervals of 10%. The runway capacity, considering both landing
and continuous landing with takeoff, was calculated using the runway average service
time model established in Section 2.4.

The simulation results for runway full landing capacity at N = 0 showed that when
light aircraft conduct VER training, the runway capacity was significantly higher compared
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to IFR training, as shown in Figure 9. This was because the approach and landing time
interval for VFR training was much smaller than that for IFR training. Under the current
regulatory separation standards, the maximum runway capacity of 72.00 movements per
hour was only achieved during training flights. As the proportion of medium aircraft in
civil aviation transport increased, the average runway service time also increased, causing
a rapid decrease in runway capacity. When the proportion of medium aircraft reached 20%,
the runway landing capacity was reduced to only 46.7% of the capacity for light aircraft
during training flights. With the continued increase in the proportion of medium aircraft,
the minimum capacity was reached at 24.87 movements per hour when the proportion
reaches 50%, and then gradually increases, reaching 45.00 movements per hour when only
medium civil transport aircraft were operating.

—e— Total Capacity —e— Total Gapacity
-m- Light Aircraft Capacity -m- Light Aircraft Capacity
» —4- Vedium Aircraft Capacity

& K
El

@
&

Hour |y Capacity (Flight/Hr)
El

3

Hour |y Capacity (Flight/Hr)

8

e~ Original Total Capacity
n —m- Reduced Total Gapacity
—#- Capacity Inprovement (%)

Capacity (Flight/Hr)
Capacity Improvement (%)

L) 0 P)
Medium Aircraft Ratio (%)

(c)

Figure 9. Runway landing capacity for light aircraft under VFR at N = 0 according to CAAC
regulations. (a) Landing capacity based on separation standards; (b) Landing capacity based on wake
vortex encounter safety separation; (c¢) Capacity improvement comparison.

Under the wake vortex encounter safety time separation for the aircraft combination
of medium aircraft in the front and light aircraft in the rear, the runway capacity increases
compared to the capacity under the current separation standards. The maximum capacity
improvement occurs when the proportion of medium aircraft was 40%, with the runway
capacity under wake vortex encounter safety separation increasing by 7.2% compared to
the current separation standards, as shown in Figure 10. When training aircraft conduct
IFR landing operations, the slower flight speed of light aircraft increased runway service
time. The runway capacity for training aircraft only was 38.71 movements per hour. As
the proportion of medium aircraft increased, the minimum runway capacity was reached
at 23.15 movements per hour when the medium aircraft proportion reached 50%. At this
proportion, the runway capacity under wake vortex encounter safety separation increases
by a maximum of 6.7%.



Appl. Sci. 2025, 15, 11273

17 of 22

Number of Aireraft (Flights/hour)

Hourly Capacity (Flight/Hr)

acity (Flight/Hr)
®

Hourly Cap:

n ) £ 100

a % @«
Mediun Aircraft Ratio (%)

(a) (b)

—e— Original Total Capasity
Total Capacity

—#- Capacity Improvenent (%)

Capacity Improvement (%)

Inprovenent: 6.7%
Aircraft Ratio: 50%)

lax
(Medium

B
o + —
s ~.

0 0 n E] n E) % 100

) EY E)
Medium Aircraft Ratio (%)

(c)

Figure 10. Runway landing capacity for light aircraft under IFR at N = 0 according to CAAC
regulations. (a) Landing capacity based on separation standards; (b) Landing capacity based on wake
vortex encounter safety separation; (c) Capacity improvement comparison.

By adding takeoff aircraft between consecutively landing aircraft, the runway service
time for continuous approach and landing at N = 0 can be better utilized. Under the
condition that the ROTA requirement for takeoff aircraft is met, the runway capacity can
be increased. As shown in the experimental results in Figure 11, when the takeoff aircraft
was a light aircraft operating under VFR, and only light aircraft were conducting training
flights, the separation between the two aircraft was small, allowing the runway to efficiently
handle the takeoff and landing of light aircraft. The total takeoff and landing capacity was
49.66 movements per hour. As the proportion of medium aircraft increased, the runway
capacity slowly decreases. When only medium aircraft were in operation for continuous
interleaved takeoffs and landings, the total capacity was 41.14 movements per hour. Under
the wake vortex encounter safety separation conditions, the total capacity increased by a
maximum of 5.3% when the proportion of medium aircraft reached 50%.

~
7 Max mprovement: 53% ",
P Medium AlrcraftRatio: 505 L9

Capacity Inprovenent (4)

Capacity (Flights/hour)

] o % @ n
Ratio of Landing Medium Aircraft (%)

(a) (b)

Figure 11. Total Runway capacity for interleaved landing and takeoff, takeoff aircraft as light aircraft
under VFR at N = 0 according to CAAC regulations. (a) Runway capacity based on separation
standards and wake vortex encounter safety separation; (b) Capacity improvement comparison.

P % @
Ratio of Landing Medium Aircraft (%)
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When the takeoff aircraft was a light aircraft operating under IFR, as shown in
Figure 12, the time interval between light aircraft was relatively large. When only light
aircraft were operating, the total runway capacity was 38.30 movements per hour. As
the proportion of medium aircraft increased, the total runway capacity showed a slight
decrease followed by an increase. The capacity improvement under wake vortex encounter
safety separation reached its maximum at 5.0% when the proportion of medium aircraft
was 50%.

—e— Original Total Capasity .

&1 { —8— Roduced Total Capseity T T

—4- Gapacity Improvesent (%) P N
”

Gapacity Improvement (%)

Capacity (Flights/hour)

H
H
5
£

0 10 ] E) o 0 @ n
EY o n ® % 100
Ratio of Landing Medium Aircraft (%) Ratio of Landing Medium Aircraft (%)

(a) (b)

Figure 12. Total Runway capacity for interleaved landing and takeoff, takeoff aircraft as light aircraft
under IFR at N = 0 according to CAAC regulations. (a) Runway capacity based on separation
standards and wake vortex encounter safety separation; (b) Capacity improvement comparison.

When the takeoff aircraft was a medium aircraft operating under IFR, as shown in
Figure 13, all light aircraft must operate under IFR. The total runway capacity in this case
was the same as the total capacity shown in Figure 12. It can be seen that when takeoff
aircraft were added between consecutively landing aircraft, the factor influencing the total
runway capacity was the flight rules of the light training aircraft. The capacity under VFR
was higher than that under IFR.

Gapacity Improvement (%)

H
GCapacity (Flights/hou

Number of Aircraft (Flights/hour)

£l @ 50 & n L) L 100 o 0 o o @ L @ n
Ratio of Landing Mediun Aircraft (%) Ratio of Landing Medium Aircraft (%)

(a) (b)

Figure 13. Total Runway capacity for interleaved landing and takeoff, takeoff aircraft as middle
aircraft under IFR at N = 0 according to CAAC regulations. (a) Runway capacity based on separation
standards and wake vortex encounter safety separation; (b) Capacity improvement comparison.

As shown in Table 7, the simulation results indicated that an increase in atmospheric
instability accelerated the dissipation of aircraft wake vortices, thereby reducing the risk
of wake encounters for following aircraft and allowing for a reduction in mandatory
separation distances. By introducing atmospheric stability parameters into the capacity
model for comparison, a clear positive correlation between the value of N and the maximum
achievable capacity gain was observed across all operational scenarios. For instance, in
the Medium-IFR and Light-VFR continuous landings scenario, the maximum capacity
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improvement increased from 7.2% at N = 0 to 7.8% at N = 0.25, a 0.6% increase, and further
reached 9.1% at N = 0.5, a 1.3% increase over N = 0.25. Similar growth trends were also
observed in other operational scenarios. As the N value increased, the magnitude of the
maximum capacity improvement grew, demonstrating that system capacity was more
sensitive to changes in atmospheric stability.

Table 7. Simulation results of runway capacity improvements under CAAC Regulations across
different scenarios, atmosphere conditions, and medium aircraft proportions.

s . BV Runway Capacity Under Medium Aircraft Proportions Maximum
cenario .
Frequency o, 109% 20% 30% = 40% 50%  60% 70% 80% 90% 100% Capacity Increase
Regulatory  72.00 44.06 33.63 2857 2598 24.87 2490 26.09 2879 34.06 45.00 -
Medium-IFR and N=0 72.00 46.04 3571 3056 27.86* 26.67 26.63 27.73 30.30 35.23 45.00 7.2%
Light-VFR Landing N =0.25 72.00 4620 3589 30.72 28.02* 26.82 26.77 27.87 3043 3532 45.00 7.8%
N=0.5 72.00 4652 36.23 31.06 2834* 27.12 27.06 28.14 30.67 35.51 45.00 9.1%
Regulatory 3871 30.89 2675 2448 23.37 23.15 23.77 25.38 2840 33.92 45.00 -
Full IER Landin N=0 38.71 31.85 28.05 2592 24.88 2470* 2534 2693 29.87 35.08 45.00 6.7%
& N=0.25 38.71 3193 28.16 26.04 25.01 2483* 2547 27.06 2999 35.17 45.00 7.2%
N=0.5 3871 32.08 2837 2628 25.26 25.09* 2573 2732 3023 3536 45.00 8.4%
Licht-VFR Regulatory  49.66 4511 4195 39.76 38.31 37.45 37.12 3729 3797 3921 41.14 -
de artgin between N=0 49.66 46.12 4354 41.64 4031 39.45* 39.00 3894 39.26 39.98 41.14 5.3%
P Langdin N=0.25 49.66 4620 43.66 41.79 4048 39.61* 39.16 39.07 3936 40.04 41.14 5.8%
& N=0.5 49.66 4636 4391 4210 40.81 3994* 3947 39.34 3957 40.16 41.14 6.6%
Lieht-IFR Regulatory  38.30 37.07 36.15 35.62 35.39 35.47 35.85 3656 39.63 39.12 41.14 -
de art?n between N=0 38.30 37.71 37.32 37.12 37.10 37.26* 3760 3814 3889 39.88 41.14 5.0%
P Langdin N =0.25 3830 37.76 3741 3724 3724 3740* 3774 3827 3899 39.94 41.14 5.4%
& N=0.5 38.30 37.87 37.60 3748 37.52 37.70* 38.03 3853 3920 40.06 41.14 6.3%
Medium-TFR Regulatory  38.30 37.03 36.15 35.62 35.39 35.47 35.85 36.56 37.63 39.12 41.14 -
departing between N=0 38.30 37.71 37.32 3712 37.10 37.26* 3760 3814 3889 39.88 41.14 5.0%
P Langdin N=0.25 38.30 37.76 3741 3724 37.24 3740* 3774 3827 3899 3994 41.14 5.4%
& N=0.5 38.30 37.87 37.60 3748 37.52 37.70* 38.03 3853 3920 40.06 41.14 6.3%

* The percentage with the maximum increase in capacity.

This sensitivity highlighted the potential for capacity enhancement under unstable
atmospheric conditions, as shorter but still safe separation minima could be implemented.
Therefore, these findings not only confirmed the crucial role of atmospheric stability in
wake-vortex-based separation safety assessments but also revealed the extent of potential
capacity gains achievable under varying stability conditions.

4. Conclusions

This study focused on the scenario of mixed operations at airports for civil aviation
transport and training flights. By using a wake dissipation simulation model and RMC as
the risk indicator derived from encounter simulations, the study established a connection
between wake vortex encounter safety and airport operational efficiency. Through a multi-
model integrated analysis approach, representative aircraft were selected for this scenario.
Based on the MRC analysis of wake vortex encounters and adhering to ICAO/RECAT-EU
safety thresholds, the wake vortex separation for the leading civil aviation medium aircraft
A321 and following training light aircraft SR20 combination during the approach phase was
evaluated for reduction. The reduction scheme was implemented in the runway capacity
model based on runway service time, and the capacity improvement after the separation
reduction was compared and analyzed. In addition, the simulated safe separation distances
were compared with the RECAT and RECAT-EU standards. The proportion of civil aviation
transport aircraft was a key factor affecting the landing capacity of mixed operations
airports. The capacity change for interleaved takeoff and landing operations was relatively
small. The main influencing factor in this mode was the flight rules for light aircraft.
Under VER for training light aircraft, the total capacity change for takeoff and landing
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was more significant. The maximum increase in capacity can be achieved through the
optimization of interleaved landing and takeoff operations, further enhancing runway
utilization. The runway can accommodate more flights and training aircraft per unit of
time, especially during peak hours, which improves airport throughput and reduces the
occurrence of delays.

5. Discussion

Although this study proposes a systematic runway capacity assessment framework for
mixed-operation airports based on wake vortex encounter safety, several limitations remain.
The current modeling approach primarily focuses on the A321-SR20 aircraft pairing, which
represents the typical operational mode at the studied airport. The model assumes conven-
tional meteorological conditions to ensure result comparability and controllability during
model validation. Therefore, the findings of this study are mainly applicable to airport op-
erational scenarios under stable and favorable weather conditions. Future research should
further consider more complex and realistic meteorological scenarios, such as strong cross-
winds, vertical wind shear, and temperature gradient variations, which have a significant
impact on wake vortex dissipation and encounter risk. By integrating real-time meteorolog-
ical observations or high-resolution atmospheric numerical simulation data, the model’s
adaptability to dynamic weather conditions can be enhanced. Furthermore, combining the
wake dissipation model with mesoscale weather forecasting or field measurements based
on LiDAR data can facilitate the development of safety separation management model that
adjusts separation distances according to variations in atmospheric stability.

In addition, the proposed model can incorporate real-time aircraft spacing data from
actual operations to dynamically adjust separation standards and runway occupancy times
according to current traffic conditions, thereby supporting real-time capacity prediction and
decision-making under various operational scenarios. The overall modeling framework
presented in this study also demonstrates good generalizability and can be extended to
other aircraft combinations and different airport configurations. Future studies may expand
the model to include more aircraft weight categories, mixed Visual/Instrument Flight Rules,
and diverse runway occupancy scenarios, enabling a more comprehensive evaluation of
operational efficiency and safety performance under complex conditions.
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Abbreviations

MRC Rolling Moment Coefficient
MLW Maximum Landing Weight

IFR Instrument Flight Rules

VFR Visual Flight Rules

RASR Radar Wake Vortex Time Separation Between the Leading and Following Aircraft
During Approach

Djjw Minimum Wake Safety Separation

AROR  Leading Aircraft’'s Runway Occupancy Time

RASR Time Interval For the Following Aircraft To Pass Runway Threshold

ADASR  Time Interval Between Two Consecutive Aircraft That One Landing and One Departing
ROTA Runway Occupied Time of Landing Aircraft

ROTD Runway Occupied Time of Departing Aircraft
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