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ABSTRACT

A model for the vortex distribution in the wake of an aircraft is elaborated to investigate the wake influence on the
behaviour of other aircrafts potentially interacting with it. As a realistic case, the interaction of an ARJ21 aircraft
with a (leading) A330-200 aircraft is considered. Different distances are considered, namely, 6 km, 7 km, 8 km,
9.3 km, and 10 km. Simulations based on the used wake dissipation mechanism are used to investigate different
conditions, namely, the ARJ21 in take-off and level flight and the changes induced in the related lift by the front
aircraft A330-200 during landing. The induced roll moment is also studied and analyzed by means of a strip
method. As a result, the roll moment coefficient is determined to quantify the roll degree of the aircraft when
it is influenced by the wake vortex. The results show the overall roll moment coefficient of the considered
ARJ21 aircraft is less than 0.05, and the wing roll moment coefficient is less than 0.04. Such results are interpreted
and discussed according to existing standards.
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1 Introduction

When air flows through the wing, the pressure on the lower wing surface will be greater compared to the
upper surface since the upper surface velocity is greater. The resulting pressure difference enables the aircraft
to generate lift; air flows from the high-pressure area to the low-pressure area–from the lower wing surface,
around the wingtip, to the upper surface. Thus, two relatively rotating vortex pairs, with the wingtip as the
center, are formed. Those are known as wingtip vortices. When the following aircraft enters the downwash
speed field formed by the front-tail vortex field, it will roll, pitch, stall, and lose altitude, seriously affecting
air operation safety. In more severe cases, it may even cause safety issues and casualties; therefore, to prevent
the wake from causing dangerous events, ICAO (International Civil Aviation Organization) formulated
safety separation standards. However, with the increase in the number of flights and the development of
new technologies and airport capacities, the airspace is becoming increasingly crowded. Further, the
traditional wake interval will cause airport congestion and waste airspace. Therefore, shortening the wake
interval is of great significance when aiming to increase the airport and airspace capacities. Finally,
regarding the wake reduction technology, it is necessary to quantify the indicators that the aircraft is
affected by the front aircraft, which then can be evaluated, ensuring aircraft safety.
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ARJ21 is a new type of medium- and short-range turbofan regional jet. It adopts tail-hoisted twin
engines, a T-type flat tail, and a single-wing layout [1]. The aerodynamic force and torque it is subjected
to are different from those encountered in traditional passenger aircraft. Hence, there is a lack of studies
on the ARJ21 response when encountering the front wake vortex. As a result, said aircraft lacks the
associated risk assessment, thus requiring a large wake interval with the preceding aircraft, greatly
limiting the airport take-off and landing capacity, as well as its operational efficiency.

Crow et al. [2] proposed the Crow long-wave instability theory, allowing Greene [3] to establish the first
wake vortex intensity dissipation model–Greene dissipation model. Separately, evolution mechanisms of the
separation vortex based on the detection data were proposed–APA, TDAWP, D2P, P2P, and three-stage
dissipation model [4–6], and used to establish the wake safety interval. Gerben [7] analyzed the severity
rating of more than 700 wake encounters in horizontal flight and recent approach scenarios. The flight data
was analyzed and the dimensionless rolling moment coefficient was used to measure the wake encounter
severity. Finally, the authors have proposed a quantitative risk level evaluation. In terms of the wake vortex
encounter safety assessment, Carsten et al. [8] applied the aerodynamic response model to evaluate the
severity of aircraft encounters. Further, Campos proposed a torque model for simulating the aircraft roll
condition under the influence of the wake vortex. The maximum roll angular velocity was used as the index
for risk assessment [9]. Visscher proposed the induced moment coefficient to be used as a measurement
index for evaluating the severity of the aircraft state after encountering the wake vortex [10]. Wang et al.
[11] carried out a numerical simulation study on the wake vortex of A330-200 aircraft during the approach
stage, finding that the crosswind could accelerate the wake vortex dissipation, shortening the wake interval.

Li et al. [12] studied the effect of icing on the helicopter wake dynamics; the rotor aerodynamic
performance was significantly reduced when the ice accumulation occurred. Han [13] considered the
influence of aircraft roll moment, roll angular acceleration, and maximum roll angle on the aircraft
control quality. A calculation model for determining the aircraft disturbance parameters was established,
and the acceptable slope angles and aircraft safety intervals were calculated. Moreover, Gu [14]
established a multi-objective optimization evaluation model based on the induced rolling moment
coefficient and drag coefficient. The formation flight safety and induced drag reduction effect were
optimized, and the optimal formation position of the following aircraft relative to the front aircraft was
determined. Pan et al. [15] optimized the wake interval under crosswind conditions, establishing an
optimization model in the paired approach mode by considering the lateral dispersion, wake consumption,
and the wake vortex strength the following aircraft can withstand. Further, Wei et al. [16] established the
dissipation models of near and far vortices. Simulation calculations on the wake vortex flow field induced
by the front plane were performed, providing a reference for the safe separation of the airport terminal
area. Finally, Pan et al. [17] developed the force model for the following aircraft, shortening the wake
interval based on the existing standard and thus providing a theoretical basis for the dynamic wake interval.

Currently, studies on the following aircraft response mainly consider the effect of lift changes on the
wing force. As such, the impact of changes in the tail force, fuselage, and engine on the aircraft
controllability and safety was not considered. At present, the wake interval of this new aircraft was not
quantified. For this reason, the impact of the force changes on different aircraft parts was considered,
verifying the current wake safety interval standards during the takeoff, level flight, and landing phases of
ARJ21 following the A330-200. As a result, the wake safety interval was shortened.

2 Wake Formation and Dissipation Model

2.1 Wake Circulation and Velocity Induction Model
During the airplane flight, a pair of counter-rotating cylindrical vortices known as wake vortices are

formed. According to the Kutta-Joukowsky law, the wake vortex strength is generally expressed by the
amount of circulation [18]:
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�0 ¼ Mg

qV1b0
; b0 ¼ p

4
B; rc ¼ 0:035B (1)

where �0 is the initial wake vortex amount; b0 is the initial vortex core distance; rc is the initial vortex core
radius; M is the aircraft mass; B is the aircraft wingspan; q is the air density at the wake vortex location; g is
the local acceleration of gravity; and V1 is the airplane vacuum speed.

x0 ¼ �0

2pb0
(2)

t0 ¼ b0
x0

¼ 2pb0
2

�0
(3)

where x0 is the characteristic speed (that is, the initial descent speed of the wake vortex induced by each
other); t0 is the reference time–the time required for the wake vortex to descend for distance b0 at the
characteristic speed x0

Aiming to calculate the induced wake vortex flow field velocity at a certain point, the Burnham-Hallock
model was used as it is currently the most widely used wake vortex velocity induction model:

v ¼ �

2p
r

r2 þ rc2
(4)

where r is the distance from the observed point to the vortex core center.

In this paper, the influence of the dual vortex model on the following aircraft was studied. Thus, a cross-
section perpendicular to the wake field was selected, and the centerline midpoint of both vortex cores was
used as the coordinate system origin; the vortex core lines were selected as X-axes. The zone speed
direction was the positive direction. The positive half-axis speed of the Y-axis was positive,
corresponding to the induced speed in the wake upwash zone. The negative half-axis speed of the Y-axis
was negative, and inducing speed in the wake downwash zone.

The induced wake vortex velocity was usually determined by the amount of wake vortex circulation.
Fig. 1 shows the relationship between the tangential wake vortex velocity and distance for different
circulation values.

2.2 Wake Vortex Dissipation Model
Once the wake vortex field is formed, it will pass through two stages: the diffusion stage and the rapid

decay stage. In the former, the wake vortex is a near-field vortex and its range is approx. six wingspans

Figure 1: Tangential velocities of wake vortices at different positions
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behind the airplane, which is known as the wake-up zone (starting zone). At this stage, the wake vortex
strength decays slowly. Based on the lidar observation data analyses, the wake vortex strength dissipation
at this stage is about 10% [19]. The approximate near vortex dissipation model can be used to describe
this process [16]:

�ðtÞ ¼ �0½1:1� 10:0

�5t0
t þ 5t0 � (5)

where t0 is the reference time and the initial wake vortex intensity.

According to the Crow long-wave instability theory, the wake vortex intensity dissipation is caused by
the mutual inducement between the initial and wake vortices of the left and right wing, which have equal
intensities. This, in turn, causes the connection of the two vortices in the diffusion motion, re-forming the
flow field. After the connection, the intensity decreases rapidly, and the unstable fluctuation caused by
the atmospheric turbulence (at a certain scale) in the longitudinal distance of the vortex accelerates the
formation of the connection dissipation.

In the rapid decay stage, the wake vortex is a far-field vortex. Hence, under the action of air viscous
force, atmospheric buoyancy, and gravity, the two counter-rotating wake vortices cause each other to
sink. The wake vortex strength decreases sharply, and the wake strength can be regarded as an
exponential proportional relationship between the far vortex dissipation time and the near vortex duration.
The wake intensity can be obtained as [19]:

�ðtÞ ¼�1e
f�½0:452þ0:25N2

t0
�
t � tc
tc

g
(6)

where �1 is the strength of the wake following the near-field attenuation, Nt0 is the buoyancy frequency
representing the air mass stratification stability, tc is the duration of the near-field wake vortex (also
known as the wake vortex start dissipation time) related to the characteristic velocity x0. The reference
time t0 can be calculated according to the expression proposed by Sarpkaya et al. [20,21]. The
relationship between tc and the dimensional eddy dissipation rate e� can be calculated as follows:

e�¼ eb0ð Þ
1

3

x0
¼ 2pqV1b0

2 eb0ð Þ
1

3

Mg

tc ¼ t0ð0:7475e�
Þ
0:75

; e� � 0:2535

e�¼ tc
t0

� �0:25

eð�0:7tc
t0

Þ; 0:2535 � e� � 0:0121

tc ¼ 9:18t0 � 180t0e�; 0:0121 � e� � 0:001

tc ¼ 9t0; 0:001 � e�

8>>>>>>><
>>>>>>>:

(7)

The wake vortex dissipation schematic diagram for different buoyancy frequencies is shown in Fig. 2. In
the diffusion stage (0 � t � tc), the wake vortex decays slowly. After entering the rapid decay stage (tc � t),
the wake vortex loop decreases rapidly with time; the higher the buoyancy frequency, the faster the wake
vortex strength decay.
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3 The Force Response Model of the Following Aircraft

3.1 The Way the Aircraft Enters the Front and Tail Vortex Field
There are three ways for the following airplane to enter the induced velocity field formed by the leading

airplane wake vortex. The first is to laterally cross the entire flow field, the second is to longitudinally enter
the downwash velocity field between the vortices, and the third is to longitudinally enter the center of the
single vortex. All three ways are shown in Fig. 3.

When the aircraft laterally crosses the wake vortex field, a pitching moment will be generated, and the
aircraft will firstly rise, which will be followed by a descend and then rise. This will cause large turbulence
and damage to the body structure, threatening flight safety. Further, when the aircraft longitudinally enters the
mid-wake field of two vortexes (airplane B), its fuselage will be affected by the downwashing wake vortex
field force. The aircraft will drop in altitude for a short time.

During the final approach, the aircraft altitude will be relatively low. In severe cases, the aircraft may
require re-landing and cause safety accidents. At the same time, due to the difference in forces acting on
the left and right wing, the aircraft will be subjected to a rolling moment. The moment will, in turn, cause
a roll over of different degrees, causing safety hazards when the aircraft enters the center of a single
vortex core (right vortex center) longitudinally (see aircraft C). The left wing side will be subjected to

Figure 2: Wake vortex dissipation under different buoyancy frequencies

Figure 3: The ways the following aircraft can enter the front and tail vortex field
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downwash force, while the right side will be subjected to an upwash force, rolling the plane
counterclockwise. The roll moment generated by the airplane will be the largest, meaning that this way of
entering the wake vortex is the most dangerous.

This article aims to evaluate the feasibility of the safety interval and shorten it. Thus, only the second and
third entry methods were studied – the lateral crossing of the wake vortex field was not considered.

3.2 Calculation Model of Induced Rolling Moment
When the airplane enters the induced velocity field formed by the front tail vortex field, its lift will

change. The variation of additional lift force acting on the wing and tail caused by the wake vortex field
can be expressed as:

DL ¼ 1

2
qV 2

Z B

2�B

2

DCLcðyÞdy (8)

where q is the atmospheric density; V is the incoming flow velocity (the aircraft vacuum speed); DCL is the
lift coefficient change; cðyÞ is the wing chord at the wing or tail wing wingspan coordinate. The lift
coefficient change is defined as:

DCL ¼ Ca
L arctan

VzðyÞ
V

� Ca
L

VzðyÞ
V

(9)

where VzðyÞ is the induced velocity of the front tail vortex field on the following wing or tail profile;

arctan
VzðyÞ
V

is the change in wing or tail section angle of attack of the following aircraft caused by the

front aircraft wake vortex. Since the angle of attack is rather small, it can be approximated as
VzðyÞ
V

; Ca
L is

the lift line slope. The slope can be found using the following formula:

Ca
L ¼ 2pk

2þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4þ k2b2

ge
ð1þ

tan2v1
2

b2
Þ

vuuut
(10)

tan v1
2
¼ tan v� 2

k
� g� 1

gþ 1
(11)

b ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�Ma2

p
(12)

where k is the aircraft aspect ratio; v1
2
is the half-chord sweep angle; g is the heel-to-tip ratio; v is the leading-

edge sweep angle; ge is the airfoil efficiency (taken as 0.95); and Ma is the aircraft Mach number.

For the commonly used swept-wing aircraft, the wing or tail section wing chord length can be
approximated as [22]:

cðyÞ ¼ cr½1� 2ð1� kÞ yj j
B

� ¼ 2S½Bþ Bk� 2 yj jð1� kÞ�
B2ð1þ kÞ (13)

where cr is the chord length at the wing root; k is the tip-to-root ratio; and S is the wing or tail area.

In this paper, the strip method was used to calculate the aircraft rolling moment. The strip method is
based on the idea of integration to calculate the torque; it thus divides the aircraft wing and tail into
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countless strips. Torque is calculated for each strip, which is followed by the integration over the entire wing
and tail. The result is the total torque acting on the wing and tail. The strip model of the wing and tail is shown
in Fig. 4a.

The moment is calculated as the force multiplied by the moment arm; therefore, the rolling moment
generated by the wake on the wing or tail is:

LR ¼ L	 F (14)

where LR is the rolling moment produced by the wake, L is the position from a given point located on the
wing or tail to its center, and F is the force exerted by the front aircraft wake on the wing or tail of the
following aircraft.

By substituting Eqs. (8) and (9) into Eq. (12), the roll moment of the wing or tail induced by the wake of
the front aircraft can be obtained:

LR ¼ 1

2
qVCa

L

Z B

2�B

2

VZðyÞcðyÞydy (15)

After substituting Eqs. (10), (11), and (13) into Eq. (14), the induced rolling moment coefficient RMC
can be further derived as:

RMC ¼ 2LR
qV 2SB

¼¼ 4pk

VB3ð1þ kÞ � ð2þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4þ k2b2

ge
ð1þ

tan2v1
2

b2
Þ

vuuut Þ

Z B

2�B

2

VZðyÞy � ½BþBk� 2 yj jð1� kÞ�dy (16)

Besides the wings and tail, changes in lift and roll moments are also generated by the fuselage and
engine, affecting the aircraft maneuverability. The engine and fuselage can be simplified using the strip
method, as shown in Fig. 4b.

According to the vortex plate numerical method, the lift variation, roll moment, and engine roll moment
coefficient can be found using the following expression [23]:

(a) The wine and tail strip model (b) The fuselage and engine strip model

Figure 4: Strip model diagram
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DL0 ¼ qV
Xn
j¼1

VjSj ¼ qV
Z b

2�b

2

VzðyÞsðyÞdy (17)

DL0R ¼ qV
Z b

2�b

2

VzðyÞsðyÞydy (18)

RMC0 ¼ 2LR0

qV 2S0b
¼

2
Rb2�b

2

VzðyÞsðyÞydy

VS0b
(19)

where q and V are the air density at infinity and the incoming flow velocity, respectively; Vj is the induced
speed of the front vortex in the engine of the following airplane. Since engines are relatively close to the
wing, they can be approximated via induced velocity on the wing along the Y-axis coordinate. Further, Sj
is the strip length; b is the engine span length; y is the distance between a given point on the engine and
engine centerline; and S0 is the engine area.

The fuselage can be regarded as a slender cylinder with a small angle of attack. According to the slender
spin linearization theory, its lift change can be expressed as [24]:

DFL¼N cos a�A sin a (20)

where DFL is the fuselage induced lift change; N is the normal force; A is the axial force; and a is the angle of
attack. For a slender body with a small angle of attack, the normal and axial forces can be obtained using the
potential flow theory:

N ¼ 1

2
q1V12SðlrÞð2aÞ

A ¼ � 1

2
q1V12SðlrÞða2Þ

a ¼ arctan
VzðyÞ
V1

� VzðyÞ
V1

(21)

where q1 is the air density at the infinity point, V1 is the incoming flow velocity, and SðlrÞ is the fuselage
area. By substituting Eq. (19) into Eq. (18), we obtain the fuselage rolling moment and associated coefficient,
as follows:

LR
00 ¼ q1V12

Z D

2�D

2

VZðyÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V12 þ VZ

2ðyÞ
p lðyÞydyþ 1

2
q1

Z D

2�D

2

VZ
3ðyÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

V12 þ VZ
2ðyÞ

p lðyÞydy (22)

RMC00 ¼ 2LR00

q1V12S00B
¼

2V12
RD2�D

2

VZðyÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V12 þ VZ

2ðyÞ
p lðyÞydyþ RD2�D

2

VZ
3ðyÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

V12 þ VZ
2ðyÞ

p lðyÞydy

V12S00B
(23)
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where lðyÞ is the fuselage strip length; y is the distance from the observed fuselage strip to the fuselage center
axis; D is the fuselage width; VZðyÞ is the induced speed of the front vortex acting on the following fuselage.
The induced speed can be approximated as the induced speed on the wing for the same Y-axis coordinate.

4 Case Analysis

As noted earlier, the ARJ21 is assumed to follow A330-200 to study the changes in a lift, roll moment, and
roll moment coefficient at various intervals during different flight stages. The atmospheric buoyancy frequency
was taken as 0.5, and the front aircraft wake vortex was initialized. The parameters are shown in Table 1.

Table 2 shows the wake vortex circulation calculation results when ARJ21 encounters wake at different
intervals during the take-off, horizontal flight, and landing phases. Since the ARJ21, a medium-sized aircraft,
follows the A330-200 which is a heavy-duty aircraft, the safety wake interval standard stipulated by ICAO in
the near-earth phase is 9.3 km. Thus, the interval step was 1 km, resulting in 6 km, 7 km, 8 km, and 9.3 km
intervals. For the level flight, the safety interval was 10 km.

The above-presented separation distances were used to explore changes in the lift, roll moment, and roll
moment coefficients of different parts of the aircraft passing through the vortex flow field. Multiple positions
between the two vortexes of the front airplane during the take-off, level flight, and landing were considered.
The results for lift changes are shown in Fig. 5. The authors assumed that upward is the positive direction,
the midpoint of the line between the two vortex cores was taken as the origin coordinate, and the X-axis

Table 1: A330-200 aircraft and environmental parameters

Parameter Value

Span (m) 60.3

Take-off speed (m/s) 69.44

Level flight speed (m/s) 239.17

Landing speed (m/s) 71.94

Take-off weight (kg) 257000

Level flight weight (kg) 233000

Landing stage weight (kg) 186000

Density (take-off /level flight /landing) (kg/m^3) 1.2081/0.3804/1.2081

Temperature (take-off /level flight /landing) (°C) 14.03/–54.35/14.03

Gravity acceleration (take-off/level flight/landing) (m/s^2) 9.806/9.773/9.806

Lift line slope (take-off /level flight /landing) 4.770/6.275/4.776

Initial vortex spacing (m) 47.3595

Initial vortex core radius (m) 3.11

Table 2: A330-200 aircraft and environmental parameters

�0

(m2/s)
x0(m/s) t0

(s)
e
(m2/s4.5)

tc
(s)

Distance/time interval (km)/(s) �t

(m2/s)

Take-off 634.3 2.13 22.22 0.262 16.79 6/84.5 7/98.59 8/112.68 9.3/130.99 76.80 49.88 32.40 18.48

Level flight 528.5 1.78 26.65 9.526 7.16 10/37.74 57.91

Landing 443.1 1.49 31.80 0.287 17.95 6/86.96 7/101.45 8/115.94 9.3/134.78 59.69 39.40 26.0 15.16
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coordinate shows the position where the aircraft nose enters the vortex field. The airplane passes through the
downwash velocity field between the two vortices. Thus, the lift change under the action of the downwash
force is negative. Since the A330-200 take-off weight is greater than its landing weight, the wake vortex ring
produced during the take-off phase will be larger, resulting in greater induced speed for the ARJ21.
Therefore, the ARJ21 lift change during the take-off phase will be greater than that during the landing phase;
as the interval becomes larger, the wake vortex strength will wane, reducing the downwashing force and the
lift change.

Although the distance between the two aircraft is relatively large during the level flight and the wake vortex
dissipation time is relatively long, the front aircraft flight speed is faster, resulting in the relatively large lift
change. When the ARJ21 aircraft enters the left and right vortex cores generated by the front plane from the
center, the lift change will be the smallest. This is since the induced speeds on vortex core sides are opposite,
Hence, the left and right wings receive the opposite force directions, meaning that the positive and negative
lift changes cancel each other out, resulting in the smallest total lift change. Further, when the ARJ21 aircraft
nose enters the tail vortex field from approx. 10 m from the vortex core center, the wing lift changes the
most. Additionally, when its nose enters the tail vortex field from approx. 10 m from the connecting center of
two vortex cores, the wing lift variation will be the largest. The engine, fuselage, and tail lift change the most
when the aircraft nose enters the front tail vortex from the vicinity of the vortex core center.

Fig. 6 shows a schematic diagram of the rolling moment of different ARJ21 aircraft parts. The
counterclockwise rolling direction was denoted as positive torque direction. Moreover, Fig. 7 shows the
schematic diagram of the rolling torque coefficient. At the center of the connection between vortexes,
forces acting on the left and right fuselage halves are the same in both magnitude and direction. Thus, the

(a) Wing lift change (b) Engine lift change

(c) Airframe lift change (d) Tail lift change

Figure 5: The lift changes of different ARJ21 aircraft parts
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rolling moment and the rolling moment coefficient will be zero. As shown in Figs. 6a and 7a, when the
aircraft nose enters the front tail vortex field from about 12 meters from the centerline of the two vortices,
the sum of positive and negative torque acting on the wing will be zero. The rolling torques of the
engine, fuselage, and tail will be rather small, meaning that the rolling torque coefficient will also be
small – thus, in this case, the airplane will hardly roll.

When entering the front tail vortex field at the center between the vortexes and 12 m from the center, the
aircraft will only be affected by the downwashing force, which will reduce the height. There will be no roll
affecting the control balance; therefore, it is safer to enter from the above three positions. The wing roll
moment and roll moment coefficients are much larger than their counterparts for the other three parts. For
this reason, the wing has a primary role when it comes to aircraft stability and maneuverability.
Additionally, at the same interval, the roll moment and roll moment coefficient during the take-off phase
is greater than that during the landing phase. As the interval increases, the wake vortex slowly dissipates,
and the aircraft roll moment and roll moment coefficient decrease. As shown in Figs. 7 and 8, when the
aircraft longitudinally enters the center of the single vortex, it will be exposed to the largest rolling
moment and the largest rolling torque coefficient. This might harm the aircraft balance, resulting in
rolling unbalance–thus, this is the most dangerous way to enter the wake vortex field.

The approach for entering the single vortex longitudinally through the wake vortex field was analyzed
using the limit idea. It was assumed that the front vortex field produces the maximum induced velocity at
each point of the following airplane. In the observed case, the induced rolling moment coefficient of the
airplane was the largest and the most dangerous. The overall airplane roll moment coefficient was ranging
between 0.05 and 0.07 was the maximum value that the airplane roll control authority can use through
the aileron control. If said safety threshold is exceeded, the airplane will lose stability and control. At the

(a) Wing roll moment  (b) Engine roll moment

(c) Fuselage roll moment         (d) Tail roll moment

Figure 6: The rolling moment of various ARJ21 parts
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same time, the RECAT-PWS-EU uses the wing roll moment coefficient as a measure of the wake encounter
severity. By observing more than 700 wake encounter experiments, it was concluded that the wing roll
moment coefficient of 0.04 results in the critical value of small disturbance caused by the front aircraft
wake vortex on the following aircraft [6].

Fig. 8 shows the wing roll moment at different safety intervals, while Fig. 9 shows the wing roll moment
coefficient. Both the rolling moment and its coefficient are larger during the take-off phase compared to the
landing phase. This is due to the aircraft weight, which is greater during the take-off; therefore, the tail vortex
is stronger and the induced speed is greater before the take-off. During the level flight, the air density is low
and the turbulence dissipation rate is large. Furthermore, during the rapid decay phase, the wake vortex
dissipates faster. Hence, the rolling moment coefficient during the level flight phase before reaching
7400 m will be greater than the rolling torque coefficient during the landing and take-off phases.

Figure 7: The rolling moment coefficient of different ARJ21 parts. (a) Wing roll moment coefficient,
(b) Engine roll moment coefficient, (c) Fuselage roll moment coefficient, (d) Tail roll moment coefficient

Figure 8: Variation of the ARJ21 wing rolling moment with distance

1506 FDMP, 2022, vol.18, no.5



However, following the level flight phase, the aircraft speed will be higher and the time of encountering the
front vortex in the level flight phase will be shorter compared to that during the take-off and landing phases,
given the same following distance. Therefore, the rolling moment coefficient in the level flight phase above
7400 m will be greater than that during the take-off and landing phases.

Table 3 shows the rolling moment coefficients obtained for different aircraft parts, along with the
minimum wake safety interval of each stage. In the near-earth phase, the ARJ21 follows the A330-200
(the preceding aircraft) at an ICAO wake interval of 9300 m. The rolling moment coefficient is 0.0259,
the landing phase is 0.0219, and the level flight phase is 0.0253 (at 10,000 m intervals). Both values are
below 0.05, meaning that the ailerons can control the aircraft roll. According to the maximum rolling
moment coefficient the wing can withstand, the minimum wake safety interval can be obtained. The take-
off phase was reduced by 2521 m relative to the current wake standard, which yields a reduction rate of
27.1%. Further, the landing phase was reduced by 3025 m, and the reduction rate was 32.53%. Finally,
the level flight phase was reduced by 3645 m compared to the current wake standard, which is a
reduction of 36.45%, thus greatly improving the operating efficiency.

5 Conclusions

1) In this paper, the HB wake-induced velocity model was used to study the wake vortex dissipation
mechanism. The strip model was applied to calculate the lift force, roll moment, and roll moment
coefficient of the wing, tail, engine, and fuselage of the ARJ21 following the A330-200. The wake vortex
field effect was observed at different intervals during the take-off, level flight, and landing phase.
The results have shown that the variation of take-off lift and roll moments are greater than those during
the landing (given the same interval), providing a reference for the safety analysis of aircraft encountering
the wake vortex.

Figure 9: Variation of the ARJ21 aircraft wing moment coefficient with distance

Table 3: Calculation results for the rolling moment coefficient

Roll moment coefficient for take-off and landing
9300 m/level flight 10000 m interval

The maximum wing
rolling moment
coefficient

Minimum safety
interval (m)

Wing Tail Engine Body Whole machine

Take-off 0.0135 0.0039 0.0043 0.0042 0.0259 0.04 6779

Level flight 0.0149 0.0033 0.0036 0.0035 0.0253 6355

Landing 0.0114 0.0033 0.0037 0.0035 0.0219 6275
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2) It is proposed to use the overall aircraft roll moment coefficient to determine whether the roll control
of the aircraft can be achieved via the aileron. Moreover, it is also proposed to use the wing roll moment
coefficient as an index to measure the safety of encountering wakes. Through simulation calculations, it is
concluded that the ARJ21 aircraft will be safer when entering from the center of the two A330-
200 vortexes 12 m from the center to either the left or right. When longitudinally entering the center of
the wake vortex pair, the rolling moment coefficient will be the largest, implying that it is the most
dangerous following mode. In this following mode, the overall aircraft roll moment coefficient was below
0.05 in all three stages. The wing roll moment coefficient was less than 0.04, verifying the safety of the
current wake interval standard.

3) The wake interval standard for the AJR21 aircraft was shortened compared to the existing safety
interval standard. The take-off, level flight, and landing phases were shortened by 27.1%, 32.53%, and
36.45%, respectively. This greatly improves the airport and airspace capacity, as well as the operational
efficiency.

In the future, more accurate calculations will be carried out based on the weather conditions,
combinations of aircraft types, and actual on-site observation data to establish a safety interval standard
that can be used by different aircraft.
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