Aerodynamic Modelling of Unmanned Aerial System
through Nonlinear Vortex Lattice Method, Computational
Fluid Dynamics and Experimental Validation -
Application to the UAS-S45 Balaam: Part 1.

Maxime Alex Junior KUITCHE?, Ruxandra Mihaela BOTEZ*",
Arthur GUILLEI\/IINl, David COMMUNIER?

*Corresponding author
LETS, Laboratory of Active Controls, Avionics and AeroServoElasticity LARCASE,
1100 Notre Dame West, Montreal, Que., Canada, H3C-1K3,
maxime-alex-junior.kuitche.1@ens.etsmtl.ca, ruxandra.botez@etsmtl.ca*,
arthur.guillemin.ag@gmail.com, david.communier.1@ens.etsmtl.ca

DOI: 10.13111/2066-8201.2020.12.1.9

Received: 22 December 2019/ Accepted: 23 January 2020/ Published: March 2020
Copyright © 2020. Published by INCAS. This is an “open access” article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Abstract: This paper describes a methodology to predict the aerodynamic behaviour of an Unmanned
Aerial System. Aircraft design and flight dynamics modelling are mainly concerned with aerodynamics,
and thus its estimation requires a high level of accuracy. The work presented here shows a new non-
linear formulation of the classical Vortex Lattice Method and a comparison between this methodology
and an experimental analysis. The new non-linear Vortex Lattice Method was performed by calculating
the viscous forces from the strip theory, and the forces generated by the vortex rings from the vortex
lifting law. The experimental analysis was performed on a reduced scale wing in a low speed wind
tunnel. The obtained results were also compared to those obtained from semi-empirical methods
programmed using DATCOM and our Fderivatives new in-house codes. The results have indicated the
accuracy of the new formulation and showed that an aerodynamic model obtained with the aerodynamic
coefficients predicted with this method could be useful for flight dynamics estimation.

Key Words: Aerodynamic modelling, Experimental analysis, Vortex Lattice Method, UAS-S45, Wind
Tunnel Tests

1. INTRODUCTION

The focus of flight dynamics modelling is mostly related to its ability to accurately predict a
suitable aerodynamic model. During the first half of the 20" century, wind tunnel testing was
the core of aerodynamic research and it was the best way to obtain an accurate aerodynamic
model of an aircraft [1]. Aerodynamic semi-empirical analyses were performed using charts
and equations from wind tunnel and flight tests, such as those presented in the USAF
DATCOM procedure [2]. Since 1960s, due to the advancement in computer capabilities,
numerical methodologies quickly gained ground such as Vortex Lattice Method (VLM). The
VLM estimates the aerodynamic model of a lifting surface, such as wing, using an infinite
number of horseshoe vortex. Many researchers used alternative and corrected formulation of
the Vortex Lattice Method. Chaparo et al. [3] used a corrected three-dimensional VLM to
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estimate transonic aerodynamic loading and wave drag for a transport aircraft. Dos santos and
Marques [4] coupled the Vortex Lattice Method with a Kirchhoff flow to predict the lift stall.
Murua et al. used an unsteady formulation of the VLM to estimate aeroelasticity and to
perform a flight dynamic simulation.

In this paper, a new nonlinear formulation of the Vortex Lattice Method is presented. The
new non-linear Vortex Lattice Method was performed by calculating the viscous forces from
the strip theory, and the forces generated by the vortex rings from the vortex lifting law. This
methodology showed its efficacity in accurately calculating the effects of viscosity using low
computational resources.

The estimation presented in this paper was carried out with the aim to design an UAS-5S45
flight simulator. The aerodynamic coefficients obtained using the new non-linear VLM, and
the CFD method were compared to those obtained using the in-house developed Fderivatives
code [5-7] at the LARCASE.

This code is based on improvements of the DATCOM procedure aerodynamic
formulations and was developed in-house at our Research Laboratory in Active Controls,
Avionics and Aeroservoelasticity (LARCASE) of the ETS. Fderivatives code can accurately
estimate the aircraft aerodynamic coefficients and their corresponding stability derivatives’
from a minimum amount of geometrical data.

Based on the results of the investigation of the flow around aircraft [8, 9], and by
highlighting the necessity of an experimental validation, the numerical procedures thereby
established was compared to experimental wind tunnel test results for a reduced scaled UAS-
S45 wing.

The non-linear VLM is detailed in Section 2. The experimental procedure is presented in
Section 3 and the Fderivatives methodology in Section 4. The results are presented in Section
5 and are followed by the Conclusions.

2. NEW NON-LINEAR VORTEX LATTICE METHOD

The classical VLM is based on the resolution of the Laplace Eq. (1) for a potential flow by
assuming a boundary condition of zero flow in the normal direction to the wing surface.

V(V,+¢)n=0 1)

where, V, is the free-stream flow, ¢ is the perturbation potential, and n is the vector normal to
the wing surface.

In order to compute the aerodynamic forces and moments by using the classical VLM, the
wing is initially divided into panels. A vortex ring is placed on the quarter chord of each panel,
and a collocation point is placed at 75% of the quarter chord line from the leading edge. The
velocity induced by each vortex ring to an arbitrary point is given by the Biot-Savart law:

I rxr, n
V :_—zro' —_——— (2)
47 | x| r,
where T is the vortex intensity, r is the position vector from the beginning of the vortex line
to an arbitrary point, r. is the position vector from the end of the vortex line to an arbitrary
point, and V is the induced velocity.

The unknown velocities of the vortex rings are determined by considering that the Eq.(1)
is satisfied, which leads to the following equation:

INCAS BULLETIN, Volume 12, Issue 1/ 2020



93 Computational Fluid Dynamics and Experimental Validation - Application to the UAS-S45 Balaam: Part 1.

(Voc Jrill"jvij].ni =0 (3)
j=1

where V. is the freestream velocity, N is the total number of the vortex ring, n; is the surface
normal vector computed at the i collocation point, Vj; is the velocity induced by the j™ vortex
ring at the i collocation point.

In the new nonlinear VLM [10], the vortex rings intensities are adjusted by using
nonlinear viscous data. A correction parameter is thus added to the vortex intensities. The
corrected vortex rings intensities are given by:

Iy +AL, 4)

The addition of a correction on the vortex rings intensities leads to obtaining a second induced
velocity field, which converts Eq. (3) into following Eqg. (5):

N
(VOO+Z:(1“J.+A1"J.)Vij +ViTJ.ni =0 (5)
j=1
where VT is the surface transpiration velocity. For simplification, it is assumed that:
VARSVAR (6)

The following Eq. (7) is obtained by combining Egs. (3), (5), and (6):
N
Zvij.niAFj = —ViT (7)
j=1

A strip analysis of the wing is performed to obtain an additional set of equations needed for
the problem resolution [10]. This strip analysis was used to calculate a set of nonlinear viscous
pressure coefficient distribution. For this purpose, the wing was divided into span-wise panels,
on which a control point was defined. The nonlinear viscous pressure coefficient distribution
was thus calculated for local flow, for each span-wise strip at its control point by using the
two-dimensional viscous flow solver XFoil [11].

CY% = f (airfoil,, Re;, [V, &) (8)

In Eq. (8), Re; is the Reynolds number, and Vi is the total velocity at the control point
given by:

N
Vi =Vw+Z;(Fj+AFJ)Vu 9)
j=

where, V., is the free-stream velocity, N is the total number of vortex rings over the wing, vij
is the velocity induced by the unit strength vortex ring j at the i strip control point, and «; is
the local effective angle of attack of the strip given by:

N
(vw +Z(rj + AT )Vijj'ns,i
1

j=1

(vm +i(rj + AT, )v; J'CSJ

i-1

a; =tan (10)
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In Eq. (10), ns;is a unit vector in direction normal to the chord of the i strip and cs; is a
unit vector in direction of the chord of the i"" strip. In the case of a large sweep angle, the strip
theory analysis is replaced by a sweep analysis [10], and the effective angle of attack is
corrected using the iterative methodology defined in [12, 13].

The corrected vortex ring intensities are estimated by assuming that the nonlinear viscous
pressure coefficient variation obtained from the strip analysis is equal to the pressure
coefficient variation obtained from the vortex ring intensities for each panel on the wing
surface. This assumption leads to the following expression:

-Fn; + AQACHT =0 (11)

where F; is the aerodynamic force generated by all the vortex lines on the panel, n; is the
surface normal vector, A; is the panel area, Q.. is the dynamic pressure, and C,i'*¢ is the
nonlinear viscous pressure coefficient.

For an arbitrary panel, the projected force Fi onto the direction of the local normal is
derived from Eq. (11) using the three-dimensional vortex lifting law (12):

N
-Fon :/{“i X(Voo +Z(Fj +Arj)vijj:|'[(ri ~Ty ) 710 + (T =Tg) 755 + (T =T ) 7
-1
(12)
+(FU _FUR)7/34+(FU _FUL)yse +(Ari —AFU)712+(AFi _AFR)7/23

+(AL; AT ) g +(ATy ~ALyg ) 734 + (AT — AL, ) 7e
where p is the air density, y is the geometrical segment of the vortex segment, the subscript U
denotes the direct upstream ring, R and L are the right and left rings, and UR and UL are the
upstream-right and upstream left rings, and the subscripts i indicates the current vortex rings.

By introducing Eq. (12) into Eq. (11) and coupling the result with Eq. (7), a system of 2N
equations is obtained:

R+ AﬁQmAC\S,SiC

R= : -0 (13)

N
Z:vij.niAl"j +Vi
i

This system of equations allowed calculating the N values of the intensities corrections and of
the surface transpiration velocities needed to estimate the aerodynamic forces and moments.

3. EXPERIMENTAL ANALYSIS

A wind tunnel experiment was used to validate our computational fluid dynamics
methodology. This experiment was performed in the Price-Paidousis low speed wind tunnel
[14, 15]. This wind tunnel is composed of a power unit, a settling unit, a contraction unit and
a test unit (Fig. 1).
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The power unit is a room of 800 m2 containing a 40hp power direct current motor driving
a centrifugal fan. The fluid flow is parallel to the axis of rotation at the inlet of the air intakes,
and is perpendicular to the axis of rotation at the outlet of the fan [14].

The settling unit directs the pressurized air from the power unit to the test chamber while
giving it the desired flow characteristics. The settling unit contains a wide-angle diffuser that
slows the fluid as much as possible on a short distance to maximize pressure retention. The
resulting flow can then be changed and may become turbulent. Five rectifier filters have been
re-added to the settling unit to improve the quality of the flow: 1 honeycomb filter to reduce
eddies and 4 nylon filters with square pattern holes to produce the desired flow [14].

The contraction unit is a convergent base of 62.5x91.5 c¢cm?2 downstream and of
200%x200cm? upstream. It is designed to accelerate the fluid in order to reach its maximum
speed.

The test unit or test chamber has a length of 182.5 cm, a height of 91.5cm and a width of
62.5 cm. Its size allows reduced scale models of wings to be tested when they are placed in its
center.

MECHANICAL ROOM WORKING
DIFFUSER AND SETTLING CHAMBER CONTRACTION  SECTION

>—ra—>

X
M

o9

*
W

SIDE VIEW

A wind tunnel calibration was made to determine the air flow conditions in the test
chamber using the Log-Tchebycheff (Log-T) method (Fig. 2). The accuracy of the estimated
local velocities using the Log-T method is often decreased due to Pitot tube measurements
uncertainties. Mosbah et al. [16] developed a methodology to cope this decrease in accuracy.
Their methodology used a minimum of dynamic pressure measurements from a Pitot tube, and
estimated the dynamic pressure from a neural network that has been optimized with a great
deluge algorithm. This methodology was applied in this work. The calibration of the wind
tunnel was made using two airspeeds of: 5.5m/s and 26.5m/s.

Fig. 1 Price-Paidousis wind tunnel sections
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Fig. 2 Airflows obtained from the Log-Tchebycheff method
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Figure 2 shows that the flow seems to be uniform in the test chamber. There is a
contraction phenomenon at the border of the chamber which causes an acceleration of the
fluid. Therefore, the wing model should be small enough to not be in contact with the flow on
the border of the test chamber, and big enough to make possible the aerodynamic coefficient
measurements.

The wind tunnel wing model was chosen to be a rectangular wing with a chord of 10
inches and a span of 12 inches, which corresponds to 2% of the surface of the test chamber.
The wing model was built of wood. Five plywood ribs were cut and assembled using a spar,
and the assembly was covered with thin strips of balsa wood. Very small amounts of plastic
were then placed to smooth the surfaces and to make them uniform (Flg 3)

Fig. 3 UAS-S45 wing model setup

The wind tunnel tests were performed using an aerodynamic scale and a Pitot tube. The scale
consists of two plates fixed on a force sensor, one being fixed to the test chamber, the other
one being mounted on a gear assembly driven by a servomotor. This servomotor allows the
angle of attack to be changed automatically during the test. A mini 40E sensor is connected to
a National Instrument acquisition box. The data collected by the box can be directly read and
stored with an interface realized using Labview software [15]. The Pitot tube is connected to
an FKS 1DP-PBM meter for air pressure, speed and flow measurements (Fig. 4). The FKS
1DP-PBM is used to obtain the airflow velocity inside the test chamber knowing the
temperature, the humidity, the K-factor and the ambient pressure.

Fig. 4 Pitot tube (a); FKS 1DP-PBM meter (b); mini 40E (c)
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4. FDERIVATIVES' METHODOLOGY

While experimental analysis gives accurate results on aerodynamic estimations, they can be
very demanding in terms of time and budget. Semi-empirical methods such as our in-house
Fderivatives are often used to avoid those drawbacks.

Fderivatives is a collection of methodologies and algorithms for estimating aircraft
aerodynamic coefficients and stability derivatives. Primarily designed as an improvement of
the classical DATCOM procedure [2], its main improvements are related to the calculation of
the aerodynamics characteristics for airfoils, and for entire aircraft in the “Wing-Body-tail”
configuration. The accuracy of an airfoil’s aerodynamic parameters’ estimation has a major
influence on the aerodynamics results for that aircraft. To validate an airfoil’s aerodynamic
parameters, Popescu [17] performed numerical calculations using DATCOM and Fderivatives
codes on NACA 4, 5, 6 and 6A digits airfoils. For a collection of 30 airfoils, the estimated the
lift curve slope, the zero-lift angle of attack and the maximum lift coefficient for a range of
Mach numbers from 0.1 to 0.3, and Reynolds numbers from 1x10e6 to 9x10e6. The results
gave mean errors of 1.91%, 3.52% and 6.85% between the experimental and the estimated
values of the lift curve slope, the zero-lift angle of attack and the maximum lift coefficient,
respectively. In the same way, Anton et al. [5] validated the results obtained for an aircraft in
a “Wing-Body-tail” configuration. The estimations were performed on a X-31 aircraft. The
lift, drag and pitch moment coefficients obtained experimentally in a wind tunnel were
compared to those obtained using Fderivatives, DATCOM and the Jorgensen methods. The
calculations were performed for a Mach number of 0.18, a Reynolds number of 2.07x10e7
based on the mean aerodynamic chord, and a range of angles of attack from -2° to 20°. The
results have shown a decrease in the estimation errors of 11% by using Fderivatives compared
to two other methods (DATCOM and Jorgensen) errors.

The Fderivatives code was used in this paper to estimate the aerodynamic behaviour of
the UAS-S45 airfoil, and entire geometry in “Wing-Body-Tail” configuration (Fig. 5).
Compared to other methods, the Fderivatives code used a minimum amount of geometrical
data to obtain its results. The wing was represented using its airfoil coordinates at the tip, the
MAC and the root position, as well as its aspect and taper ratios, its area, its dihedral and its
quarter chord sweep angles. The horizontal and the vertical tail were defined in the same way
as the wing. The fuselage was analysed as divided in 20 elliptical cross sections along the
length of the UAS-S45. The nose, the forebody and the afterbody of the UAS were assumed
to have conical shapes. The Fderivatives code does not take into account the geometries of the
winglets, the landing gear or the twin vertical tail. Therefore, the winglets and the landing gear
were neglected, and the twin vertical tail was replaced by a single vertical tail having twice
the area of each of the original tails.

Fig. 5 UAS-S45 in “Wing-Body-Tail” configuration in Fderivatives
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5. RESULTS AND DISCUSSIONS

In this chapter, the relative error is defined as being calculated between a reference value xa

Xb— Xa

Xa

and an approximated value X, with the equation *100% .

5.1 Validation of the Numerical Procedure

In order to validate the numerical approach, the CFD and experimental analysis results on a
reduced scale model of the UAS-S45 wing were compared. A polyhedral mesh grid was
generated with 4,716,118 cells. Table 1 presents the characteristics of the mesh grid model.

Fig. 6 Mesh grid model of the UAS-S45 wing
Table 1. UAS-S45 wing model mesh parameters

Parameters | Number of | 1% layer Number of Orthogonal | Skewness
cells height layers in the quality average
inflation average
values 4,716,118 0.002m 10 0.8166 0.37977

The simulation used a k- SST model as “turbulence model”. In the wind tunnel test
chamber, the flow on the walls was laminar. The wing model was fixed to the test unit floor,
and the flow around the wing tip was “laminar”. However, during the numerical simulation of
a finite wing, the higher air pressure under the wing tried to move around the tip towards the
lower pressure above the wing, and then creates trailing vortices. To cope with this problem
in CFD analysis and to obtain the same flow as the one in the experiment analysis, a symmetry
condition was added on the wing tip (Fig. 7).

Fig. 7 UAS-S45 wing model symmetry condition

The experimental (Section 3) and the numerical analyses were performed for the
following specific flow conditions: speeds V =10m/s, 20m/s, 30m/s; altitude alt = Oft, and for
a range of angles of attack between -10° and 10°. Figure 8 shows the lift coefficients obtained
using numerical and experimental approaches as functions of speeds. It is obvious that the
speed has no significant influence on the results. The non-influence of speed could be
explained by the fact that the flow remains subsonic, and the Mach number M remains smaller
than 0.2. Thus, the compressible effect of the flow is neglected.
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Fig. 8 Experimental and numerical lift coefficients’ variations with angle of attack for several airspeeds

Next, the numerical and experimental lift and drag coefficients for varying angles of
attack were compared. Figures 9 and 10 shows a test case for the speed v = 30m/s, and altitude
alt = Oft.

This test case was selected because this airspeed makes it possible to obtain a drag force
much higher than the sensor noise, and thus to facilitate the measurements process. It has been
noticed that there a very good agreement between the CFD ANSYS Fluent software, the
nonlinear VLM and the experimental analysis results for both lift and drag coefficients
variations (Fig. 9).

However, a small relative error was found between the lift variations with angle of attack)
obtained using experimental testing, the numerical CFD and nonlinear VLM theories, as well
as the DATCOM and Fderivatives’ semi-empirical methodologies (Fig. 10).

These differences (relative errors) could be explained by the presence of the “trailing
vortices” calculated using the finite wing theory. These trailing vortices were neglected for the
case of the CFD analysis, and for the case of the nonlinear VLM these trailing vortices depend
on the number of strips considered in the strip analysis. This comparison confirmed the
superiority of the CFD theory, as well as of the proposed nonlinear VLM with respect to the
other numerical approaches, along with its performance validation with respect to the
experimental results values.

Experimental /
— o Exp ¢ —O— Experimental
05 | ) P 007 | —&—cFp 4
NonlLi VLM N /
— % NonLinear —k— NonLinear VLM

CL of UAS-S45 [-]
CD of UAS-845 [-]

Angle of attack [deg] Angle of attack [deg]

Fig. 9 Comparison between the lift and drag coefficients’ variations with angles of attack obtained with
experimental, nonlinear VLM and CFD analyses for V=30m/s
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Fig. 10 Comparison between the lift and drag coefficients’ variations with angles of attack obtained with
experimental analysis, DATCOM and Fderivatives procedure for V= 30m/s

The CFD and the nonlinear VLM results were compared to the results obtained from
Fderivatives and DATCOM semi-empirical codes. Since no significant variation of the
aerodynamic coefficients with the Mach number and the altitude was found, the three
numerical methodologies results were shown here only for one flight condition, expressed in
terms of Mach number 0.14 and altitude of 10,000 ft (Fig. 11). The graphs shown in Fig. 11
clearly show that there is a close agreement for the lift coefficients variations calculated using
all four methodologies. The drag coefficients variations, on the contrary, show a significant
difference between values calculated with 3 methods, and values calculated with the CFD
analysis, especially for high negative angle of attack values (-10° to -2°).

The CFD analysis predicts the stall at approximately -12°, and therefore the drag
coefficient increases rapidly around this value. The nonlinear VLM, Fderivatives and
DATCOM codes, however, predict the stall for angles of attack far above 12°, and thus the
drag coefficients estimated from these three methodologies maintain do not increase fast.

As expected, the zero-lift drag and the zero-lift pitch moment coefficients variations have
different values obtained with Fderivatives, DATCOM and CFD analyses codes (Fig. 11).
These values differences are small, and are mainly influenced by the airfoil aerodynamics
coefficient, are estimated using semi-empirical interpolations in DATCOM and Fderivatives
codes. However, the nonlinear VLM predict with a good accuracy the zero-lift pitch because
the airfoil aerodynamic coefficient is estimated using Xfoil.

15 ; . ; . 02
— % CFD

DATCOM

CL of UAS-S45 [-]
CD of UAS-S45 []

Angle of attack [deg]

a)
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— % CFD
—¢— Fderivatives

—(@- NonLinear VLM
DATCOM

Cm of UAS-S45 [-]

-0.3

Angle of attack [deg]

c)

Fig. 11 Comparison of the UAS-S45 lift (a), drag (b) and pitch moment (c) coefficients’ variations with the angle
of attack obtained using CFD, nonlinear VLM,
Fderivatives and DATCOM theories for M = 0.14 and altitude H = 10,000ft

Figure 12 shows the longitudinal lift and moment derivatives values with respect to pitch
rate, and for a range of angles of attack (-10° to 12°), Cq and Cnq , for the UAS-S45. The
estimation was made for a Mach number of 0.14 and an altitude of 5,000ft. The CFD analysis,
Fderivatives and DATCOM codes estimated constant lift and moment derivatives with respect
to pitch rate C.q and Cnqas shown on Figure 12. There is a rather good agreement between the
three methodologies results for the moment derivative with respect to pitch rate, Cmg, with a
relative error 1.3%, and a similar observation on the lift derivative with respect to pitch rate,
Cuq, With a relative error of 4.7%.

% cm “ 4o
— & Fdervatves | ] o Fderivaiives
DATCOM 008 | DATCOM

CLq of UAS-S45 [-]
Cmq of UAS-545 [

Angle of attack [deg] Angle of attack [deg]

a) b)

Fig. 12 Comparison of the lift (a) and moment derivatives (b) with respect to pitch rate variation with the angle of
attack of the UAS-S45 obtained using CFD, Fderivatives and DATCOM for M = 0.14 and altitude = 5,000 ft

6. CONCLUSIONS

This paper presents a methodology designed to predict the aerodynamic behaviour of the
unmanned aerial system UAS-S45 of Hydra Technologies. A nonlinear VVortex Lattice Method
was introduced. The method consisted in calculating the viscous forces from the strip theory,
and the forces generated by the vortex rings from the vortex lifting law.
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This methodology results were validated with experimental analysis results on a reduced
scale model of the UAS-S45. An experimental simulation was made on a 12x10 in wing in the
Price-Paidoussis wind tunnel. The lift and drag coefficients obtained were compared to those
from a computational fluid dynamics analysis of the same wing. Finally, the results obtained
from new nonlinear Vortex Lattice Method were compared to results from DATCOM and
Fderivatives. This comparison reveals shows a good agreement of the different approaches
and prove our results to be highly accurate.
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