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Abstract. An investigation has been conducted on wind tunnel test data of 19-passenger aircraft to see the
phenomena of the downwash effect. The objective of this investigation is to analyze the downwash effect on
the variation of horizontal tailplane configuration that is installed on the vertical tailplane of the aircraft and
on the variation of flap configuration. Each flap configuration represents the condition at the flight profile
of cruise, takeoff, and landing. The horizontal tailplane configuration is varied by changing the angle of
incidence and the vertical position on the vertical tailplane. Analytic calculation was conducted on wind tunnel
result data to quantify the downwash effect. A computational fluid dynamic simulation is performed to obtain
the visualization of the downwash effect and for wind tunnel data verification. From the investigation, it is
found that the lower position of the horizontal tail has a smaller amount of downwash than other positions.
The flap configurations have greatly affected the perceived amount of downwash. The greater deflection of
the flap generated downwash even more.
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1. Introduction

In designing an aircraft, it is necessary to verify the
calculation results, for example, in the downwash
calculation. One tool that can be used to verify the results
of aerodynamic calculations is a wind tunnel. In the case
of a 19-passenger aircraft, the wind tunnel used for
verification is a wind tunnel with subsonic speeds, while
the type of test to be carried out is adjusted to the needs.
Many things can be verified using a wind tunnel, such as
the effectiveness of the control plane, the basic
characteristics of the aircraft, and knowing the amount of
downwash. Downwash is the flow of air forced down by
the aerodynamic action of a helicopter wing or rotor as
part of a process that generates lift [1] [2]. In the case of
conventional aircraft, the wings are placed in front of the
tail horizontally.

According to Brebner [3], there are differences in
aircraft control methods, such as tail control, canard
control, jet reaction control, thrust vector control, and
others. Investigation of the effect of the fuselage on the
amount of wing downwash flowing into the tail stream
plane at low angles of attack. Brebner found that the
fuselage decreases the downwash of the tail, which is
known as the fuselage upwash effect [3], [4]. The
downwash investigation of the tail will be carried out using
the wind tunnel method, and the visualization will use the
numerical method.

To find out the characteristics of an airplane,
acrodynamic testing was carried out in a wind tunnel on
an airplane test model [5]. The Wind Tunnel Facility
named Indonesian Low-Speed Tunnel (ILST) was used to
carry out the tests. This facility is part of the National
Aerodynamics, Aeroelastic, and Aeroacoustic Laboratory
(B2T'A3), Agency for the Assessment and Application of
Technology (BPPT) [6]. The general specifications of the
ILST area test section are 4 x 3 m2 the maximum wind
speed is 110 m/s, and the Reynolds number obtained is
6.0E+06. Test results will be obtained, and data processing
will be carried out during testing in the wind tunnel.

In processing wind tunnel data, several data must be
further processed, including data processing for
downwash calculations. In conventional aircraft design,
wing downwash is a matter of concern because it impacts
the horizontal tail characteristics. The horizontal tail
provides sufficient static stability in pitch up to the

rearmost center-of-gravity position [7]. Stability is very
important for airplanes during flight because the nose-up
tilt exacerbates the nose-up tilt in cases of instability [7].

In data processing related to this downwash, data is
obtained from the results of wind tunnel testing in the
form of data on the condition of the aircraft without a tail
(tail off) and the condition of the aircraft with a tail (tail
on), with vatiations in the tail angle of 0° and 5° to the x-
axis (longitudinal) plane. In addition to the data processing
mentioned above, data processing is also carried out with
different Horizontal Tail Plane (HTP) positions; three
configurations are being analyzed. In Computational Fluid
Dynamics (CFD) simulation using Ansys CFX, with
different HTP positions, three configurations are being
analyzed.

2. Methodology

Data processing for downwash calculations is one of
the many objectives of carrying out wind tunnel tests. The
test was carried out in a wind tunnel by varying the tidal
position of the HTP. The variation of the position that is
used to process the data is taken from three data. The
three data positions are given symbols, namely H61, H62,
and HG63 (Fig. 1). The data is processed to obtain the
downwash angle caused by the wing to the horizontal tail.

Downwash on the horizontal tail affects the angle of
attack («) of the horizontal tail, so the angle of attack felt
by the horizontal tail is not the same as the angle of attack
of the plane.

2.1. CFD Analysis

The rate of movement of the downwash flow can be
determined using the Navier-Stokes equation approach.
The Shear Stress Transport (SST) model used is a
combination of two turbulence models, namely the &—¢
and the £—w models [8].

The model £—¢ relates to the eddy viscosity T,
turbulent kinetic energy k, and the dissipation rate & :

PR
My =pC,—
£ M

The transport equations for the turbulent kinetic
energy k and the turbulent dissipation rate e are
determined by Eq. (2) and (3), respectively [9]:

39.68 |

Fig. 1. Horizontal Tail Plane Configurations Position.
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Similar to the £—¢ model, the £~ model relates the
eddy viscosity vT to the turbulent kinetic energy k but uses
a different dissipation rate e :

k
Hy=p—
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The transport equations for the turbulent kinetic
energy k and the turbulent dissipation ratio w are defined

by Eq. (6) and (7), respectively [1], [10] :
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The 4-w model is more accurate in near-wall
modeling than the £—¢ model; the £~ model has shown
a perturbing sensitivity to the freestream value for w at the
boundary edge, through the inlet value [11]. The resulting
basic turbulence model can combine the advantages and
the equation w [12]. One of the turbulence models, such
as the Shear Stress Transport (SST) model, has gained
wide users in CFD applications related to aerodynamics
[13].

The Shear Stress Transport (SST) model was
proposed by Menter [12] as a combination of the k¢
model and the 4-w model. The integration of the
turbulence model is achieved by multiplying the
transformed £—& model and the 4w model by factors (F'1)
and (1 F1). F1 is a mixed function between one and zero,
depending on the distance from the wall. The value of one
corresponds to the position on the wall, and the value of
zero to the distance from the wall. As a result, the A—w
model is used close to the wall, in the combined boundary
layer of the £—¢ and A—w models, and outside the boundary
layer only the £—¢ model is adopted. A general description
of the implementation of the SST model in ElliSys CFD
code is described by Sorensen [14]. The other research was
conducted by Agus using the SST turbulence model to
analyze the blockage effect for pusher propeller
aerodynamic performance of lightweight UAVs compared
with the experimental set-up [15].

DOI:10.4186/¢j.2024.28.12.29

2.2. Simulation Parameter

The condition of the simulation can be seen in Table
1. below.

Table 1. Parameter setup for simulation.

Solver CFX

Turbulent Model Shear Stress Transport

Spatial Discretization High Resolution / 2nd

Scheme (Advection) Order Upwind
Difference

Turbulent Numeric High Resolution

Material Air ideal gas (air)

Density 1,159 kg/m3

Viscosity 1,48 x 10-5 kg/m-s

Operation Pressure 100400 Pa

Boundary condition Inlet Velocity Inlet

Boundary condition of No Slip Wall

Aircraft

Boundary condition of No Slip Wall

Wind Tunnel Walls

Boundary condition Outlet | Opening

Flow velocity 70 m/s

The angle of attack () -4°.0°,4°,8°,10°, 12°,
14°, 15°, and 16°

The mesh quality (Fig. 2) for this 19-passenger aircraft
simulation model uses several settings, namely using the
thickness of the first boundary layer (y+) at 1.09766E-05.
The fineness level of the mesh density is chosen as High
because it can well calculate the surface of the simulation

model.

Fig. 2. Mesh Quality [16].

To know whether the simulation results can be trusted
or credible, grid independence needs to be carried out.
This grid independence is carried out by differentiating the
number of elements. The number of elements selected is
from 1 million to 51 million. The following are the grid
independence results seen from aerodynamic forces and
pitch moment (Fig. 3 and 4).

From the grid independence results, the number of
elements that will be used in the simulation can be selected,
namely around 40 million.
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Fig. 3. Forces in axial (x-axis) and normal (y-axis) for
aircraft wall body.
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Fig. 4. Moment Pitch for aircraft wall body.
2.3. Model Geometry and Wind Tunnels

The following is the geometry of the 19-passenger
aircraft in the wind tunnel test model.

Table 2. The geometry of the 19-passenger plane model
[17].

Geometry

Area 41.5 m2
Aspect Ratio 9.165

Taper Ratio 0.515

Twist Angle 0  deg
Sweepback at 1/4 chord 0  deg
Dihedral 0  deg
Root chord 2.81 m
SOB chord 2.67 m
Tip chord 1447 m
Half span 9.75 m
SOB span 1 m
MAC 2.201 m
Aileron chord 30 %
Aileron type plain

Main Aerofoil chord 87 %
Flap chord 30 %
Flap Type DSF

The main test facility of UPT LAGG BPPT is a
closed-circuit Low-Speed Wind Tunnel (Indonesian Low-
Speed Tunnel) having a central tunnel section with a total
length of 67.5 m, a width of 18 m, and a height of 5.5 m
above the ground. The size of the cross-section of the test
chamber (test section) is 4 m x 3 m, length of 10 m; see
Fig. 5 [18]. LAGG is a professional wind tunnel used by
the industry.

0 1 2 3 4 5 6

- 00 x

Fig. 5. ILST wind tunnel geometry [18], [19], [20].
2.4. Testing Process

The test parameters were carried out on a 19-
passenger aircraft model at ILST by varying the angle of
attack, horizontal tail angle, flap angle, HTP position, and
speed set at 70 m/s. The testing process of this model is
done by installing the model on the strut provided, namely
the wing strut, where the model will be connected by two
struts. An illustration can be seen in Fig. 6.

Fig. 6. Overview of the model setup in ILST [21], [22].
2.5. Data Processing

The calculation process carried out to obtain the
downwash angle is to take the value of the Coefficient of
Moment (Cy), data that has been processed for both tail-
off and tail-on configurations.

Downwash is calculated using the equation [23], [24]
AC

M

ETCyy =0 — 1, Ty —

My (8)
Where to calculate the moment coefficient delta with
variations in the angle of attack using the equation

AC, =C

4 M riton Moy a

&)

And calculate with variations in the angle of attack
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The angle of attack horizontal = angle of attack body +
incidence horizontal — downwash.

The flow of data processing to obtain the downwash
angle is as follows :

-

» Configurations tail off and tail on

#Variation of flap deflection
*Qutput Cm vs alpha

* Using the Downwash equation

Dawmwash

Calculatian

+ Downwash angle

Fig. 7. Flow chart data processing of wind tunnel.

Several data corrections have been applied to wind
tunnel test results, including:
- Weight correction
- Zero correction
- Tunnel wall disturbance correction
- Solid blockage correction
- Tare force correction

3. Research Results and Discussion
3.1. Simulation Results

The simulation is carried out by varying the different
pairs of tail positions, which are symbolized as H61, H62,

and H63. The results obtained are graphs of the lift force
coefficient and pitch moment coefficient.

C
L
1r — CFD H61
— CFD H62
ol CFD H63
x
=5 5 10 15

Fig. 8. CL vs Angle of Attack at flap=0.

Figure 8 shows the lift coefficient relative to the
change in angle of attack at flap=0. From Fig. 8, it can be
seen that the trend line is the same, and the different tide

DOI:10.4186/¢j.2024.28.12.29

positions of H61, H62, and H63 do not have a significant
effect.

M —— CFD H61

— CFD H62

\M_ CFD H63
—— o

Fig. 9. Cy vs Angle of Attack at flap=0.

Figure 9 shows the pitch moment coefficient relative
to the change in angle of attack at flap=0. From Fig. 9, the
difference in the pitch moment character can be seen
where the H61 tail configuration is smaller than the H62
and H63 tail configurations.

Fig. 10. Pressure distribution in aircraft and flow of
downwash.

Figure 10 shows the pressure distribution on a 19-
passenger aircraft and the downwash flow in the H61 tail
configuration. The red color shows a greater pressure level,
while the blue color shows a small pressure level. The
greatest pressure is experienced on the front surface of the
aircraft.

Figure 11 shows the pressure distribution at different
tail tide positions. Pressure changes occur on the surface
of each tile configuration. The greatest pressure occurs on
the front surface of the tail (leading edge).

Figure 12 shows the flow visualization of the
downwash flow for aircraft when the angle of attack
changes with different tail positions. From Fig. 12, it can
be seen that the downwash flow in the HO61 tail
configuration hit the tail at an angle of attack of 14°, while
for H62 and H63, it hit at an angle of attack of 16°.

The downwash angle from the simulation results
cannot be obtained with certainty, but some references
can help calculate the downwash angle. In this
investigation, the downwash angle was obtained from
wind tunnel test results.
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Fig. 12. Flow visualization of downwash flow at a variant of tail and angle of attack.

3.2. Wind Tunnel Results

From the processing of the wind tunnel test data, the
data for all configurations tested will be analyzed to obtain
the downwash angle and dynamic pressure on the
horizontal tail [25]. In this case, we only calculate the
downwash angle from the wind tunnel results.
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Fig. 13. Changes in Cy to Angle of Attack between tailless
and tailless for the H61 configuration and changes in flap
deflection.

The graph in Fig. 13 shows the Cy graph for the angle
of attack with a different flap deflection for the H61

configuration. From this graph, what will be seen is the
intersection of the Cy values between the configuration
without a tail (tail off) and the configuration with a tail
(H61), where for the HTP pairing angle 5° with flap
deflection of 0° it can be seen that the point of intersection
is at an angle of attack of -1°, while a flap of 10° is at an
angle of attack of 1° and a deflection of 40° is at an angle
of attack of 6°. For the HTP angle of 0° with 0° flap
deflection, it can be seen that the point of intersection is
at an angle of attack of 7°, while a 10° flap deflection is at
an angle of attack of 9°, and a deflection of 40° is at an

angle of attack of 14°.
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Fig. 14. Changes in Cy to Angle of Attack between tailless
and tailless for the H62 configuration and changes in flap

deflection.
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The graph in Fig. 14 shows the Cy graph for the angle
of attack with a different flap deflection for the HG62
configuration. From this graph, what will be seen is the
intersection of the Cy values between the configuration
without a tail (tail off) and the configuration with a tail
(H62), where for the HTP angle 5° with a 0° flap
deflection, it can be seen that point of intersection is at an
angle of attack of -2°, while a 10° flap deflection is at an
angle of attack of 0° and a 40° deflection is at an angle of
attack of 5°. For HTP angle of 0° with 0° flap deflection,
it can be seen that the point of intersection is at an angle
of attack of 6°, while a 10° flap deflection is at an angle of
attack of 8°, and a deflection of 40° is at an angle of attack
of 12°.
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Fig. 15. Changes in Cy to Angle of Attack between tailless
and tailless for the H63 configuration and changes in flap
deflection.

Figure 15 shows the Cy graph for the angle of attack
with different flap deflections for the H63 configuration.
This graph is the result of plotting; what will be seen is the
intersection of the Cy values between the configuration
without a tail (tail off) and the configuration with a tail
(H63), where the HTP mounting angle of 5° with a flap

deflection of 0° it can be seen that the point of intetsection
is at an angle of attack -2°, while a 10° flap deflection is at
an angle of attack of 0° and a 40° deflection is at an angle
of attack of 3°. For an HTP angle of 0° with 0° flap
deflection, it can be seen that the point of intersection is
at an angle of attack of 5°, while a 10° flap deflection is at
an angle of attack of 7°, and a deflection of 40° is at an
angle of attack of 11°.

So, to prove this, calculations are carried out using the
equation to calculate downwash. The initial step to
obtaining the value of the downwash angle is to calculate
the value of the moment coefficient delta with variations
in the tidal angle and flap deflection. In this paper,
different configuration positions of the horizontal tail are
carried out with tidal angles of 0° and 5°.
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Flap 40 12k

1o

iy
;

L L I
15 -10 -5 ] 5 10 15 20 25

Fig. 16. Changes in downwash angle to changes in flap
deflection for the H61, H62, and H63 configurations.

Figure 16 shows the change in downwash angle to the
change in angle of attack for the H61, H62, and H63
configurations with different flap deflections. From the
three images, it can be seen that as the flap deflection
increases, the downwash angle also increases.

Figure 17 shows the change in the downwash angle to
the change in the angle of attack for different flap
deflections with the H61, H62, and H63 configurations.
From the three images, it can be seen that as the flap
deflection increases, the downwash angle also increases.
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Table 3. Calculation results of downwash angle of attack
and downwash angle at an angle of attack of 0° with
changes in the flap angle.

Configuration 9&/d0. ‘ &0
Flap 0 deg
Ho1 0.3850 4.25
Ho62 0.3861 4.09
H63 0.3455 3.51
Flap 10 deg
Ho1 0.4282 5.50
Ho62 0.4012 5.06
Ho63 0.3640 4.73
Flap 40 deg
Hol 0.4541 7.94
Ho62 0.3494 8.41
H63 0.4114 6.76

3.3. Comparison Simulation and Wind Tunnel

To see the comparison between the simulation and
the wind tunnel test results, look at the pitch moment,
which is displayed in graphic form below (Fig. 18)
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Fig. 18. Comparison between simulation and wind tunnel
test at flap 0.

In Fig. 18, you can see the trend line of the pitch
moment from simulation results and wind tunnel tests at
flap 0. The results of the pitch moment coefficient are not
very significant between the simulation and the wind
tunnel results.

4. Conclusion

In the downwash investigation with wind tunnel
testing, it can be concluded that :

1)  The flap deflection greatly affects the downwash felt
by the HTP. The greater the resulting flap downwash
deflection, the greater the value of the downwash
angle will change with the angle of attack.

2)  Slope downwash and angle of attack when the angle
of attack is 0°, 0¢/da =0.386 for the HO62
configuration.

) This downwash will later be used to see the
contribution of HTP to the aircraft configuration.

4)  The comparison between the simulation and the

wind tunnel has the same trend at the pitch moment.
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