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ABSTRACT

In wind tunnel experiments, test models are often mounted using external force balances, which require support
structures such as masts. These elements can interfere with the flow field, influencing measured aerodynamic
forces and moments. This study investigates the acrodynamic impact of a cylindrical mast used to support a light
combat aircraft model in a wind tunnel environment. Numerical simulations were performed in Ansys Fluent to
evaluate the aecrodynamic interference introduced by the mast. Three methods of determining the aircraft’s aerody-
namic characteristics were analyzed, with particular attention given to both qualitative and quantitative aspects of
mast-induced disturbances. Results show that the mast consistently increases the total drag coefficient across the
full range of angles of attack, with the effect most pronounced at lower angles. For example, at o =—-20°, the mast
contributes approximately 24% of the total drag. In the near-zero range of o =—4° to 4°, where overall drag remains
low (C, = 0.115-0.148), the mast’s contribution becomes proportionally more significant. This highlights the
necessity of accounting for support interference in wind tunnel testing to avoid underestimating drag. In contrast,
the mast has a relatively minor effect on lift. Its influence is slightly positive in negative lift regimes and slightly
negative under positive lift conditions, but the changes are marginal (about 3% of the maximum lift coefficient)
and do not meaningfully alter the overall lift behavior. These findings underline the importance of incorporating
mast effects in aerodynamic analysis for accurate interpretation of wind tunnel data.

Keywords: aerodynamics, aerodynamic interference, aerodynamic coefficients, computational fluid dynamics,
wind tunnel.

INTRODUCTION

small objects, such as cereal seeds [9]. Wind tun-
nel designs are fundamentally classified based
on the air circulation method (open or closed cir-
cuit) and the achievable air velocity (subsonic,
transonic, and supersonic). There are also special
tunnels, such as those simulating icing conditions
[10, 11]. Regardless of the tunnel design, the test
object must be positioned within the measure-

Experimental aerodynamic studies of wvari-
ous objects are conducted using wind tunnels.
Wind tunnels facilitate investigations of aircraft
models [1-3] or their components, such as em-
pennage, wings, and propulsion system elements
[4-6]. They are also extensively utilized in the
automotive industry, for example, to reduce ve-

hicle air resistance [7], and in civil engineering
to examine wind pressure distribution on build-
ing facades [8]. Micro wind tunnels are also used
for measuring the aerodynamic forces acting on
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ment chamber in a secure manner that allows
for the operation of measuring instruments. The
safety aspect involves mounting the model to re-
main stationary relative to the airflow during the
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measurement procedure. The balance and sting
are subjected to variable loads resulting from the
airflow interaction. Therefore, it is essential to en-
sure high sting stiffness, which enables the secure
mounting of the model within the wind tunnel
[12]. Simultaneously, the mounting of the object
should allow for the operation of a force balance,
which measures the aerodynamic forces and mo-
ments acting on the model during testing. Con-
sequently, several typical methods for mounting
the object within the measurement chamber are
employed. Mounting involves the use of supports
attached to the walls of the wind tunnel’s mea-
surement chamber, with the test object installed
at their mounting points. These include wire sup-
port, strut support, and sting support. Regardless
of the model mounting method within the mea-
surement chamber, the support must ensure the
maintenance of the model’s aerodynamic center
position with changes in the model’s angular po-
sition relative to the airflow direction [13]. In the
case of strut support, the test model is installed
on a support mast, while the measurement system
is located outside the measurement chamber. The
most commonly employed mounting method in
low-speed wind tunnels is rear-mounted support.
In such cases, the most significant distortion of
the aircraft model’s aerodynamics occurs in its
aft region, specifically in the area of the empen-
nage and tail. The rear-mounted mast typically
takes the form of a cylinder, often stepped with
smooth transitions between successive diam-
eters. Support interference can lead to incorrect
measurements of aerodynamic forces, moments,
and drag characteristics. This can result in inac-
curate predictions regarding the behavior of the
real-world object in flight. Therefore, it is cru-
cial to evaluate this phenomenon and attempt to
minimize its impact on the overall aerodynamic
characteristics of the test object. Minimization
of interference effects can be achieved through
modifications to the support’s shape to reduce
aerodynamic drag. Numerical simulations aimed
at designing a fairing around the support to miti-
gate its acrodynamic interactions with the fuse-
lage boundary layer are presented in reference
[14]. Another method involves the correction of
data obtained from both numerical and empiri-
cal techniques. The mast constitutes an additional
source of aerodynamic drag. Its presence disrupts
the velocity and pressure fields around the test
model (e.g., aircraft). This disruption results in
the phenomenon of aerodynamic interference,

which occurs when two or more objects are with-
in an airflow and interact aecrodynamically. The
airflow around one object influences the airflow
around the other, potentially leading to changes
in the aerodynamic forces acting on these objects.
Support disturbances are a significantly greater
concern in dynamic testing than in static testing
[15]. This issue is further complicated by the fact
that mutual aerodynamic interactions vary with
the test model’s angle of attack. Tilting the ob-
ject results in a change in the mast’s orientation
relative to the incoming airflow, which, consider-
ing the mast’s geometry, causes a change in the
aerodynamic forces generated on it. A compila-
tion of literature dedicated to the topic of support
interference of wind tunnel models is presented in
reference [16]. The issue of sting support interfer-
ence was analyzed by Carter [17]. It was shown
that a rear support housing carrying a sting and a
vertical incidence strut will induce a pressure gra-
dient on the model, which will lead to an increase
in axial buoyancy force. Studies on a diamond-
shaped support were conducted in reference [18].
The advantage of this solution is a reduced impact
on lift due to its conical profile. The analysis of
this mutual interaction between the model and the
mast can be conducted using various techniques.
The first is direct wind tunnel measurements us-
ing a force balance [19]. Complementary to this
method is the velocity field imaging method, such
as PIV (particle image velocimetry) or Schlieren
imaging. The second method involves the use of
numerical simulations based on computational
fluid dynamics (e.g., CFD) [20]. This technique
involves creating a digital model of the test object
and defining physical models related to airflow.
This method can be used to model the velocity
and pressure fields around an aircraft [21] and
other aecrodynamic objects [22, 23]. Both of these
approaches were applied in studies of dummy
strut interference with a large transport aircraft
model [24]. In this study, attention was paid to
the importance of corrections related to the Mach
number and angle of attack in transonic flows, for
both wind tunnel tests and calculations.

Beyond these applications, CFD has also been
employed in a wide range of other aerodynamic
studies. Examples include the analysis of turbu-
lence evolution in a fan rig under boundary layer
ingestion (BLI) conditions using the URANS
(Unsteady Reynolds-Averaged Navier-Stokes)
approach [25], as well as the evaluation of a verti-
cal axis wind turbine with adjustable blade pitch,

31



Advances in Science and Technology Research Journal 2026, 20(1), 30-47

enabling torque and power analysis across differ-
ent speeds [26].

The selection of parameters related to model
support in the wind tunnel and selected aspects
related to their optimization are presented in ref-
erence [27]. Numerical calculations were per-
formed using the CFD method. This method can
also be used to calibrate the flow in the wind tun-
nel measurement chamber and to assess support
and wall interference according to commonly ac-
cepted experimental procedures [28]. CFD simu-
lations encompassing wind tunnel interference ef-
fects can be used to validate the numerical model
[29]. A comparison between the results obtained
in the wind tunnel and simulations revealed the
extent of modeling error introduced by neglecting
the support structure [30]. Although study [31]
primarily focuses on wind tunnel experiments,
it also incorporates a comparison with 2-D CFD
simulations of a NACA 0018 airfoil, revealing
discrepancies between numerical and experimen-
tal predictions of lift and drag.

The results of an experimental study on the
influence of model support on the determination
of aerodynamic coefficients in a wind tunnel are
presented in reference [32]. It was found that the
main disturbances pertain to the yawing moment
coefficient. The results of acrodynamic coefficient
calculations without disturbances for a training
aircraft model were compared with experimental
data. Studies on the aerodynamic interference of
support with a road vehicle model are presented in
references [33, 34]. The conducted tests revealed
a slight increase in drag and a larger increase in
lift due to interference with the upper support. It
was observed that wheel supports increase lift.
The effects of support interference were analyzed
in [35, 36], where CFD results with and without
the support structure were compared. The studies
demonstrated that the influence of support inter-
ference on the model can be appropriately cor-
rected using Mach number correction and buoy-
ancy correction methods for forebody drag. Strut
interference for various angles of attack and side-
slip in the case of a turboprop transport aircraft
model was analyzed by Russo [37]. The issue
of strut interference in high-speed flows is more
complex due to the physics of the phenomenon,
which can lead to the presence of shock waves or
flow separation in regions of high-pressure gra-
dients. Interference for high Mach numbers and
cylinder and rhombus models was investigated
by Lee [38]. Aerodynamic interference of a strut
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with external and internal pivots was studied in
reference [39]. Hebbar and Sommers [40] inves-
tigated the aerodynamic interference of a strut
designed for mounting a lightweight fighter pro-
totype. The analysis revealed that interference re-
duction can be achieved by attaching the forward
struts to the wing tips and the aft strut to the tail
hook pivot point. Another analysis of tests for two
combat aircraft configurations revealed the exis-
tence of unsteady interference phenomena in the
wind tunnel involving coupling between support
and wall interference mechanisms [41].

It should be noted that the mast is not the
only source of aerodynamic interference present
in wind tunnel conditions. The interaction of the
tunnel walls and floor can also be significant — the
floor can induce an effect similar to ground effect,
altering the angle of deflection of the wake behind
the wing of the investigated object. Eventually,
the wake may change its position versus the tail
[42]. On the other hand, this effect is easily miti-
gated by increasing the distance from the floor.

In this paper, the aerodynamics of an aircraft
in the form of a trainer/combat aircraft mounted on
a strut support (Figure 1) with external force and
moment measurements, which was the subject of
consideration in reference [43], are analyzed.

The mounting took the form of a single strut
in the shape of a stepped cylinder. Particular at-
tention was paid to the aerodynamic interference
of the aircraft model and the mast. The studies
were conducted using the CFD method. For this
purpose, a geometric model of the test object was
developed and placed in a created computational
domain. Then, a computational mesh was gener-
ated, and the parameters of the flow model were
defined. A series of calculations were performed
for various angles of attack. Subsequently, a
quantitative and qualitative analysis of the mast’s
influence on the aerodynamics of the aircraft
model itself was performed.

RESEARCH OBJECT AND METHODOLOGY

The Alenia Aermacchi M-346 Master aircraft
was selected as the reference object for the devel-
opment of the aircraft model in this study. This
selection was based on its operational use at the
Polish Air Force University. The M-346 Master
(designated “BIELIK” in the Polish military) is a
tandem-seat, twin-engine aircraft designed for ad-
vanced flight training. In the initial phase, a 1:48
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Figure 1. (a) Wind tunnel used for experimental studies and (b) a view of the test object (an Alenia Aermacchi
M-346 Master model) during wind tunnel testing [43]

scale physical model was used to generate the
digital aircraft model. A 3D scanning technique
was employed using a Nikon scanner equipped
with a non-contact Model Maker MMDx scan-
ning head. Geomagic Design X software was
utilized to capture and map the geometry of the
target object. The scanning process resulted in a
point cloud dataset, which was processed within
the software to create a detailed 3D mesh. Sub-
sequently, SolidWorks software was used to con-
struct the final aircraft model based on the pro-
cessed geometry from Geomagic Design X.
The prepared model was used to conduct

a numerical aerodynamic analysis, incorporat-
ing minor simplifications to facilitate the proper
generation of the computational mesh necessary
for numerical calculations. In the Ansys Mesh-
ing module, computational meshes were gener-
ated by selecting appropriate element sizes cor-
responding to the characteristic dimensions of the
computational domain. Due to the specifics of the
calculations, three independent computational
domains were prepared. In order to evaluate the
influence of the mast on the aerodynamic charac-
teristics of the aircraft under study, the following
variants were prepared:
1. Flow around the aircraft alone, positioned

within the measurement space.
2. Flow around the aircraft with the mounting

mast.
3. Flow around the mast alone, without the

aircraft.

The results for variant I, obtained through
numerical simulation, can serve as reference val-
ues, as they pertain to the aircraft alone. For the
sake of order, this variant is designated as the

first (1) method for determining the aircraft’s
characteristics. The second (2) method for de-
termining the aerodynamic characteristics of the
aircraft can be based on variants II and III. In
this method, the aircraft’s characteristics are de-
termined by subtracting the forces and moments
obtained in variant III (for the mast alone) from
the values of forces and moments acting jointly
on the mast and aircraft from variant II. A third
(3) method for calculating the values of forces
and moments acting on the aircraft alone can
also be considered, by appropriately partitioning
the domain and reading these values separately
in variant II (CFD method provides this capabil-
ity). All of the mentioned methods are presented
graphically in Figure 2.

For the aforementioned variants, computa-
tional meshes were generated using the tetra-
hedral method with the patch conforming algo-
rithm. A prism layer consisting of 5 layers with
the Smooth Transition Option was defined on the
wall surfaces. For variant I, the skewness index
was 0.93844, for variant II it was 0.82435, and
for variant III — 0.94025. The generated mesh in
variant I consisted of 6,908,751 clements with
1,915,778 nodes, in variant II it consisted of
955,343 elements with 248,836 nodes, and in
variant III, 6,088,803 elements with 1,690,000
nodes, respectively. The thickness of the prism
layer was determined based on the flow type de-
fined by the Reynolds number. The mesh plays
a very important role in CFD simulations, as the
type and quality of the mesh determine the ac-
curacy of the calculations. A view of an example
mesh is shown in Figure 3.

Figure 4 illustrates the considered computa-
tional domains encompassing the aforementioned
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Method (1)

Figure 2. Graphical representation of three approaches (methods) aimed at determining the aerodynamic
characteristics of an aircraft: method (1) — flow around the isolated aircraft,
method (2) — flow around the aircraft with the mast, reduced by the flow around the mast alone,
method (3) — flow around the aircraft with the mast, but without accounting for the mast itself

Figure 3. View of an example mesh for variant I, encompassing the aircraft model and mast

three research object variants. Each variant was
enclosed within a domain measuring 700 x 700
x 1500 mm (width x height x length). These di-
mensions are adequate for the measurement space
dimensions of the wind tunnel in which the ex-
periment was conducted.

The calculations were performed for a three-
dimensional, turbulent, steady-state flow. Ansys
Fluent software, which is based on the finite vol-
ume method, was used for this purpose. The cou-
pled method was applied to solve the pressure-
velocity coupling equations. Second Order Up-
wind discretization schemes were selected for the
spatial discretization of turbulent kinetic energy,
turbulent dissipation rate, energy equation, and
pressure. The k- SST (shear stress transport)
turbulence model was selected for the numerical
analysis. This model introduces two additional
transport equations into the Reynolds-averaged
Navier-Stokes equations: one for the turbulent ki-
netic energy and one for the turbulent dissipation
rate. The k- SST turbulence model was chosen
due to its relatively accurate representation of
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turbulence in the near-wall region, as well as its
low sensitivity to inlet turbulence boundary con-
ditions. In the next step, the boundary conditions
were defined. The CFD geometric model has one
inlet and one outlet. The air inlet to the computa-
tional domain was set as a velocity-inlet with a
value of 40 m/s. The outlet from the domain was
set as a pressure-outlet, and the outlet pressure
was set to standard atmospheric pressure. Physical
parameters such as air density and viscosity were
set for a temperature of 299 K and were 1.177 kg/
m? and 1.85-107° kg/(m-s), respectively.

RESULTS

Analysis of variant |

Frist variant involves calculations of the air-
craft model alone, without the mast. The results
obtained in this manner will serve as a reference
value. They are presented in the form of basic
characteristics in Figure 5. For the considered



Advances in Science and Technology Research Journal 2026, 20(1) 30-47

Figure 4. View of the considered research objects (left) and the computational domains created for them (right)
for: (a), (b) variant I; (¢), (d) variant II; (e), (f) variant III

case, in the range of negative angles of attack, the
drag coefficient increases with the pitching of the
aircraft model, where at a = —20°, the C_ value is
0.238. The minimum value of 0.038 is reached
at a = —4°. The drag coefficient C_value for an
angle of attack a = 0° is 0.047. In the range of
positive angles of attack, the drag coefficient in-
creases with the increase of the angle of attack.
Initially, the increase is slow — from a value of C
=0.047 for o = 0° to C_= 0.075 for o = 4°. Then,
this increase becomes faster, reaching a value of
C_=0.500 for a = 20°. The increase in drag in
this range may be caused by the increasing fron-
tal area and the intensification of flow separation
phenomena, which causes greater disturbances
and aerodynamic drag.

The relationship between the lift coefficient
C. and the angle of attack o largely indicates

a typical, linear increase in lift with increasing
angle of attack (in the range from —16° to 8°),
reaching a maximum value at o = 20°. At an angle
of attack of 0°, the aircraft model generates posi-
tive lift, which is justified by its asymmetry. In
the range of negative angles, the lift coefficient C.
is negative. At a = —20°, the C_ value is —0.846,
indicating a significant downward force. With
smaller negative angles of attack (approaching
0°), the lift coefficient increases until it reaches a
value close to zero at a = —4°. For a = 0°, the C.
value is 0.328. For positive angles of attack, the
lift coefficient increases almost linearly with the
increase in the angle of attack. Starting from C,
=0.328 at a = 0°, the C_ value increases to 1.043
at a = 20°. This increase is relatively rapid up to
8° and indicates effective lift generation with an
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Figure 5. Relationship of aerodynamic coefficients to the angle of attack for the considered variant I

increase in the angle of attack. At larger angles,
the lift coefficient still increases, but more slowly.

The CMy values are initially negative, indicat-
ing that the aircraft has a tendency to pitch down
(nose-down). The smallest CMy value of —0.080
was observed at a = —16°. As the angle of attack
increases, the Cy, values increase (with smaller
absolute values), suggesting a decrease in the
pitching tendency. For further increases in the an-
gle of attack, C, assumes positive values, reach-
ing a maximum value of C,, = 0.041 at a=28°.
However, at even larger angles of attack, the CMy
coefficient begins to decrease again, reaching a
negative value of C,, = —0.053 at a0 = 20°. The
prepared model, representing the actual aircraft,
does not exhibit stability within the required
range, but this may be due to inaccuracies in its
representation. However, this issue is not the sub-
ject of this work, and in the following section, the
influence of the mast mounting the aircraft model
in the tunnel will be discussed.

Analysis of variant Il

The approach presented above enables the
analysis of aerodynamic forces and moments act-
ing on the object under study. The selected CFD-
based method allows for the reading of forces or
moments on any (previously defined) surface of
the object. In the considered case for variant II,
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which reflects the conditions in the tunnel, i.e.,
includes both the aircraft model and the mast, it
was decided to separately present the loads on
these elements. As shown in Figure 6, the char-
acteristics of the mast will be indicated in red, the
aircraft in green, and the mast and aircraft com-
bined in blue. It should be noted that at this stage,
the results for these two elements are considered,
but within the same shared flow (as in a wind tun-
nel). Consequently, the results reflect their aero-
dynamic interference.

Figures 7 and 8 show the characteristics of
the drag coefficient, lift coefficient, and pitching
moment coefficient for variant II, respectively.
The green data series pertains only to the aircraft
model, while the red series pertains to the mast.
The blue data series represents the sum of these
two previous series. In reality, an external aerody-
namic balance measures the forces in a summed
manner, and there is no direct method to identify
the forces separately on the considered surfaces.
Analyzing the results for variant I, which present
the aerodynamic coefficients for the M-346 air-
craft model and the mounting mast as a function
of the angle of attack a, we can draw the conclu-
sions presented below.

For negative values of the angle of attack, the
drag coefficient C, gradually decreases, reaching
the lowest value around a = —4°. Then, with an in-
crease in the angle of attack, C_starts to increase
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Figure 6. Graphical representation of the model with identification of separated elements for analysis
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Figure 7. (a) Relationship of aerodynamic drag coefficient C to angle of attack and
(b) relationship of lift coefficient C. to angle of attack for the studied object, with separation of aircraft and mast

again, reaching maximum values for positive val-
ues of the angle of attack. The lowest value of the
aerodynamic drag coefficient, approximately C =
0.042, was obtained at an angle of attack o = —4°.
This is the point at which the aerodynamic drag
force acting on the aircraft is the smallest.

At positive angles of attack, the value of the
acrodynamic drag coefficient increases signifi-
cantly, which is consistent with expectations. For
larger angles of attack (above o = 8°), the increase
in C_becomes more rapid, suggesting increased
air flow disturbances around the wing and other
non-linear aerodynamic effects. The C (@) curve is
not symmetrical with respect to the axis (a =0°).
The C, values for large negative angles of attack

are smaller than for the same positive values. This
means that drag increases more rapidly for posi-
tive angles of attack. In the case of the aerody-
namic drag coefficient C_ for the mast, relatively
small changes were observed throughout the en-
tire range of angles of attack a. The C_ values os-
cillate around an average value of approximately
0.073, indicating relatively stable aerodynamic
properties of the mast, regardless of the angle of
attack. In contrast to the results for the aircraft
model, the mast’s drag coefficient does not show
a significant increase or decrease as a function of
the angle of attack. For an angle a = 20°, the C_
coefficient is 0.069 while for o =-20°, it takes a
value of 0.080. These differences are small and do
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not significantly affect the overall aerodynamic
drag generated by the mast.

The summed aerodynamic drag force charac-
teristic for the aircraft and mast shows a similar
trend to the drag force characteristic for the air-
craft alone. This is due to the practically constant
drag force value of the mast, which only caused
an upward shift of the aircraft’s characteristic.
The C_ values for the “aircraft + mast” assem-
bly increase from 0.115 at o = —4° to 0.569 at
o = 20°. Based on this, it can be concluded that
the mast contributes to an increase in the C_val-
ues throughout the angle of attack range, but its
influence is more noticeable at smaller angles of
attack. For negative angles of attack, the mast
adds a significant portion to the total drag, as
seen in the example of a =—20°, where the mast’s
drag constitutes approximately 24% of the total
drag. In the angle of attack range from o = —4°
to o = 4°, the total aerodynamic drag coefficient
is relatively low, reaching values from 0.115 to
0.148. In this zone, the drag generated by the mast
constitutes a significant portion of the total drag,
suggesting that in real tunnel experiments, the
mast’s influence should be considered for accu-
rate representation of the aircraft’s aerodynamic
characteristics. At angles of attack greater than
o = 8°, the total drag coefficient begins to increase
rapidly, reaching a value of 0.569 at a = 20°. In
this zone, the mast’s drag becomes less significant
compared to the drag generated by the aircraft,
which may result from the intensification of vor-
tex phenomena on the aircraft’s wing.

The sum of the lift coefficients for the aircraft
and mast exhibits a typical trend for this type of
object, where with an increase in the angle of at-
tack a, the value of the lift coefficient C_ increas-
es. The largest value of the C_ coefficient, equal to
1.020, was achieved at an angle of attack a =20°.
The mast introduces some disturbances in the lift
force values, but its influence is small compared to
the values obtained by the aircraft. At an angle of
attack a = 0°, the lift force increases from 0.334 to
0.337, indicating a marginal effect of the mast on
the total lift force in this configuration. For posi-
tive angles of attack, the mast slightly lowers the
C. values, e.g., at a = 20°, the total C_ coefficient
1s 1.020, while for the aircraft alone it would be
1.042. This value is lowered by the negative con-
tribution of the mast, which may result from its
interference with the airflow under the fuselage
and wings of the aircraft. For negative angles of
attack, the mast has a positive contribution to the
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total lift force, e.g., at a = —20°, the C_ coefficient
increases from —0.890 to —0.859, indicating some
improvement in lift, although these values still re-
main negative, which is characteristic of aerody-
namic configurations at negative angles of attack.
Overall, the mast does not introduce significant
disturbances to the course of the lift force charac-
teristic. In conditions of generating negative lift,
its influence is positive, while at positive lift, this
influence is negative, but in both cases the chang-
es are relatively small (on the order of 3% of the
maximum value) and do not significantly affect
the overall lift force characteristic.

Analysis of variant Il

Variant 11, as depicted in Figure 2, involves
the flow around the mast alone. The analysis of
basic aerodynamic coefficients was conducted for
the same range of angles of attack. In this case,
there is no interaction between the mast and the
aircraft model. The C_values are relatively close
to each other, ranging from 0.070 to 0.074 (Figure
9). However, it can be observed that C_initially
increases in the range of angles of attack from
—20° to —8°, then begins to decrease down to a
value of 20°. The maximum C value (0.074) oc-
curs at an angle of attack of —8°, while the mini-
mum (0.070) occurs at an angle of 20°. It is worth
noting that the distribution of the C_ coefficient as
a function of the angle of attack is not symmet-
rical with respect to the 0° angle. The C| values
are higher for negative angles compared to their
counterparts on the positive side. For example,
at an angle of attack of —20°, the C_ coefficient
is 0.073, while at 20° it is 0.070. This difference
may result from the fact that when tilted forward,
air tends to flow along the leading edge towards
the floor of the tunnel measuring space, and when
tilted backward — towards the free end of the sin-
gle strut support. Nevertheless, compared to the
higher value, this difference is only 5%.

The C. coefficient values show a clear depen-
dence on the angle of attack a. For angles of at-
tack from —20° to 20°, a gradual decrease in C.
values is observed. At negative angles (from —20°
to 0°), the C. coefficient is positive. However, its
value decreases with decreasing angle of attack,
reaching a value close to zero at an angle of 4°. It
should be noted that the behavior of the C coef-
ficient is not symmetrical with respect to the angle
of attack o = 0°. The values for negative angles are
larger (positive) compared to their counterparts on
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the positive side. At angles of —20° and 20°, the
C. coefficient reaches its extreme values: for —20°
it is 0.027, and for 20° it is —0.022. The largest
positive value of the C, coefficient (0.027) occurs
at an angle of attack of —20°, which means that
in this range the lift force is the largest. For posi-
tive angles, the lift force begins to act downwards,

and the largest negative value of the C_ coefficient
(—0.022) occurs at an angle of attack of 20°. The
results suggest that the influence of the lift force
generated by the mast on the lift force of the entire
system (aircraft+mast) is negligible.

In the case of the CMy characteristic, it should
be noted that the values are negative for the entire
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range of angles of attack. This indicates the action
of the pitching moment in one constant direction
and is natural: the moment is expressed relative
to the aircraft’s center of gravity, which is con-
sistently located above the mast. Thus, the mast’s
drag force always results in a negative moment
(tendency to pitch down). The C, coefficient
values generally decrease (become more nega-
tive) with an increase or decrease in the angle
relative to the value at an angle of attack of 0°.
In the range of angles from —12° to 4°, the CMy
coefficient values are relatively stable, with small
fluctuations around —0.120. The smallest pitching
moment value (least negative) occurs at an angle
of attack of 0° and is —0.120, indicating a minimal
pitching moment at this point. At higher angles of
attack (above 12°), the C, coefficient values rap-
idly decrease (become more negative), reaching
the lowest value (—0.134) at an angle of attack of
20°. The distribution of the C My coefficient values
is not symmetrical with respect to the 0° angle.
For negative angles (from —20° to 0°), the CMy
values are slightly smaller (less negative) than for
their corresponding positive angles. For example,
at an angle of —20°, the CMy coefficient value is
—0.128, while at 20° it is —0.134. These conclu-
sions highlight the significance of the angle of at-
tack in shaping the pitching moment acting on the
mast, which can be crucial for interpreting wind
tunnel results for the tested model.

Analysis of the velocity and pressure fields
around the studied object

The results in the form of velocity and pres-
sure contours are presented in Figures 10, 11, and
12, respectively, for selected angles of attack, i.e.,
—20°, 0°, and 20°. Analyzing the velocity field re-
sults, several significant dependencies can be ob-
served, describing the influence of the mounting
mast on the velocity. In the considered case for
variant II, for all angles of attack (=20°, 0°, 20°),
the maximum velocity is higher compared to the
reference variant I. The largest difference occurs
at an angle a = —20° and is +1.855 m/s, and the
smallest at an angle a = 0°, i.e., +1.105 m/s. This
indicates that the presence of the mast affects the
acceleration of the flow around the model, which
may result from additional aerodynamic interfer-
ence or a local increase in the stream velocity.
In the case of variant III, the maximum velocity
is significantly lower compared to the reference
variant | for all angles of attack. For an angle
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o=-20°, the difference is as much as 16.54 m/s,
for a = 0°, i.e., —2.765 m/s, and for a = 20°, i.e.,
—12.86 m/s. This means that the mast itself does
not cause a significant acceleration of the flow.
Based on the above, it can be concluded that
the mounting mast influences the increase in the
maximum velocity around the aircraft, which may
change its aerodynamic characteristics. The mast
itself generates significantly lower maximum ve-
locities compared to the aircraft alone. At larger
inclinations relative to the angle a = 0°, the veloc-
ity differences are more pronounced, which may
indicate significant aerodynamic effects related to
the interference of the mast and the model.

Analyzing the maximum pressure values on
the aircraft model surface for different variants
and angles of attack, it can be seen that for all
angles of attack, the pressure values in variant II
are higher than in variant I. The largest difference
occurs at an angle a = 0°, and the smallest at an
angle a = 20°. They are +54.4 Pa and +1.15 Pa,
respectively. This indicates that the presence
of the mast increases local pressure values. In
the case of variant III, for angles a = —20° and
o = 0°, the pressure is higher than in variant I,
which may indicate the presence of a high-pres-
sure region on the mast surface itself. However,
for an angle a = 20°, the pressure is significantly
lower, suggesting that in this configuration, the
flow around the mast generates lower maximum
pressure values. For large angles of attack, the
mast influences the deflection of air streams in
such a way that it does not cause such large pres-
sure increases as the aircraft model itself. For a
= 0°, the difference between variant [ and vari-
ant I is as high as 54.4 Pa, which may mean
that at an angle of 0°, the presence of the mast
most strongly affects the pressure distribution.
For angles oo = —20° and a = 20°, the differences
are smaller, suggesting that the influence of the
mast on the maximum pressure values decreases
at larger angles of attack.

Taking this into account, it can be concluded
that the mounting mast influences the increase in
maximum pressure on the model surface, which
may alter the local aerodynamics of the aircraft.
The greatest influence of the mast is observed at
an angle of 0°, which may mean that in this con-
figuration, the interaction of air streams with the
mast is the strongest. And at an angle o = 20°, the
mast itself does not generate high pressure, which
may indicate other dominant acrodynamic effects
in this configuration.
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Figure 10. Comparison of velocity contours (left) and pressure contours (right) for an angle of attack o = —20°
for the considered geometry: (a), (b) variant I; (c), (d) variant II; (e), (f) variant III

Analysis of the lowest pressure values in the
analyzed area indicates that variant II (aircraft +
mast) exhibits greater negative pressures than vari-
ant I. Variant III (mast alone) exhibits significantly
lower negative pressures than the aircraft itself,
suggesting that its influence on pressure is differ-
ent than in the case of the entire aircraft model. The
largest difference between variants II and I occurs
at an angle o = 20° (—239 Pa), while for angles o
= 0° and o = 20°, the differences are smaller. The
mast in variant Il causes a significant increase in
negative pressure (—4200 Pa vs. =3961 Pa), which
means that it disturbs the flow around the model
and may lead to a change in lift on the aircraft
model. The mast alone (variant II) has a signifi-
cantly lower negative pressure (—2189 Pa), which

in turn suggests that it does not generate signifi-
cant aerodynamic effects related to lift.

DISCUSSION

The analysis presented above aimed to un-
derstand the mutual aerodynamic interactions of
the distinguished elements (aircraft and mast). By
having the calculation results for the three ana-
lyzed variants, it is possible to perform an analy-
sis of the mast’s influence, which is used during
wind tunnel testing. It should be emphasized that
during tunnel tests, due to the use of an exter-
nal balance, it is not possible to read the forces
and moments acting only on the test object. The
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(e)

reading of these quantities is done for the set: test
object (e.g., aircraft) together with the mast.
Figures 13 and 14 compile the basic charac-
teristics obtained by three different methods. The
most important aspect is determining the influ-
ence of the mast on the obtained characteristics.
First, the characteristic of the C_ coefficient was
analyzed. The characteristics for methods (2) and
(3) generally show a similar shape to the charac-
teristic for method (1). However, there are some
differences in the C_ coefficient values for indi-
vidual angles of attack. The largest differences
were observed for extreme angles of attack, es-
pecially for the angle —20°, where the C_coef-
ficient for methods (2) and (3) is greater than for
method (1). In the case of the second method (2),
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Figure 11. Comparison of velocity contours (left) and pressure contours (right) for an angle of attack o = 0°
for the considered geometry: (a), (b) variant I; (¢), (d) variant II; (e), (f) variant III

the minimum absolute difference compared to
method (1) is only —0.00012, and the maximum
is 0.02418. For method (3), this difference was
0.00067 and 0.01773, respectively.

In the case of the C, coefficient for methods
(2) and (3), a similar trend was obtained to the
reference characteristic obtained by method (1).
However, there are some differences in the C.
coefficient values for individual angles of attack.
The largest differences appear for angles of at-
tack —20° and 8°, where the C_ values for meth-
ods (2) and (3) are significantly different from the
reference (method 1). Despite this, both methods
showed agreement with the reference character-
istic (1) at a high level, as in the case of the sec-
ond method (2), the minimum absolute difference
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Figure 12. Comparison of velocity contours (left) and pressure contours (right) for an angle of attack o = 20°
for the considered geometry: (a), (b) variant I; (c), (d) variant II; (e), (f) variant III

compared to method (1) was only —0.00208, and
the maximum was —0.05298. For method (3), it
was —0.00187 and 0.05009, respectively.
Referring to the results presented in Figure 9,
the mast is characterized by its own drag and lift
coefficients. The study conducted by Haque et al.
[18] in a low-speed wind tunnel showed that a dia-
mond-shaped strut generates less lift compared to
a cylindrical support. The obtained lift coefficient
at a velocity of 40 m/s was approximately 0.002,
while the drag coefficient was around 0.01. Mou-
ton et al. [24] investigated the influence of a cy-
lindrical support during tests of an aircraft model.
Experimental results revealed that the drag coef-
ficient depended on the angle of attack and exhib-
ited significant scatter. The drag coefficient varied

between approximately —0.0035 and 0.0055. The
effect of the support on axial force was well pre-
dicted by simulations and fell within the experi-
mental uncertainty range for all tested angles of
attack. The lift coefficient ranged from about
0.0055 to 0.0160. The coefficient values obtained
by the authors of this study for the tested strut are
0.0041 for the lift coefficient and 0.0725 for the
drag coefficient at zero angle of attack.

The situation is different with the pitching
moment coefficients CMy. Both methods (2) and
(3) give results that differ from method (1). These
differences vary depending on the angle of attack.
However, it should be noted that methods (2) and
(3) give results that are close to each other (espe-
cially in the area of positive angles of attack), but
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Figure 14. Relationship of pitching moment coefficient to angle of attack

differ from method (1). The maximum coefficient
difference for method (2) compared to method
(1), which is 0.01320, occurred at an angle of
4°, and the maximum coefficient difference for
method (3) compared to (1), which is 0.01635,
occurred at an angle of —12°. In summary, both
methods (2) and (3) show clear differences com-
pared to the reference (method 1).

In addition to the comparative analysis of
three different methods for obtaining aerodynam-
ic characteristics numerically, it is worth referring
to the results from the wind tunnel experiment,
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some of which were included in [43]. To this end,
the results obtained from wind tunnel tests were
also included in Figure 13. Based on the pre-
sented data, a comparative analysis of numerical
and experimental results can be performed. In the
case of the drag coefficient, all three computation-
al methods show very similar values and behave
consistently with the experimental results. The
largest errors occur in the range of angles from
—8° to 0°, which results from the fact that the
C_values in this range are low, so even a small
difference causes a high percentage error. For
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larger angles of attack, there is relatively good
agreement, and for example, for a > 8°, the rela-
tive error drops below 20%, and for a = 20°, it
reaches the lowest value of approximately 9.8%.
This means that the models accurately represent
drag for larger angles of attack. Thus, although
the relative error is large for small C_ values, the
overall trend of the results is correct. In the case
of the lift coefficient, good agreement also occurs
for large angles of attack. For a > 8°, the relative
error does not exceed 10%, which means that the
models accurately represent lift in this range. The
problematic range of low angles, where the rela-
tive errors are much larger, also results from the
fact that in this range the force values are low, so
even a small difference causes a high percentage
error. Very good convergence of method 2 occurs
for o = 8°, where almost identical results were ob-
tained as in the wind tunnel (relative error of only
0.2%). Numerical model can be used for aerody-
namic analysis, but in the future, they can be cali-
brated to obtain even smaller relative errors.

CONCLUSIONS

The conducted analysis allowed foradetailed
evaluation of the aerodynamic interactions of
the support structure on the aircraft model in the
measurement chamber of a closed-circuit wind
tunnel. Based on the conducted calculations, the
following conclusions were drawn. The model
support consisted of a cylindrical mast. At one
of its ends, the tested model was installed, and
at the other, an external force balance was locat-
ed. Tests and numerical calculations confirm the
significant contribution of the mast to the total
drag force. For instance, at a=-20°, the mast
contributed approximately 24% of the total drag
coefficient. The support system of a research
object, such as the light combat aircraft M-346
Master, cannot be ignored in the analysis of its
characteristics. A very good convergence of the
C(a) and C (@) characteristics of the test object
itself, obtained by subtracting the support, was
confirmed. In the range of a = 8° to 20°, the
relative error in lift coefficient remained below
10%, and for a = 8°, it was as low as 0.2%. Ad-
ditionally, low support interference on the C ()
and C (a) characteristics of the aircraft model
was achieved.

Although the mast introduces some distur-
bances in the total lift coefficient C, it does not

have a decisive influence on the aerodynamic
characteristics of the entire system. Its influence
is noticeable but relatively small. For example, at
o = 20°, the total lift coefficient decreased from
1.042 (aircraft only) to 1.020 (aircraft + mast),
indicating a change of approximately 2.1%. This
means that the experimental results obtained from
wind tunnel tests of the aircraft can be considered
close to the actual results without considering the
mast. However, this aspect should be taken into
account in precise analyses.

In the case of small angles of attack, partic-
ularly from o = —4° to o = 4°, special attention
should be paid to subtracting the drag from the
mast to obtain accurate results for the aerodynam-
ic characteristics of the aircraft itself.

The analysis of three methods for assessing
the influence of the mast allowed for drawing
conclusions related to eliminating the influence
of this object on the aerodynamics of the tested
model. In the case of the C coefficient, both meth-
ods (2) and (3) show small deviations from the
reference characteristic (obtained using method
1). The largest differences occurred for extreme
angles of attack, especially for an angle of attack
of —20°. For method (2), the maximum difference
compared to method (1) was 0.02418, while for
method (3), it was 0.01773. In general, method
(2) is closer to the reference (method 1) com-
pared to method (3). However, both variants are
acceptable in the context of agreement with the
reference characteristic. The situation is similar
in the case of the C coefficient. For method (2),
the maximum difference was —0.05298, while for
method (3), it was 0.05009.

The developed aerodynamic characteristics
can be used to develop an algorithm for correct-
ing wind tunnel test results to improve the quality
of modeling the real object under experimental
conditions. To verify the presented results regard-
ing the impact of the support, further research in-
volving additional objects is planned.
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