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Abstract

The article presents the results of the study of the spatial flow pattern of the aircraft mod-
el, the study of the flow structure near the surface of the aircraft by experimental and numeri-
cal methods. Comparative materials for visualizing flows around a conical model with a stern
control body — a flat end shield during supersonic flight in atmospheric pressure air are pre-
sented. The difference from the qualitative flow pattern according to experimental spectra at
M~=4 and M=5.5 lies in the presence, in addition to the formation of a breakaway flow zone in
front of the shield, an oblique jump of the seal (from the point of separation of the flow) and a
more intense direct jump of the seal, the possibility of the appearance of a flow separation
zone induced by the shield on the side of the model surface opposite the shield, with the for-
mation of an oblique jump of the seal. The efficiency of increasing the number of brake
shields installed on the cylindrical-conical model is considered. The results of measurements
of the dependence of the increments of the drag coefficient of the tested models on the area of
the shields are presented.

Keywords: aeroballistic experiment, aircraft, flow, seal jump, drag, cylindrical-conical
model.

The use of photoregistration in an aeroballistic experiment makes it possible to obtain
high-quality shadow photographs of the flow spectra, which make it possible to study the
flow structures near the surface of the aircraft or its model [1-10]. The study of the spatial
flow pattern by reversed experiment and numerical calculation does not guarantee the de-
tection of all possible effects detected while observing dynamic similarity, which can pro-
vide a direct aeroballistic experience with shooting a model of an aircraft (AC) into free
flight. Thus, according to the theoretical scheme, when a supersonic flow flows around the
shield 6 (Fig. 1), located on the lateral conical surface of 2 aircraft, a spatial shock of com-
paction 5 occurs, which in turn forms a zone of circulation flow 4, bounded by the separa-
tion line 7 and the jump 3 [11].
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Fig.1. Flow diagram during the flow around the aft shield

The separation of the flow in front of the shield can be laminar (Fig.1,b), transient or
turbulent (Fig.1,a), which manifests itself in the form of a significant or small-sized separa-
tion zone and small or large flow separation angles (for laminar or turbulent separation,
respectively). Consequently, the flow pattern is affected by the roughness of the lateral sur-
face, as well as the relative radius of blunting of the cone and the angle of attack.

1.1. Consider what gives the calculation of a blunted cone with a flat end control panel.
A version of the LOGOS engineering software package was used for computer modeling
[12]. During the simulation, aerodynamic forces and moments acting on the streamlined
surface of the model were determined. All parameters of the flowing gas in the calculated
volume are obtained - pressure fields, densities, temperatures, velocities. The three-
dimensional calculation of the process of external flow of models by a supersonic flow of
compressible gas was carried out taking into account the corresponding boundary condi-
tions on the surface of the model and on the walls of the computational domain. The com-
plete Reynolds-averaged Navier-Stoks equations were solved, supplemented by the equa-
tions of kinetic energy transfer of turbulence and its dissipation, formulated in the frame-
work of a two-parameter k-e turbulence model. At the same time, the transition of a lami-
nar boundary layer to a turbulent one, as well as directly laminar and turbulent boundary
layers, are modeled using two-scale wall functions that provide high accuracy and versatili-
ty. The appropriate calculation method is selected automatically depending on the calcu-
lated grid, two options for calculating the boundary layer depending on the flow parame-
ters are implemented — the "thick boundary layer" model for calculating boundary layers
on a detailed grid, and the "thin boundary layer" model for calculating on a coarse grid. It
should be noted that in many problems, both approaches allow us to obtain a solution ac-
ceptable in accuracy on a rather coarse grid. The range of the considered initial flow veloci-
ties was 2 - 6 M. The flow of the model was carried out at the axial direction of the initial
flow velocity, that is, at zero angle of attack, as well as at angles of attack -2, 2, 5 and 10 °.
For air, the equation of state of a perfect gas was used.
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Fig. 2. The computational  Fig.3. Fragments of a counting grid adapted after 3520 itera-
domain used, constructed tions near the bow and stern parts of the model for flow
taking into account the around with an initial velocity of M = 6.
symmetry conditions.



The studied model was characterized by a base diameter of 60 mm and a length of
215.7 mm. The relative area of the control panel was 0.040 of the base area. The dimen-
sions of the calculated domain, taking into account the symmetry, were 68x60x30 cm. The
domain with the model located in it (half of the model) is shown in Fig. 2. The original grid
consisted of 209524 cells, and the corresponding adapted grids for M = 2-6 consisted of
397544, 589365, 791238, 984648 and 1237320 cells. In Fig. 3, fragments of the adapted
grid for flow conditions with an initial velocity of M = 6 are shown on an enlarged scale.

In the process of calculation, the full domain fields were determined for all parameters
of the flowing gas, including the distribution on the surface of the model, and the values of
all the necessary aerodynamic characteristics of the model were given. In particular, for
different initial flow velocities and the five angles of attack considered, the resistance coef-
ficients in the direction of the x and y axes (Cx, Cy) and the moment coefficients relative to
the z axis (m.) were determined. When determining the values of the coefficients, the value
of the total area of the maximum cross-section of the model, taking into account the shield,
was used.

The results obtained at different angles of attack are shown in Fig. 4-11. Figures 4-6
show the nature of the change in the values of the coefficients Cx, Cy and m. with an in-
crease in the number of iterations, that is, the nature of their convergence. The calculation
results for M = 2, 3, 4, 5 and 6 are indicated respectively by rhombuses, squares, triangles,
circles and markers in the shape of the letter K. Fig. 7a shows the pressure field for the ini-
tial flow velocity M = 2. The pressure range used for visualization is 0 - 600 kPa here, the
width of the monochromatic bands in the upper image corresponds to a value of 2.4 kPa.
Figure 7b shows the density field for the initial flow velocity M = 2. The density range used
for visualization is 0 - 5 kg/ms3 here, the width of the monochromatic bands in the upper
image corresponds to a value of 20 g/ms3. Figure 7b shows the temperature field for the ini-
tial flow velocity M = 2. The temperature range used for visualization is 200-600 K here,
the width of the monochromatic bands in the right image corresponds to a value of 1.6 K.
The results obtained at angles of attack -2, 2, 5, and 10° are shown in Fig. 8-11. The width
of the monochromatic bands in the upper image of Fig. 11b corresponds to a value of 2.0 K.
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Fig. 4. The change in the values of the Cx coefficients with an increase in the number of
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Fig. 6. The change in the values of the coefficients mz with an increase in the number
of iterations for the angles of attack a = 0° (a), -2° (b), 2° (¢),5° (d), 10 ° (d) and the initial

flow velocity M = 2-6.
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Fig.7. Pressure fields (a), density (b), temperature (c) for zero angle of attack and ini-

tial flow velocity M = 2.
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Fig. 8. Pressure fields (a), density (b), temperature (c) for the angle of attack a = -2 °

and the initial flow velocity M = 2.
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Fig. 9. Pressure fields (a), density (b), temperature (c) for the angle of attack a = 2 °
and the initial flow velocity M = 2.

a b c
Fig. 10. Pressure fields (a), density (b), temperature (c) for the angle of attack a = 5 °
and the initial flow velocity M = 2.



a b c
Fig. 11. Pressure fields (a), density (b), temperature (c) for the angle of attack a = 10°
and the initial flow velocity M = 2.

1.2. Based on the calculated estimates, experiments were carried out in an aeroballistic
dash [13], where the dynamics of the flight of a model with a shield control was studied. A
model similar to the one discussed above, placed in a split pallet with the shield facing
down, was fired from a powder ballistic installation with speeds in the range M = 4-5.5.

The movement of the model is characterized by significant radial deviations relative to
the main aiming line of the shooting range in Y and Z (from = 0 m at the beginning of the
measuring section to 2.5 m at the end) and the presence of large balancing angles of attack.
At the same time, fluctuations in the angle of attack are attenuated. The rotation of the
models relative to the longitudinal axis (according to y) due to the twist in the barrel of the
ballistic installation (the appearance of the initial angular velocity of rotation of the model
relative to the longitudinal axis wx0 when the aircraft moves in the barrel channel), oc-
curred clockwise in the direction of movement and led to a change by an amount from 100
to 1050 when moving on the measuring section of the shooting range.

We note significant nonlinear effects in the aerodynamic characteristics of the aircraft
due to the presence of unstable unsteady areas in the zone adjacent to the shield at large
angles of attack, as well as their dependence on the aerodynamic angle of roll, which led to
the appearance of a systematic component depending on the discrepancies between the
calculated and experimental values of 6 and y (pitch and yaw) with good compliance cal-
culated and experimental values of the balancing angle apal.

The difference from the qualitative flow pattern (Fig.1) according to experimental spec-
tra at M~=4 and M=5.5 is the presence, in addition to the formation of a breakaway flow
zone in front of the shield, an oblique shock of compaction (from the point of flow separa-
tion) and a more intense direct shock of compaction, of the possibility of a shield-induced
flow separation zone on the surface side 12). Here and further, the shadow spectra are
shown reflected vertically by 180° — the shield is up, and in the experiments the model flew
with the shield down. The vertical line in the pictures is a vertical plumb line; the horizon-
tal line is the border of two separate films in the cassette.



Fig. 12. Shadow spectra of the flow around a model with a flat end shield at V = 1715 m/s,
9~ -1°y =-160°(a); V~ 1935 m/s, 9~ 4°, y= -145° (b)

The size of the tear-off zone depends on the magnitude of the angle of attack and the
angle of orientation of the shield relative to the plane of resistance. At an angle of attack
close to 0°, the front boundary of the separation zone covers the entire lateral surface of
the research object (OI) adjacent to the bottom end and closes on the opposite side near
the bottom cut by £ = 1.6 (distance from the separation point S to the shield 1 / h) from it
(Fig.12 a). When the shield is located on the leeward side of the model surface, with an in-
crease in the angle of attack, the size of the tear-off zone decreases, and its boundary at an-
gles of attack a < -2° does not close on the windward side of the model surface (Fig.13).
When the shield is located on the windward side of the model surface, with an increase in
the angle of attack, the size of the tear-off zone increases, and its boundary on the leeward
side of the surface moves to the toe of the model and at an angle of attack of =4° is separat-
ed from this cut by an amount of { = 4.4 (Fig.12 b).

Fig. 13. Shadow spectra of the flow around a model with a flat end shield at V = 1937 m/s, 9
-2,5°%y =-101°

2. Since the shield controls installed on this slice demonstrate efficiency when braking
the model, it is of interest to consider the feasibility of increasing them. It is of interest how
much more complicated the flow spectrum near the aft part of the model is now and
whether it is possible to evaluate the effectiveness of changing the air resistance force (drag
force coefficient) from the resulting shadow picture. As an object of testing during experi-
ments in the aeroballistic dash, models of cylindrical-conical aircraft without shields were
used - variant "N", with twenty evenly spaced brake shields of size h = 0.0917, b = 0.117 -
variant "20sh", with four brake shields of size h - b =0.0983 - variant "4sh1" and with four
brake shields of size h =b = 0.1683 - option "4sh2". Photos of the models are shown in Fig.

14.



Variant Variant Variant shields
“N + 1sh1” “N + 4sh1” “N + 4sh2”
Fig. 14. Photos of models

Variant “N”

As a result of aeroballistic tests of models with and without shields, shadow spectra of
the flow of models at Mach number were obtained. The sufficiently high quality of shadow
spectra for the tested model variants allows us to analyze some features in the flow of mod-
els with shield controls. Thus, the shadow spectra of the flow around the aft part of the
models have a characteristic appearance for bodies with a conical skirt, in the transition
zone to which there is a surge of compaction. The installation of the shields leads to the
formation of separation flow zones in front of them. The flow around the shields occurs
with the formation of a surge of compaction in front of them.

Variant «N+4sh1», M av =2,95. Variant «N+4sh2», M av =2,85.
Fig. 15. Flow spectra of the basic model and the model with 4 brake shields.

The coefficients of full and bottom resistance Cxs and Cxb models without a shield at
a=0° decrease with a change in the Mach number from M« =3 to M« =4 and increase with
an increase in the angle of attack a . The installation of shields, especially large shields,



leads to an increase in the coefficient of longitudinal force Cxy . The relative bottom pres-
sure P» in the absence of a shield decreases with an increase in the Mach number in the
studied range M« = 3 ... 4 and decreases in the angle of attack a . Theoretically, when the
shield is located on the windward side of the model (a =-10° ), an extensive zone of separa-
tion flow appears in front of it, bounded on the body by a drain line on which the current
lines touch inside and outside the separation zone. At the angle of attack a = 0° , the tear-
off zone remains very large. When the shield is positioned on the leeward side of the body
(which corresponds to the movement of the model at the balancing angle of attack), the
role of the separation zone remains significant — (see Fig. 15). The position of the flow sep-
aration point was located in the ranges Is = (2-4)h (see Fig. 16).
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Fig. 16 — Bottom section, h — height of the shield, D — diameter of the midsection.

According to estimates, the gas-dynamic parameters on the surface of the model re-
main almost constant along the length of its conical part from the shield to [ < 0.7D, when
the influence of the cylindrical part of the object becomes noticeable; the position of the
separation point [s the considered range Is = (2-4)h does not have a noticeable effect on the
change in the aerodynamic characteristics of the model due to the installation of the shield.

3. An increase in the number of brake shields to increase the drag coefficient due to the
"maximum" possible number of brake shields on the bottom section was considered on the
example of a model with twenty evenly spaced brake shields of size h = 0.0917, b = 0.117 -
variant "N-20sh".

Fig. 17. Flow spectra of a model with 20 brake shields at V1440 m/s.

It follows from the results of aeroballistic tests that the presence of twenty evenly
spaced brake shields (variant "N20sh") leads to an increase in the coefficient of drag force
by 2.5 times (by ACt = 0.407) at M = 3.

However, with such a number and configuration of shields, a tear-off zone is formed
on the surface of the model, the front boundary of which is located far upstream from the



shields on the cylindrical part of the surface of the model (Fig. 17). At the same time, the
movement of the models acquires a complex, pronounced inharmonic character of oscilla-
tions at pitch angles (0), yaw (y), and in conditions of unsteady flow, this zone causes self-
oscillations of the model with an increasing amplitude of oscillations at the corners (Fig.
18).

At the same time, with a smaller number of shields (a greater distance between them in
the circumferential direction), the flow pattern of the models is significantly different - the
separation zone is localized in the vicinity of each shield (Fig. 15). And from the point of
view of increasing the Ct coefficient, such shields are more effective: for example, four
shields with a relative area of 0.144 (option "4Nsh2"), i.e. almost 2 times smaller than the
area of 20 shields (option "N20sh"), lead to an increase in Ct by about 2.1 times. At the
same time, there is no phenomenon of "self-oscillation", i.e. stabilization (damping of os-
cillations) of the models occurs at the corners (Fig. 19).
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(o - test, — calculation).
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Fig.19. The dependence of the angles 9(t) and v in the experiment with the model of the
variant “4Nsu2” (o - test, — calculation).
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Fig. 20. Dependence of ACt on the area of the shields

Figure 20 shows the dependences of the increments of the drag coefficient ACt of the
tested models on the area of the shields.

The values of the size of the shields are related to the diameter of the midsection, the
total area of the shields is related to the area of the midsection.

Conclusion

A qualitative shadow picture of the flow spectra of the model with aft shields helps to
visually link the effectiveness of the controls used with changes in its aerodynamic charac-
teristics. The experimental flow pattern is only qualitatively modeled by numerical calcula-
tion and continues to be the best method of verifying a specific package designed for scien-
tific visualization of supersonic flows. The influence of the change in the number of brake
shields on the coefficient of the resistance force of the cylindrical-conical model is given.

The work was carried out with the financial support of the Russian Science Founda-
tion (project No. 20-19-00613).
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