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Abstract—Wind tunnel tests were implemented for experimental verification of the reversibility theorem
for three various shapes of fore body for an axially symmetric thin body in direct and reverse streams. Be-
sides, such tests were implemented for UAV models with three types of wings. Results of investigations

showed that the error of execution reversibility theorem consequence can achieve 12.5% at the range of
angles of attack from 0 to 20° (accordingly, from 180° to 200°).

Index Terms—Reversibility theorem, airfoils, direct and reverse streams, acrodynamic characteristics;
analysis (mathematics); subsonic flow; drag and lift force coefficients.

I. INTRODUCTION

In series of impotent tasks connected with calcu-
lations of motion of airfoils in the air, it is neces-
sary to have their aerodynamic characteristics at an
angles of attack from 0 to 180° or 360° [2], [5]. In
particular, these aerodynamic characteristics should
be used for UAV which is launched from an aircraft
against direction of its movement [4]-[6].

Usually, a take-off (start) of UAV from the air-
craft is performed in the direction of its movement,
but there is a method of UAV takeoff from the air-
craft in the reverse direction of its movement [5].

The advantage of this tactical method is follow-
ing: a significant portion of the space in the rear he-
misphere of the aircraft will be reached faster by
UAV (Fig. 1).

Let assume an aircraft / moves along the trajec-
tory 5 and a need arises to deliver specified cargo to
point B. At takeoff of UAV 3 from aircraft / in the
direction of its movement, it should make a turn
with the highest possible overload and move along
the trajectory 2. At takeoff of UAV 3 against the
direction of movement aircraft /, the distance cov-
ered (trajectory 4) is significantly shorter and time of
flight is less.
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Fig. 1. Flight trajectories of UAV at takeoff from aircraft
along and against direction of its movement

Receiving of reliable aerodynamic characteristics
is a consuming and expensive process, and an appli-

cation of the reversibility theorem (RT) allows reduc-
ing the price of development and modernizing pers-
pective UAVs.

It is known [1], [3] that the RT in aerodynamics
sets the integral relationship between the downwash-
es and aerodynamic loads on a thin wing with a di-
rect (V) and reverse (V) streams:

APy (x, 2) W (X, 2) dxdz = AP, (x, z) wr (x, z) dxdz, (1)

where V; is a speed of direct flow and V. (V. = V)) is
a speed of reverse flow (Fig. 2), P is the pressure dif-
ference on upper and lower wing surfaces (aerody-
namic load) while arbitrarily given distribution of
downwash w(x, z) (subscript f refers to the direct
flow, » — to the reverse flow), integration is made on
the wing surface S (Fig. 2). The equation (1) is valid
in case of flow around a wing by ideal incompressi-
ble fluid, and also when an equation for the velocity
potential is a linear in the exact formulation of a task
or approximately.
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Fig. 2. The thin wing with direct and reverse streams

This theorem is approved by application of Green
formula to this linear equation taking into account
appropriate boundary conditions.

II. PROBLEM STATEMENT

From the RT it follows a series of consequences
that simplify the calculation of operating on the wing
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aerodynamic forces and moments. According to one
of them, the lifting force of the wing in direct flow
has the same value as that in the reverse flow.

Another consequence relates to the calculation of
aerodynamic forces and moments from the wing with
a deformable surface or deflectable organs of control.

The aim of this work is the experimental check-
ing of the first consequence of RT for an axially
symmetric body with an empennage.

For this purpose wind tunnel tests with subsonic
flow (velocity of flow letter or equal 50 m/s) are to
be implemented. For the experiments three configu-

rations of the fore body for an axially symmetric thin
body were chosen. Besides, for these configurations
of the fore body three types of wings were chosen:
No.10 — monoplane; No.11 — annular wing; No.12 —
latticed wings.

III. DESCRIPTION OF THE UAV MODELS AND
EXPERIMENTAL RESULTS

The external appearance of UAV with an annular
wing and different types of fore body is shown in
Fig. 3.
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Fig. 3. The external appearance of the forward part of UAV with an annular wing: (a) is the front view; (b), (¢), and (d)
is the side view: (b) is conical — No.1; (c) is ogival — No.2; (d) is hemisphere — No.3

Dimensions of UAV for Fig. 3,b are: length of
UAV L=10d; diameter D = 2d; d = 0.1 m; [ = 8d,
dl =0.1d.

Dimensions of an axially symmetric thin body for
other configurations of the forward part differed
slightly.

The external appearance of UAV with wings
“monoplane” is shown in Fig. 4. Dimensions of the
monoplane wing are: D = 3d; 12 =1.1d; I1 = 0.5d.

The external appearance of UAV with latticed
wings is shown in Fig. 5. Dimensions of the latticed
wing (Fig. 6) are: D = 3.2d; /1 = 0.1d, d2 = 1.1d,
d1 = d. Dimension of the lattice is equal d3 = 0.1d.

At implementing of experiments, wind tunnel
tests for direct and reverse streams were done for
both isolated axially symmetric thin bodies and

UAYV models with wings. Results of comparison of
the lift force coefficients for isolated axially symme-
tric thin bodies for direct and reverse streams are
shown in Table I and in Fig. 7. As a numeric factor
of RT execution it was chosen the value

Cr—cx _Cr+cx
Erom 0, )

y+exp

where C are the lift force coefficients at direct

y+exp
direction of stream; Cy_exp are the lift force coeffi-

cients at inverse direction of stream.

Results of comparison of the lift force coefficients
for the UAV ready-assembled for direct and reverse
streams are shown in Table II and in Fig. 8.
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Fig. 4. The external appearance of UAV with wings “monoplane”: (a) is the side view; (b) is the front view
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Fig. 5. The external appearance of UAV with latticed wings: (a) is the side view; (b) is the front view

Comparison of experimentally obtained coeffi-
cients C, for direct and reverse flow with their theo-
retical values is shown in Table III and Fig. 9, where
as numeric factors of RT execution E,; (3) for direct
flow and E,.;; (4) for inverse were chosen.
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Fig. 6. The external appearance of a latticed wing

The expression of numeric factors of RT execu-
tion E,.;; and E,.;, are represented below:

xtheor Cx+exp

Ere”: ) (3)

xtheor

xtheor

Eyer= (4)

xtheor

where C,,,. is the calculated (theoretical) value of

the drag force coefficient for the chosen model in the
direct stream; C,, ., is the experimental value of the
drag force coefficient for the chosen model in the
direct stream; C,_, is the experimental value of the
drag force coefficient for the chosen model in the
reverse stream.

TABLE |

RESULTS OF COMPARISON OF THE LIFT
FORCE COEFFICIENTS FOR ISOLATED AXIALLY
SYMMETRIC THIN BODIES FOR DIRECT AND REVERSE

STREAMS
a, grad 5 10 15 20
No.l| 125 | 10.2 | 81 | 3.0
E.x10% INo2 | 87 | 85 | 6.3 | 105
No3 | 124 | 47 | 37 | 32
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TABLE I1

RESULTS OF COMPARISON OF THE LIFT FORCE
COEFFICIENTS FOR UAV MODELS FOR DIRECT AND
REVERSE STREAMS

a, grad 5 10 15
No.1-10 6.3 6.0 6.6
E,.x102 | No.1-11 7.6 3.8 4.4
No.1-12 12.5 7.5 2.5

TABLE II1

RESULTS OF COMPARISON OF THE DRAG FORCE
COEFFICIENTS FOR UAV MODEL NO.1 WITH WING
“MONOPLANE” FOR DIRECT AND REVERSE STREAMS

a, grad 5 10 15 20
Crrexp 0.85 1.45 2.52 3.93
Crexp 0.76 1.31 2.87 3.56
C: theor. 0.85 1.41 2.3 3.57

E,.n%x102 0 2.8 8.7 9.2
E,nx102 11.7 7.6 1.3 0.3
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Fig. 7. Dependence of the numeric factor of RT execution
for the different types of fore body from an angle o
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Fig. 8. Dependence of the numeric factor of RT execution
for the UAV models from an angle o
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Fig. 9. Dependence of the drag force coefficients of the
UAYV for the direct and reverse streams from an angle o

Dependencies of the numeric factors E,.;; and E,.
from an angle attack are shown in Fig. 10.

As follows from the analysis of the results of the
experiments (see Figs 7 and 8), the smaller relative
error is achieved at high angles of attack due to an
increase of the absolute value of the lift force coeffi-
cient C,, which is included in the denominator of the
equation (2).
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Fig. 10. Dependence of the numeric factors of RT
execution E,.; and E,.p from an angle o

V. CONCLUSION

The accuracy of coincidence the main aerody-
namic characteristics of the UAV, for forward and
reverse flows, is determined in this article.

Wind tunnel tests for experimental verification of
the RT for three various shapes of fore body for an
axially symmetric thin body for direct and reverse
streams were implemented. Besides, such tests were
implemented for UAV models with three types of
wings. Results of investigations showed that the er-
ror of execution RT consequence can achieve 12.5%
at the range of angles of attack from 0 to 20° (accor-
dingly, from 180° to 200°).
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M. ®@. Tyniuun, A. A. 3iranmms, I. O. Crenanenko. ExcnepumeHnTanbHa nepeBipka TeopeMu 000pOTHOCTI 1JIst
0CceCUMETPUYHOrO0 TiJIa 3 ONepPeHHsIM

[IpoBeneHo BUNPOOYBaHHS B aepoAWHAMIYHIA TPYOi IUIS €KCIIEPUMEHTAJIbHOI MEepeBIpKU TEOPEMH OOOPOTHOCTI JUIst
TPBOX Pi3HUX (OPM HOCOBOI YACTHMHU OCECHMETPHYHOrO TiJIa B MPSIMOMY 1 3BOpOTHOMY MoTokax. Kpim Toro, Taki Bu-
npoOyBaHHs npoBezieHo it Mozenel BITJIA 3 TppoMa Tumamu Kpuil. PesyiabraTu JoCiipKeHb MoKa3ajd, M0 TOMHUIIKA
BUKOHAHHSI CJIIJICTBA 3 TeOpeMH 000pPOTHOCTI MOke nocsirat 12.5% y niamasoni kytiB aTaku Big 0 o 20° (BignoiaHo,
Big 180° mo 200°).
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[IpoBeneHbl UCHBITAHUSA B a3POJUHAMHYCCKON TPYOe Ui SKCICPUMEHTAIBHON MPOBEPKH TEOPEMBI OOPATHMOCTHU IS
TpeX pas3IuuHBIX (POPM HOCOBOW YACTH OCECMMMETPHYHOIO Tejla B MPSIMOM U O0OpaTHOM mMoTokax. Kpome Toro, Takue
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omMOKa BBITIOTHEHUSI CIIEICTBUS U3 TEOPEMBI 00PaTUMOCTH MOXKET octurath 12.5% B quamnazoHe yriioB ataku ot 0 1o
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