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Abstract
This paper embraces result of wind tunnel tests of a rocket plane designed to space tourism application. The rocket plane 
is designed in a tailless configuration with a leading edge extension (LEX) and side plates on the wing’s tip which work as 
all moving tail. Usually for such a concept of control, movable surfaces are position in a horizontal direction while in the 
considered concept there is no classical rudder, and the movable surfaces are mounted with a significant dihedral angle. 
The research was carried out in the subsonic closed circuit wind tunnel with an open test section. Moreover, MGAERO and 
PANUKL package were used for numerical computations. The first research question is to investigate how the configuration 
of the side plate affects the directional stability of the rocket plane. The second aim is to study the efficiency of the side plates 
deflected like an all moving tail for both low and high angles of attack. As a result of this investigation, the directional stabil-
ity derivatives and the control derivatives were obtained. Finally, the experimental results were compared with numerical 
outcomes to establish does software with no full flow model can be applicable for design an aircraft with all moving tail in 
case of low of angles of attack.

Keywords  Wind tunnel tests · Directional aerodynamic characteristics · Directional control surface efficiency · Rocket 
plane · Space tourism

Abbreviations
α	� Angle of attack (AoA)
β	� Side slip angle
�C

Y

��
	� Derivative of side force coefficient in respect to 

side slip angle
�C

n

��
	� Derivative of yaw moment coefficient in respect to 

side slip angle
δR	� Angle of both side plates deflection (symmetrical 

deflection)
δRR	� Angle of right side plate deflection
δRL	� Angle of left side plate deflection
ϴd	� Yaw angle of lower side plate
ϴu	� Yaw angle of upper side plate
λd	� Taper ratio of lower side plate

λu	� Taper ratio of upper side plate
CD	� Drag coefficient
CL	� Lift coefficient
CMY	� Pitching moment coefficient
Cn	� Yaw moment coefficient
CY	� Side force coefficient
MAC	� Mean aerodynamic chord
TL	� Trend line
Re	� Reynolds number

1  Introduction

The suborbital flights can be a cheaper alternative for orbital 
space flights. For a such kind of flight, multiple applications 
can be listed [1] and [2], including educational purposes and 
improving products’ TRL level. While manned suborbital 
flights can be an opportunity for people who were not trained 
as professional astronauts and would like to visit the outer 
space by paying relatively low price compared to the orbital 
space flights. The booster for the development of the concept 
of reusable suborbital vehicles to commercial space tourist 
flights was the Ansary X-Prize competition that was won in 
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2004 by the Tier One Project (Space Ship One rocket plane 
and White Knight mother plane). Next, the race of design-
ing a vehicle that is going to use for commercial operations 
begun. The first suborbital flight with a customer on-board 
took place on the 20th of July 2021. The second commercial 
flight was on the 13th of October 2021. Both flights were 
above the Karman line (100 km above the sea level) and per-
formed by the New Shepard (Blue Origin) spacecraft. The 
second company which is a major player in suborbital tourist 
flights race is the Virgin Galactic. They performed a fully 
crewed flight above 50 miles on the 11th of July 2021 using 
the Virgin Galactic VSS Unity rocket plane, with the founder 
Richard Branson and the company vice president Sirisha 
Bandla on-board. Also, the Virgin Galactic’s license issued 
by the FAA for commercial space flights was expanded to 
fly customers. Those events are indicating that the era of 
suborbital manned commercial flights just begun.

An alternative application of the suborbital flights is a 
point to point transportation. Studies on both spaceport and 
vehicles can be found in [3–5] and [6]

The researchers from the Warsaw University of Technol-
ogy were inspired by the Ansary X-Prize competition and 
begun to work on their own concept of vehicle for manned 
suborbital tourism flights [7, 8]. The MAS (Modular Air-
plane System) project consists of two airplanes—a mother 
plane and a rocket plane (see Fig. 1). Individually each of 
those vehicles is designed as a tailless aircraft while con-
nected together creating a conventional aircraft. The rocket 
plane’s wing is utilized as an empennage of the whole sys-
tem. To enhance the aerodynamic force generated by the 
rocket plane and increase the critical angle of attack, the 
leading edge extensions (LEX) was applied [9] and [10]. 
Another feature that distinguishes the proposed project from 
the Tier One project are side plates attached to the rocket 
plane’s wing tips which working as the all moving tail (see 
Fig. 4). The rocket plane can take two passengers and one 
pilot on-board, the crew compartment which is located in the 
nose (Fig. 2). While the hybrid rocket engine is placed in the 
aft section. The shape of the fuselage was design to accom-
modate both passengers and all necessary systems includ-
ing the hybrid rocket engine. The weight ratio of the rocket 

plane take-off weight and the propellant weight is equal to 
2.46. The carrier is also designed as a tailless aircraft, for 
operations required two-man crew. The aircraft is propelled 
by two jet engines, of the total thrust is equal to 28.46 kN. 
The take-off weight of the standalone carrier is 5615 kg. The 
carrier pitch and roll motion can be control by the elevons 
while the yaw motion can be controlled by the rudder placed 
on the winglets.

The assumed mission profile for MAS is presented in 
Fig. 3. The rocket plane is lifted by the carrier up to 15 km, 
where the vehicles separate. The study into g-load acting 
on passengers during the separation process is presented in 
[14] and concluded that to achieve the lowest possible g-load 
the separation process should be performed with speed of 
100 m/s. But the separation with speed of 155 m/s still gives 
the g-load that is lower than FAA recommendation and helps 
to achieve the necessary speed at the end of the climb phase. 
Next, the rocket plane’s engine is igniting, and the rocket 
plane begins climbing. At the altitude of 67 kms the engine 
is shut down and the rocket plane begins ballistic flight. The 
rocket plane achieves altitude higher than 100 km. Then the 
side plates and elevons are deflected to prepare the rocket 
plane for return flight configuration which allows on flight 
at high AoA to engage the lift vortex phenomenon in the 
aerobraking. The next phase is the transition from high AoA 
to low AoA. The last element of the rocket plane’s mission 
is landing.

The concept of the rocket plane assumes the use of all 
moving tail to both the directional and longitudinal control 
(see Fig. 4). It was assumed that it should satisfy the pitching 
and yawing moment control for both the low and high Mach 
numbers. Results of previous research of both the MAS pro-
ject and the rocket plane are included in [7, 8, 11, 12, 13] 
While the result of numerical simulation and flight camp-
ing conducted to test the rocket plane response to control in 
longitudinal channel is presented in [14].

The next stage of the project is more detailed simula-
tion of the rocket plane trajectory. To solve this problem 
a reliable results of control characteristics are necessary. 
This paper is emphasized on directional characteristics and 

Fig. 1   The concept of MAS (Rocket plane – dark grey; Mother plane 
– light grey). Both airplanes designed in tailless configuration while 
in coupled configuration the rocket plane works as empennage

Fig. 2   Rocket plane’s inside layout
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method for a yaw control of the rocket plane. One of the 
goals was to investigate the idea of using this unconventional 
configuration in control of the yaw motion. Because this is a 
preliminary study it was decided that before it can be tested 
in conditions that can correspond to a specific point on the 
trajectory, a smaller subsonic wind tunnel with a quite low 
maximum speed (40 m/s) is going to be use first. Because 
the generation of the vortex lift does not depend on Reynolds 
number [25] then conducting the experiment for condition of 
Re bigger than critical Re allow to address another challenge 
which is the confirmation that the MGAERO software is a 
sufficient tool to be use in prediction of aerodynamic char-
acteristics of the vehicle with strong aerodynamic coupling. 
The major factor that causing this coupling is the strong 
vortex structure due to the LEX presents. Also, investigation 
how useful for such an unconventional configuration can be 
a potential flow software, in case of low AoA. Then in the 
future, the numerical software like MGAERO could be use 
in more accurate estimation of the flight condition during 
the mission and this information can be utilized to plan next 
more complex wind tunnel tests campaign.

The experimental results which are presented in this 
paper belong to a bigger wind tunnel tests campaign, for 
example, experimental and numerical study into the impact 

of the rocket plane configuration on the longitudinal char-
acteristics can be found in [15] including plots of lift, drag, 
and pitching moment coefficient.

The concept of the all moving tail is not a new idea but 
due to a primarily military applications of a such design 
widely available literature in this area is limited. Especially 
there is a lack of papers about the design guidelines for this 
kind of control surface arrangement and its effectiveness. 
Examples of aircraft which are equipped with this type of 
the control surfaces are F14, F16, F18, MIG 29, and MIG 
35. All those aircrafts using as control surfaces the all mov-
ing tail to only control pitch and roll motion while the yaw 
motion is controlled by a classical rudder. The movable 
surfaces are position in a horizontal direction while in the 
considered concept the novel part is that there is no clas-
sical rudder, and the movable surfaces are mounted with 
a significant dihedral (yaw) angle which allows to control 
both yaw and pitch motion. Such kind of configuration can 
be very beneficial for aircraft that should has compact design 
to be more difficult to be detected by a radar. Outcomes of 
the research into the impact of the side plates dihedral on 
longitudinal characteristics are presented in [13]. In the liter-
ature can be found example of research regarding lateral and 
directional static stability of tailless vehicle with twin verti-
cal tails [16]. Also, outcomes of the study into the impact of 
vortex flow on directional characteristics of delta wing with 
a single and twin vertical tail are presented in [17] and [18].

2 � Methodology

In this study, both numerical and experimental methods 
were used. The numerical outcomes were computed by the 
MGAERO software and PANUKL package. The first one is 
a commercial software for aircraft’s aerodynamic computa-
tions which utilizing the flow model described by Euler’s 
equations [19] and [20]. The limitation of the software is that 

Fig. 3   MAS mission profile

Fig. 4   The concept of control, upper plates could rotate while the bot-
tom one was fixed
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a vortex can be simulated but not its breakdown [21]. The 
considered rocket plane is equipped with the LEX, there-
fore, a strong vortex structure is expected which is going 
to affect the efficiency of the side plates. The MGAERO 
software is using a multigrid scheme to enhance computa-
tions efficiency. The numerical model of rocket plane for the 
MGAERO computations included 7 levels of grids. Both the 
body grid and multigrid scheme is presented in Fig. 5. All 
computations were done for precondition equal to 1 and CFL 
number on each level equal to 4 (default MGAERO set-up). 
The flow model simulated by the MGAERO software was 
compressible and inviscid.

The second numerical tool is the PANUKL package 
[22] which belongs to low order potential method (irrota-
tional, inviscid, and incompressible flow). This software 
was used for   computations of low angles of attack only. 
The numerical model consists of 6524 elements of the 
body grids. The numerical tools were used to determine 
does software with no full flow model can be useful for 
the design of an aircraft with all moving tail in case of a 
range of low angles of attack. The PANUKL package using 
the potential flow and required relatively low amount of 

the computation time. The package already proved that 
it can be successfully applied for design unconventional 
configurations [23] and [24].

The aim of the experiment was to collect the aircraft 
aerodynamics characteristics as well as to verify if the 
numerical results are reliable in terms of the vortex flow 
simulations. Because the vortex breakdown is independent 
of the Reynolds number [25], the experiment was carried 
out in the subsonic wind tunnel for the Reynolds number 
which was bigger than the critical Reynolds number this 
is going to ensure that the flow behavior is comparable.

Figure 6 presents example of Cp distribution computed 
by the PANUKL and MGAERO software. In case of the 
PANUKL model (picture on the left), the conical shape 
was added to avoid issue with the flat surface closing the 
fuselage. But the rocket plane results (coefficients) were 
computed by sum up all panels excluding the panels on 
the cone.

Fig. 5   The mesh on the rocket 
plane and structure of the multi-
grid blocks

Fig. 6    Example of Cp distribution for α = 0 deg. and β = 5 deg. computed by PANUKL (picture of the left) and MGAERO (picture on the right)
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3 � Wind tunnel test

3.1 � Experimental model

The 1:15 scale model was built to carry out tests in the wind 
tunnel (see Fig. 7). The summary of geometrical feature 
of the wind tunnel model and the full-scale rocket plane is 
presented in Table 1. The design of the model was planned 
in a way that the rocket plane’s components can be easily 
exchanged. The design of the wind tunnel facility allowed 
for attaching the fuselage as a base element. The fuselage’s 
shape was the same for all analyzed configurations. While 
rests of components (wing, LEX, and side plates) can be 
switched, to ensure that tests of different geometrical con-
figurations are possible. Three different sets of each compo-
nent were built, the impact of the LEX and wingtip plates on 
the longitudinal characteristics is presented in [15]. While 
this paper showing results for a single wing, a single LEX, 
and two configurations of the side plates only. Each set of 
the side plates is described by different yaw angles between 
the upper and lower plate(ϴu, ϴd). All sets have the same 
arm and area of the lower and upper plate. All configurations 
together with their denotations are presented in Fig. 8.

3.2 � Wind tunnel

The subsonic 1.16 m closed-circuit open test section wind 
tunnel was used to carry out experimental tests. The wind 
tunnel is located at the Warsaw University of Technology 
(the Faculty of Power and Aeronautical Engineering) and 
is equipped with the Witoszyński type balance [27] with a 
digital data acquisition system. In cases of collecting data 
for directional characteristics, the set-up of the wind tunnel 
allowed for measurement of the drag, side force, and yaw-
ing moment.

The wind tunnel model was designed as a modular object 
with exchangeable components. The fuselage geometry was 
the same for all considered configurations. The wing, LEX, 

and side plates were separate components, therefore, differ-
ent geometries of those components could be tested. The 
rocket plane model was hanged by means of wires which 
passed through muffs in the fuselage (see Fig. 9). The fuse-
lage was the same for all considered configurations and the 
attachments of rests of components were designed in a way 
that any component could be installed without removing the 
fuselage from the balance. This allows keeping the same 
model position for all geometrical configurations and ensure 
that all measurements are done regarding the same reference 
point. Both the wing and the LEX were attached directly 
to the fuselage while the side plates were attached to the 
wing’s tip.

3.3 � Test conditions and assumptions

All presented results were measured in the aerodynamic 
coordinate system at a free stream velocity equal to 40 m/s. 
The Reynolds number computed based on this speed and 
the mean aerodynamic chord (MAC) is about Re = 7*105. 

Fig. 7    Experimental model

Table 1   Summary of the rocket plane geometrical dimensions

Parameter name Full scale rocket plane Wind 
tunnel 
model

Wingspan (without the side 
plates) [m]

5 0.333

Wing area [m2] 18.84 0.084
MAC [m] 3.848 0.196

Fig. 8    Configurations of the all moving tail with denotations
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All measurements were taken in respect to 21% of the MAC 
which correspond to one of the rocket plane centers of grav-
ity. Also, the following assumptions for all directional tests 
ware made:

•	 The positive value of sideslip angle is defined in Fig. 10.
•	 The positive value of sideslip angle generates a positive 

side force and yawing moment (see Fig. 10).

•	 The positive value of the all moving tail symmetrical 
deflection is defined in Fig. 10. The asymmetrical all 
moving tail deflection occurs when only a single plate 
(right or left) is deflected.

•	 The yawing moment coefficient (Cn) is referred to the 
rocket plane wingspan without the side plates installed 
on the wing’s tips (see Fig. 10).

The directional characteristics were measured within the 
range of sideslip angle between 0° and  + 40° and for two 
angles of attack. Firstly for α = 0° which represents the case 
of a low angle of attack and then for α = 27.5°, just before 
the stall angle of attack.

4 � Results

4.1 � Directional aerodynamic characteristics

During the experiment, models with different side plates 
configurations were examined. Tests were carried out for 
the model with the side plates in configurations 1211 and 
1212 (see Fig. 8). The configuration 1200 which represents 
the case of the rocket plane without the side plates (Fig. 8) 
was tested as well to estimate the impact of the side plates 
on directional characteristics of the complete rocket plane. 
Moreover, configuration 1212 (see Fig. 8) was chosen to 
examine the concept of rocket plane directional control by 
deflecting the upper side plates like the all moving tail. Both 
symmetrical and asymmetrical deflections were tested. A 
picture of the model 1212 with a sample symmetrical deflec-
tion of control surfaces is presented in Fig. 11.

The first part of the experimental results are measure-
ments for different rocket plane configurations when the 
angle of attack is equal to α = 0°. The plots of the yawing 
moment coefficient and side force coefficient versus the side-
slip angle are presented in Fig. 12. The same types of plots 
but for the angle of attack equal to α = 27.5° (this case rep-
resenting high angles of attack, close to the stall angle) are 

Fig. 9    The experimental model hanged in the wind tunnel for the 
directional cases

Fig. 10    Force and moment sign convention and positive all moving 
tail deflection

Fig. 11    Top view of model 1212 with the all moving tail deflected 
under the direction test
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presented in Fig. 13. According to the assumed sign conven-
tion of the yawing moment (see Fig. 10), the aircraft is stati-
cally directionally stable, if the yawing moment coefficient 
curve has a positive slope [26]. It means that the condition 
(1) must be fulfilled.

All force and moment coefficients were referred to the 
same reference values, as the reference length the rocket 
plane wingspan without the side plates was assumed. For all 
considered configurations of the side plates, a small instabil-
ity 

(

𝜕C
n

𝜕𝛽
< 0

)

 was observed for low sideslip angles (β = 0° to 
β = 5°). This phenomenon was observed for both low and 
high angles of attack (Figs. 12 and 13). After that the rocket 
plane is directionally statically stable up to the sideslip angle 
of β = 32°. The effect of the configuration of side plates on 
the directional static stability is relatively small when the 
angle of attack is high. While for the low angles of attack the 
slope for model 1211 is steeper which means that this con-
figuration is more directional stable. The angle of the bottom 
plate of the configuration 1212 is equal to ϴd = 0 (it’s parallel 
to x–z plane) which means that the projection area of low 
plate is going to be bigger than for 1211 configuration. This 
would indicate that the geometry of the upper plate has a 

(1)
𝜕C

n

𝜕𝛽
> 0

bigger impact on the directional stability (slope) for low 
angles of attack then the lower plate. This was also con-
firmed by numerical results computed by MGAERO, the 
numerical results are presented in numerical outcomes.

4.2 � Directional aerodynamic characteristics 
for the deflected all moving tail

The tests for model with control surfaces deflected were 
carried out again for two angles of attack. For α = 0° 
which represents the case for a small angle of attack and 
α = 27.5° (the value just before the critical angle of attack). 
In this part of the investigation, only model 1212 with all 
moving tail deflected was tested. Two types of all moving 
tail deflection were tested, the first one was a symmetrical 
deflection when both side plates were deflected as it is 
presented in Fig. 14. The second type was asymmetrical 
deflection when only a single plate was deflected while the 
second plate is in the neutral position. In case of the asym-
metrical deflection, four possible configurations can occur, 
see Fig. 15. Each of those configurations generate different 
side force and yaw moment. This is caused by the different 
local angle of attack on each side plates. If the side plate 
deflection is like on Fig. 15B or D, then the local angle of 
attack on this deflected side plate  is reduced ultimately 
making lower side force for the low side slip angles. While 
for the high slip angles can generate more side force than 

Fig. 12    Side force coefficient 
(on the left) and yaw moment 
coefficient (on the right) versus 
the sideslip angle for the angle 
of attack equal to α = 0°

Fig. 13    Side force coefficient 
(on the left) and yaw moment 
coefficient (on the right) versus 
the sideslip angle for the angle 
of attack equal to α = 27.5°
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the configuration with opposite type of deflection like 
Fig. 15A or Fig. 15C. Where for those configurations the 
local angle of attack is bigger for the low side slip angles 
but earlier the force decreased due to exceeding the stall 
angle. In case of the yaw moment, it is the net effect of the 
side force and drag which is also related to the local angle 
of attack. Moreover, deflection as presented in Fig. 15B is 
not going to give the same force as configuration presented 

in Fig. 15D because the flow around left side plate is 
affected by the fuselage. Firstly, the results for symmetri-
cal side plates deflection are presented. The plots of the 
yawing moment coefficient and side force coefficient ver-
sus the sideslip angle, for the case of the angle of attack 
equal to α = 0° are presented in Fig. 16. The model is stati-
cally directionally stable up to the sideslip angle of about 
β = 32°. The plots of the yawing moment coefficient and 
side force coefficient versus the sideslip angle for model 
1212 with all moving tail deflected, for the angle of attack 
equal to α = 27.5° are presented in Fig. 17. The model is 
directionally statically stable for sideslip angles from 5° 
to 35°. The difference in the side force and yaw moment 
between different deflection is caused by the earlier men-
tioned issue with a local angle of attack.

Using MGAERO software, the investigation into the 
flow structure was conducted. The flow visualization is 
presented in Fig. 18, it can be observed that two vortexes 
are generated from the LEX and moving along the rocket 
plane until the end of the vehicle. Those vortexes are 
located inside (between the fuselage and inner part of the 
upper side plate). Also, there can be observe one vortex 
which is outside of the side plate, which affecting the flow 

Fig. 14    Possible of symmetrical deflections

Fig. 15    Possible of asymmetrical deflections

Fig. 16    Side force coefficient 
(on the left) and yaw moment 
coefficient (on the right) versus 
the sideslip angle for the angle 
of attack equal to α = 0° all 
moving tail symmetrical deflec-
tion
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around the bottom left plate, and causing that it generates 
bigger side force than the right bottom plate.

Also forces and moments for the asymmetrical deflec-
tion (only one plate is deflected, possible deflections are 
presented in Fig. 15) of all moving tail were measured. As 
it was expected, the asymmetrical deflection shows lower 
effectiveness in comparison to the symmetrical case, but this 
can be observed only up to β = 25 deg. The different val-
ues of the side force and yawing moment coefficients were 
observed for two opposite cases of asymmetrical deflection 
(see Fig. 19). For low and very high sideslip angles, the 
side force is different when deflected was only the left side 
plate (δRL = 10 and δRR = 0) in comparison to the case when 

only the right-side plate was deflected (δRL = 0 and δRR = 10 
see Fig. 19). This is cause by a different effective angle of 
attack on the side plate which depends on the position of 
the deflected plates in respect to the free stream velocity 
and the cross flow that occurs due to the sideslip angle. The 
same phenomenon does occur for symmetrical side plates 
deflection.

Using MGAERO software, the investigation into a flow 
structure for the asymmetrical deflection was conducted. The 
flow visualization for two different cases was presented in 
Fig. 20 and Fig. 21. But the simulation set-up is the same for 
all presented cases and correspond to Ma = 0.1, α=27.5 deg. 
and  β= 20 deg. In case of Fig. 20, in both presented cases, 

Fig. 17    Side force coefficient 
(on the left) and yaw moment 
coefficient (on the right) versus 
the sideslip angle for the angle 
of attack equal to α = 27.5°- all 
moving tail symmetrical deflec-
tion

Fig. 18    Example of the flow 
visualization for α = 27.5o  
and  β= 10o, in case of deflection 
of δRL = 10 and δRR = –10
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the side plates are deflected in the same direction (with 
respect to the free stream flow), but on the left set of picture 
it is the left side plate while on the right side set of picture it 
is the right plate. Also in case of the deflection of opposite 
side plates, in opposite direction is consider like in Fig. 21. 
The structure of the flow is very similar which agree with 
the data measured in the wind tunnel, there is a slight differ-
ence. For left upper side plate, in case of the configuration 
with deflected left side plate, the vortex around this plate is 
stronger (Fig .21).

Moreover, the impact of the side plate deflection on CD, 
CL and CMY was analyzed using the numerical data. The 

most significant difference was observed for drag coefficient 
while the change of the lift coefficient is the less visible 
(Fig. 22).

The influence of the all moving tail on stability and 
control characteristics were analyzed. The plots of the all 
moving tail’s side force versus the sideslip angles and all 
moving tail’s side force derivatives with respect to the side-
slip angle versus the sideslip angle are presented in Fig. 23. 
The slope of the side force is bigger for case of low angles 
of attack (α = 0°). The effectiveness of the yaw control was 
done based on the average value of the derivative of the 
side plate force with respect to the angle of the all moving 

Fig. 19    Side force coefficient 
(on the left) and yaw moment 
coefficient (on the right) versus 
the sideslip angle for the angle 
of attack equal to α = 0°- all 
moving tail asymmetrical 
deflection

Fig. 20    Example of the flow visualization for α=27.5o and β=20o, in case of deflection of δRL=10 and δRR=0 (set off pictures on the left) and 
δRL=0 and δRR=-10 (set off pictures on the left)

Fig. 21    Example of the flow 
visualization for α=27.5o and 
Beta β=20o, in case of deflec-
tion of δRL=10 and δRR=0 (set 
off pictures on the left) and 
δRL=0 and δRR=10 (set off 
pictures on the left)
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tail deflection. Figure 24 shows the plot of this derivative 
versus the sideslip angle when the angles of attack is equal 
to α = 0° and α = 27.5°. In case of the low sideslip angle the 
effectiveness of the all moving tail is higher for α = 0°, while 
for higher sideslip angle the inversion of control derivatives 
can be observed. This inversion occurs earlier for the case 
of α = 0o  and latter for α = 27.5°.

4.3 � Oil visualization

The last part of the wind tunnel experiment consisted in an 
oil visualization. Figure 25 presents the directional case for: 

α = 27.5°, β = 20°, and V = 20 m/s. That method of flow visu-
alization on the aircraft surface was used mainly to check 
the vortex flow caused by the LEX. Moreover, the visualiza-
tion revealed that for high angles of attack the upper plates 
generate a pair of vortices which was also confirmed by the 
numerical simulation.

4.4 � Numerical outcomes

The last part of the comparison between the experimen-
tal and numerical results are outcomes for low AoA. The 
numerical computations were done for both 1211 and 1212 

Fig. 22    Impact of asymmetri-
cal deflection on longitudinal 
characteristics, results obtained 
by MGAERO software

Fig. 23    Side plate’s force versus the sideslip angle and side plate’s 
force derivative with respect to the sideslip angle versus the sideslip 
angle

Fig. 24    Side plate’s force derivative with respect to the all moving 
tail deflection angle versus the sideslip angle
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rocket plane configurations. The aim for this comparison was 
to determine if software that using a simple flow model can 
be useful for an initial design (low angles of attack) of the 
aircraft with side-plate working as all moving tail.

Figures 26 and 27 are presenting the comparison of coef-
ficient of side force and yawing moment versus sideslip 
angle obtained by the numerical software and measured in 
the wind tunnel. The side force slope can be predicted with 
reasonable accuracy (Table 2) while the yaw moment due 
to nonlinear character is not well predicted by the potential 
flow (PANUKL).

Fig. 25    Oil visualization for model 1212 α=27.5°, β=20°, and V=20 
m/s

Fig. 26    Comparison of the 
numerical and experimental 
results for model L1211

Fig. 27    Comparison of the 
numerical and experimental 
results for model L1211

Table 2   Comparison of the dimensionless derivatives for both numerical and experimental cases, for α = 0°

Conf. 1212 Exp MGAERO PANUKL

�C
Y

��
–0.905 –0.647 –0.718

�C
n

��
0.467 0.465 0.156

Conf. 1211 Exp MGAERO PANUKL

�C
Y

��
–1.008 –0.812 –0.789

�C
n

��
0.517 0.524 0.190
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5 � Conclusions

The research outcomes which were presented above, con-
centrated on analysis of the directional static stability and 
control of the rocket plane in the tailless configuration. The 
study was conducted based on data measured in the low-
speed wind tunnel and numerical computations. During the 
experiment, two sets of side plates were examined and a 
model with deflected side plates as the all moving tail was 
analyzed.

The geometry and configuration of the side plates for all 
the considered models exert a relatively little effect on direc-
tional static stability for high angles of attack. While for high 
angles of attack the yaw angle of the upper site plate has an 
impact on the side force slope. This can be concluded that 
the impact of the bottom plate’s geometry on the directional 
static stability for low angles of attack is negligible.

For all considered configurations of the side plates small 
instability 

(

𝜕C
n

𝜕𝛽
< 0

)

 was observed for low sideslip angles 
(β = 0° to β = 5°). This phenomenon was observed for both 
low and high angles of attack (Fig. 13 and Fig. 14). Because 
the numerical computations do not show such a behavior 
(Fig. 26 and Fig. 27) this issue could be caused by the manu-
facture imperfection of the rocket plane model as well as by 
the technique how the model is mounted in the wind tunnel. 
This ultimately might cause occurrence of unplanned an 
asymmetrical flow. Also due to relatively low forces that are 
recorded for low sideslip angles as well as the sensor sensi-
tive to vibration that might also affect the wind tunnel bal-
ance readings.

The effectiveness of control surfaces was examined only 
for all moving tail configuration 1212. This was evaluated by 
the calculation of the control derivatives of the all moving 
tail side force with respect to the sideslip angle as well as 
the all moving tail side force with respect to the all moving 
tail angle of deflection. For a medium sideslip angle (up to 
the 27°) the derivatives are larger than for the low angle of 
attack (α = 0°). The effectiveness of control surfaces for the 
high angle of attack (α = 27.5°) is higher than for higher 
sideslip angles. For a sideslip angle exceed β = 26° the inver-
sion of control derivatives was observed for α = 0°, while the 
inversion for α = 27.5° occurred latter, about β = 30°. Prob-
ably it was caused by the position of a vortex relative to the 
all moving tail and bigger drag.

The all moving tail asymmetrical deflection allows for 
decreasing the side force and yawing moment for low and 
moderate side slip angles but for β > 25 is more effective 
than the symmetrical deflection. This is caused by the distri-
bution of the local angle of attack on the side plates.

Base on comparison of the numerical and experimental 
results can be concluded that the side force slope can be 
predicted with reasonable accuracy even using a simple flow 

model as potential flow. However, the yaw moment due to 
nonlinear character is not well predicted by the potential 
flow.
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