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Take-Off and Landing Performance of Tactical UAV
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The research presented in this paper focuses on take-off and landing performance of a single pusher-propelled Tactical
unmanned aerial vehicle. The analysis presented includes flight test verification of estimated UAYV characteristics. The study
proposes a possible approximated method for estimating UAV characteristics. Flight test results have been conducted to
verify the estimated results, and the calculated and measured results show good agreement.
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Introduction

MANNED aerial vehicles (UAVs) must comply with
regulatory criteria [1-3]. The estimation of UAV
characteristics typically begins with analyzing the most
important maneuver that the aircraft or UAV needs to
accomplish: the take-off. It is crucial for designers to
understand not only the take-off capabilities of the new design
but also its limitations and sensitivity. Take-off performance
primarily refers to the distance required for the aircraft or UAV
to accelerate from a standstill to lift-off, as well as the distance
required to attain an initial and steady climb. For UAVs, it's
essential to ensure that they can be controlled safely and
precisely by flight control operators. During the flight, a flight
control computer manipulates the UAV, and flight control
operators only need to define operational mission requirements
such as desired flight path, altitude, and airspeed.

Regulatory requirements for UAV aerodynamic
characteristics are usually confirmed by flight tests. These
tests involve trying out many different configurations,
including aborted take-off cases, the maximum allowed
crosswind limits, the influence of the wet/ice runway, and all
possible landing configurations. Such tests should be
conducted at various altitudes, masses, environmental
temperatures, and humidity, as defined in the regulations [1-
3]. Take-off and landing performance are influenced by many
factors that cannot be predicted or measured accurately.
Ground effects on the aerodynamic transient processes in the
terminal phase of flight, different autopilot flight control
optimization, air density in different regions, and other factors
affect these flight phases. To develop and validate reliable
design estimation techniques for these performances, it is
necessary to solve the complex problem and its sensitivity to
different autopilot flight control optimizations. Estimation of
UAV’s capabilities is typically made within broad limits,
based on statistical and error evaluations.

The mechanics of flight provides equations of motion for
estimating take-off and landing performance [4]. A general
methodology for conducting a fast and reliable study of these
characteristics in conceptual design is presented in [5-6].
These nonlinear equations of motion can be solved
numerically by computers. This research proposes an
approximated numerical procedure for estimating take-off and
landing performance based on the data given in [6].

The data from [6] provides a few methods that can be used
for estimating take-off characteristics. The method used in
this paper is specifically useful for the typical piston-engine
aircraft or UAV as is Tactical UAV given in Fig.1. The
Tactical UAV geometry is given in Table 1. In order to
correctly predict UAV characteristics, it is necessary to obtain
the precise value of the propeller efficiency factor. Estimation
of the just-mentioned factor is a hard and very complex task
during the preliminary UAV design phase. During this phase
of UAV development, the propeller characteristics are usually
not well known. More information will be given in the
presented paper. As given in [6], when the propeller
efficiency is not known, the estimated value should be:

- for fixed pitch climb propeller
npropeller =0.45-0.50 >

- for fixed pitch cruise propeller

nprope/ler =0.35-0.45 and

- for constant speed propeller

nprope[[er =0.45-0.60.

Y Military Technical Institute (VTI), Ratka Resanovié¢a 1, 11132 Belgrade, SERBIA
Correspondence to: Miodrag Milenkovi¢-Babi¢; e-mail: miodragmbm@yahoo.co.uk




8 MILENKOVIC,B.M,, etc.: TAKE-OFF AND LANDING PERFORMANCE OF TACTICAL UAV

Figure 1. Tactical UAV [6]

Table 1. UAV geometry

Tactical UAV
Wing span (with winglet) 7.025 m
Wing aspect ratio 9.08
Length 5.556 m
Mean aerodynamic chord 0.736 m
Wing area 433 m’
Engine power 38.8 KW
Propeller diameter 0.86 m
Maximal mass of UAV 265 kg

The just mentioned information is the most accurate
estimation of the propeller efficiency in the preliminary
design phase. All these uncertainties can have an impact on
the calculated results for UAV performance, which can then
be compared to flight test results. Even today, software
solutions are being developed to estimate take-off and landing
characteristics, such as those found in [7-9].

The Tactical UAV was designed according to military
requirements. It is a remotely piloted aircraft that can carry
different payloads, including communications equipment,
sensors, cameras, missiles, etc. A method for estimating the
performance of medium-range unmanned aerial vehicles with
piston engines is presented in [10]. The major obstacles in
developing and validating reliable UAV designs are primarily
the complexity of the problem, the constantly changing
requirements, and the ongoing improvements in available
technology during the UAV development phase. As can be
seen from the initial UAV data given in [10] and the data
presented in Table 1, the maximum UAV mass increased,
which caused a change in wing geometry and installed engine.
The Tactical UAV was developed by the Military Technical
Institute (VTI) in Belgrade.

Take-off distance

According to the regulation requirements that are given in
[1], take-off and landing distance is precisely defined. For
example, the take-off distance is defined as the horizontal
distance that aircraft or UAV covered from brake release to
clearing an obstacle at a height of 15 m above the runway.
This horizontal distance must be determined for all weights,
altitudes, and temperatures within the operational limits for
UAV use. In flight mechanics, the basic assumption is that the
take-off phase consists of two phases (the airborne phase and
the ground roll phase), as given in [11]. The ground roll
distance can be determined by using the equation (1):

Sro = = . ()

In equation (1), the force that acts on the UAV
(effective/average force) during the take-off phase and the
lift-off velocity are estimated by equation (2):

VLO =11V;1 Where Vtv] =

and 2)

Fy =T ~[Fy + u, (mg—Fy)].

The propeller pusher force can be estimated by equation

3):

T= gnpmpeller . (3)

The aerodynamic data presented in the aforementioned
equations have been obtained from [12]. This data contains
computational fluid dynamics (CFD) analysis of the Tactical
UAV model, which includes CFD analysis results of the
Tactical UAV in different configurations, ranges of the angle
of attack and sideslip angle, and different deflections of
control surfaces. The data from [12] has been utilized to
obtain a precise estimation of UAV characteristics. Equations
from [13, 14] can be used to calculate estimated take-off and
landing performance for preliminary analysis.

During the design phase of UAVs, experimental results in
the wind tunnel can give more reliable values of acrodynamic
characteristics. The main reason why this approach is not
utilized is that these experiments are very expensive and time-
consuming (the process of preparing the UAV model). Today,
the modern approach suggests the usage of numerical
methods, such as computational fluid dynamics (CFD) [15-
17], to get more accurate estimations of these characteristics.
CFD methods provide additional benefits and means to
simulate some processes that cannot be replicated in a wind
tunnel or solved analytically. CFD methods can be applied to
a full scale aircraft or UAV with additional cost (time and
computer and software capability). A good example that
shows the advantages of CFD and wind tunnels compared to
calculation methods is a spin analysis that is given in [18].

Even wind tunnel experiments on models or actual aircraft
or UAVs at subsonic speeds could produce three different
errors when used for estimation of aecrodynamics data. The
first is scale effects, the second is the interference effect from
wind tunnel walls, and finally, the third is the consequence of
errors in the model. Additional information about the
aforementioned discussion and the correlation between wind
tunnel test data and flight test data is given in [19]. In the
diagram (Fig.2), the aerodynamic coefficients of the Tactical
UAYV in take-off configuration have been obtained from [20].

In the CFD analysis, the propeller effect has not been
evaluated. The just-mentioned effects will usually have a
negligible contribution to the lift force and a small
contribution to the drag force. In order to get a more precise
estimation, the drag force coefficient has been increased by
10%. In this manner, the calculation process includes all
additional drag (antennas, sensors, tubes, and installations)
that are not included during CFD analysis.

The effect of low Reynolds numbers on propeller
characteristics is an important consideration during the UAV
design process. The effective engine performance
characteristics given in [21] with the propeller efficiency
factor rated as 77,,,pen. = 0.45 can be used for estimation of

power given to the propeller, but additional information must
be considered.
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Figure 2. Estimated lift force coefficient and drag force coefficient versus
angle of attack for Tactical UAV in take-off configuration [20]

First, it is necessary to determine whether the engine was
calibrated or not. If not, the chart may not be applicable to the
presented problem. It should be noted that the installation of
the engine on the UAV will produce certain losses, known as
the thrust deduction factor. The calibrated engine power given
by factory charts and the actual engine power on the UAV
will not be the same due to this factor. In the presented case,
with a pusher propeller, the reduction in propeller thrust can
be the result of reduced airflow as the fuselage is in front of
the engine, which should be taken into account.

The propeller efficiency is influenced by many factors such
as the propeller diameter, the propeller RPM, and true
airspeed. If these three parameters are combined into one
parameter, the advance ratio can be defined as:

4
J= ND- 4

In the previous equation, the NV is the propeller rotational
speed, D is the propeller diameter, and Vs true airspeed. The
advance ratio is functionally dependent on the power
coefficient. The propeller power coefficient depends on the
propeller diameter, propeller rotational speed, air density, as
well as the shaft horsepower. On the other hand, the
coefficient of absorbed power, Cp, is estimated by equation

(5):

P
CPZW. (5)

By equation (5) the new non-dimensional parameter is
defined, where the p stand for air density and P for the shaft
horsepower. Additional information about propeller
characteristics can be obtained from [22]. As it is well known
in the take-off phase, the speed of aircraft or UAVs will
increase. The advance ratio will start to increase. The data
given in diagram (Fig.3) shows that the propeller performance
improves with increasing UAV airspeed during the take-off
phase until the maximum airspeed for the designed propeller
is reached.

In the diagram (Fig.3) the propeller efficiency is given as a
function of the advance ratio. The propeller efficiency given
in Fig.3 did not include the ground effect on lift and drag
force. For the take-off phase, the advance ratio is estimated as
J <£0.31 and, analysing the data from Fig.3, the propeller
efficiency should be in the range of 0.2 to 0.6.

" Propeller efficience

0 0.1 0.2 03 04 0.5 0.6 07 J
Figure 3. The propeller efficiency vs advance ratio

The maximum force that the propeller could generate is the
static propeller force. Consequently, the starting acceleration
will be the greatest. The data from the diagram (Fig.4) shows
the change in airspeed over time during the take-off phase.
Six seconds after the start of the take-off phase, the UAV
airspeed is greater than 10 m/s. For the rest of the take-off
phase, it can be assumed that the UAV speed is linearly
increasing with time, with two different gradients.

In Table 2, the functional dependency of the advance ratio
vs. airspeed is given, and the presented results indicate that
the propeller efficiency is adequately estimated. The low
value of propeller efficiency is strongly influenced by the low
value of lift-off speed. For constant-speed propellers and a
higher value of lift-off speed, it is reasonable to expect a
higher value of propeller efficiency.

Table 2. Propeller advance ratio vs airspeed

V (m/s) 0 10 20 30 35
¥ (km/h) 0 36 7 108 126
J 0 0.115 0.231 0.346 0.404
H (mis) Vi (m's) Altitude (m) Al (m)

Abitude

Indicated airspeed

15 20 25 30 1(s)
Tome

Figure 4. Tactical UAV indicated airspeed and altitude during take-off phase

The average force acting on the UAV during the analyzed
flight phase is calculated according to [6], using the average
speed of the UAV, which is 70% of V;,. However, it was
shown in [23] that assuming constant UAV acceleration at
70% Vo, may not always be accurate, as acceleration can vary
significantly. In fact, during flight testing of many aircraft and
UAVs, it has been observed that take-off acceleration
decreases as speed approaches V. Therefore, to obtain a
more precise estimation of the take-off roll distance, a
numerical method should be employed.
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In [24], it has been shown that additional analysis should
be done for the ground run phase as the propeller slipstream
interacts with the ground, which can result in up to a 30%
thrust force loss due to the slipstream effect. Well-known data
given in [6] shows that the propeller blade angle of attack
varies with airspeed and the propeller thrust at the same time,
leading to the conclusion that the propeller efficiency is
functionally dependent on airspeed. The aforementioned
losses in propeller efficiency are caused by the low value of
the propeller advance ratio and the low Reynolds number
effect during the take-off phase.

The second mentioned part of the take-off phase, where the
UAV is airborne and needs to climb to a height of 15 m above
the runway, can be evaluated using equation (6):

Sy =Rsin903. (6)

In the previous equation, the radius of the curvature path
for the take-off phase and the angle 05 can be estimated
using equation (7):

_ 695V’ 1

and Gy =arc(cosf)=1-=.  (7)

R
R

The stalling speed in equation (7) is a function of ambient
air temperature, altitude, and UAV mass. The take-off
distance can be calculated by (8):

S0 = S0 t54. (®

Landing distance

Landing distance can usually be divided into three
segments: ground roll distance, approach distance, and flare
distance. During the landing phase, the rate of descent should
be reduced to a value not greater than 5 m/s. At a vertical
distance of approximately 5 m above the ground, the autopilot
should decrease the power and increase the UAV pitch angle.
With this command, the UAV should fly level above the
ground with decreasing airspeed. In this attitude, the UAV
should touch down with the smallest possible rate of descent.
The speed above threshold of the UAV should be close to the
stalling speed. The approach distance can be estimated by
equation (9):

15—k,
4P = tan O.p

(€)]

The glide path angle during the approach phase is
determined by regulations [1]. The value should not be greater
than @,p <3°. In the evaluation process, a value of 3° has

been used. The altitude of the UAV above the ground at the
end of the approach phase is given by equation (10):

hf =R(1—sm9,4p) (10)

The radius of curvature, as defined in equation (10), is
given by (11):

(Var),”
R= iy (11)

The load factor average value is estimated as n=1.2. It is
based upon experience and the average approach speed is
given by (12):

(VAP)Sr=k.VYl’k=1'15' (12)

The flare distance can be estimated by equation (13):
Sprare = RsinGp. (13)
The ground roll is estimated by equation (14):

VTD2 -m

SGr = — 2F,eff Where VTD = 11VS0 (14)

In order to evaluate the UAV stalling speed the well known
equation should be used (15):

(15)

The effective force acting on the UAV during the landing
phase can be estimated using a well-known equation (16):

Fyp ==[Fy + 4 (mg—F7)]. (16)
Finally, the landing distance is given by equation (17):

SrAND = Sap t Sprare +SGr- (17)

The presented evaluations in this paper have been chosen
for their ease of implementation and ability to provide quick
and reliable estimations of UAV characteristics. An additional
advantage of the presented method is that it can be used to
account for altitude effects from sea level to 3048 m, which is
a mandatory requirement in regulations. However, it is
important to note that temperature can deviate from the
standard temperature, as the Earth's atmosphere is constantly
changing with time and regionally around the world. Despite
these variations, the aircraft industry typically estimates
performance using the standard atmosphere model, in which
properties only vary with altitude. If nonstandard atmosphere
conditions are required, documents [25-26] should be
consulted.

The UAYV flight testing

The Aviation Safety Agency in Europe and the Federal
Aviation Regulations in the USA precisely describe flight test
procedures for aircraft. Additional information can be found
in the literature [27-29], but will not be covered in this paper.
The UAV's characteristics in this study were obtained using a
numerical integration technique. The main goal of aviation
regulations is to provide procedures and requirements for safe
flight operations for aircraft or UAV operators. Thus, the
take-off distance is defined as the distance required for the
UAV to achieve additional speed and height reserves that are
sufficient for safe flight. UAVs must be capable of
performing all maneuvers, including safe landing procedures
induced by an engine failure. In this analysis, it is assumed
that an airspeed margin above the stall speed in a defined
UAV configuration and a height of 15 m will assure the
desired maneuvering capability. For the landing phase,
additional requirements including lateral-directional
maneuvers [30-32] need to be considered.

The flight testing was conducted at Ladjevci Airport,
located in the city of Kraljevo.

Results of the analysis and discussion

The calculation method presented in this paper, along with
the data provided in Table 3, yields estimated results for both
take-off and landing distances.
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Table 3. Estimated performance of Tactical UAV

H (m) m=220 kg m=265 kg
S70 (m) Sranp (m) S70 (m) Sranp (m)
0 385 580 585 615
1000 480 595 765 635
2000 620 615 1045 660
3000 835 640 1525 685

The data presented in this paper were obtained under
standard atmospheric conditions and assumed dry
concrete/asphalt runways. Flight test results for the Tactical
UAYV prototype are provided in Table 4 of [33]. To adjust
these results to standard atmospheric conditions, the data in
[34] should be used for take-off and landing measurements
reduction.

Table 4. The flight tests results

m=219 kg

H
(m) Sto (1’1’1) SLAND (1’1’1)

0 352 652

In the diagram (Fig.5), the airspeed and altitude of the
UAYV during landing are presented as a function of time. The
experimental results for the Tactical UAV prototype are
shown in Table 4, and the obtained data from flight tests and
estimated results show very good agreement, with a deviation
of only 9% to 12.5%. This is an excellent result for
preliminary design estimation. The difference in the results
could be due to the inability of the method to obtain a 100%
accurate value of the effective force acting on the UAV
during this maneuver. The overestimation of the take-off
length is a consequence of additional safety factors according
to [35, 36].

The presented diagram (Fig.4) illustrates the airspeed and
altitude of the UAV during the take-off phase, which is
controlled by the flight control computer. As indicated in the
Fig.4,the UAV starts at a certain altitude (=0 m) and gradually
gains altitude until it reaches a height of 15 m above the runway,
at which point the take-off phase is considered complete.

Vi (mis) Vi (mis) Alfitude () Hi (m)

hme = ")

Figure 5. Tactical UAV indicated airspeed and altitude during the landing
phase

The presented data in Fig.4 enable the estimation of the
function V;=f{?), which can be used with numerical integration
techniques to calculate the take-off distance from the moment
the UAV is at rest (0 km/h) to when it reaches a height of 15
m above the runway. To obtain more accurate results, the
flight path angle during the airborne phase should also be
considered. Using this method, the estimated take-off distance
was calculated to be spp =352m, showing excellent

agreement with the estimated results.
As mentioned in [35], accidents such as collisions with

obstacles, failure to take off, and landing overruns frequently
occur in light aircraft and need to be avoided. The purpose of
the mentioned documents and articles is to increase awareness
of the necessary actions that should ensure that the
performance of UAVs or aircraft is adequate. The
contribution of factors such as UAV weight, air temperature,
wind speed and direction, mud, insects, engine failure, flap
settings, ground slope, humidity, etc. on the required runway
length for safe take-off and landing is presented in [35]. It was
recommended in [35] that safety factors should be used to
establish the necessary runway distance, and these factors are
originally given in [36].

The estimated minimum required safe runway distance for
take-off and landing of the UAV based on the just mentioned
factors (1.33 and 1.43) is presented in Table 3. It is important
to note that these values are only estimates and the actual
required runway distance may vary depending on various
factors such as aircraft weight, temperature, wind, runway
slope, and more. Therefore, it is recommended that the UAV
or aircraft operator consults the Flight Manual and other
relevant documents for the specific aircraft or UAV to ensure
safe flight operations. Additionally, if there is any doubt about
the runway distance requirements, it is advisable to consult
with a qualified aviation expert.

Conclusion

In this paper, a procedure for estimating the terminal flight
phases of UA Vs that require accurate flight-path control, such
as take-off and landing performance, has been presented. The
analyzed object was the single-engine pusher propeller
Tactical UAV developed by the Military Technical Institute
(VTI). A method for rapidly estimating the take-off and
landing distance has also been provided.

By comparing the calculated data and flight test results it
can be concluded that excellent agreement is achieved.

The constant requirements to increase flight safety suggest
using safety factors [35-36]. These safety factors can
compensate for bad weather conditions, irregular flight
control laws, or other factors that can increase the required
runway distance.

The results of the presented analysis show that it is possible
to accurately predict the take-off and landing characteristics
of the medium-altitude long-endurance UAV using CFD
results.
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Poletno-sletne performanse takticke bespilotne letelice

IstraZivanje predstavljeno u ovom radu prikazuje performanse poletno-sletnih karakteristika jedne Takticke bespilotne
letelice pogonjene potisnom elisom. Sprovedena analiza prikazuje verifikaciju procenjenih proracunskih karakteristika
letelice. U ovom radu prikazana je aproksimativna metoda za procenu poletno-sletnih karakteristika bespilotne letelice. Letna
ispitivanja su sprovedena kako bi se verifikovale procenjene proracunske vrednosti i postignuta je dobra saglasnost

procenjenih i izmerenih rezultata.

Kljucne reci: duzina poletno-sletne staze, bespilotna letelica, letna ispitivanja.



