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Abstract. This work considers the modeling of thermal aisflarhe dynamic airflow is spit on
flat circular elements. The extrapolation methotljolv is referred to as adaptive extrapolation,
is proposed. The extrapolation which is influenbgdstochastically changing settings is the key
for adaptive extrapolation. The change of thesarpaters is determined experimentally during
real flight or using prediction techniques. Thipeapresents modeling with preset parameters.
The thermal airflow is modeled by taking into acebits inclination towards wind and the
change of diameter in accordance with linear amdimear laws.

Keywords: thermal airflow, thermal modeling, finite elementsircular finite elements,
interpolation, adaptive extrapolation, delay time.

Introduction

Currently the progress in electronics has exced¢dednost optimistic expectations of last
century’s scientists and intelligent autonomoustesys which manage dynamic objects are
being developed. Nowadays light autonomous airgrafhich can perform flights according to
preset navigational settings, are becoming morenaor@ popular [1], [2], [3]. Rising air flow or
thermal flow is a viable, external, renewable egpesgurce useful for autonomous aircrafts [1],
[4]. The usage of this power source during autonasraircraft flight can significantly increase
the range or flight time and safe inner energymesse[5], [6].

Thermal airflows allow us to use renewable energuraes during the flight of the
autonomous aircraft, which has a computing systaset on simple artificial intelligence [7].
However, a large volume of computing operationsuigs computing systems with high
performance. Such systems consume a lot of en@fggy solution is to use calculation systems
with low power consumption. The rapid developmehtcomputing techniques focuses on
reducing energy consumption for computational ofema [7].

The practical usage of the thermal airflow for amatmous flight of aircraft is inseparable
from the simulation of rising air flow structureu@ model would allow to use the energy of the
thermal air flow more efficiently and would credtather flight tactics and strategy by taking
into account the specific meteorological conditions

In this work the model of thermal flow is investigd and the possibility to reduce resources
used by the computing system is taken into accdum.main goal is to provide the information
on vertical velocity on a space point of interesttte autonomous flight control system of the
thermal air flow for further flight path plannind.he work presents the model of thermal
airflow, which is suitable for computing systemsthwiarious technical capacity and has huge
development potential. In this research a thernraflav model by using limited computing
resources has been created.

Methods
Currently the following thermal air flow models aneed: Navier — Stokes equations, finite

element techniques and various numerical methodshwdimplify calculation of sophisticated
dynamics of fluids and gases [9], [10].
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Aerodynamic quality factor value of modern aircsafiften reaches up to 40 units. For
example thrust needed for aircraft, the weight dficlv is 10 kg and the coefficient of
aerodynamic quality is 30 units, horizontal fligljuals 0.33 kg.

An electric motor, which consumes the amount ofrgynef tens of watts per hour, can
produce the thrust of 0.33 kg. Modern high perfarogacomputing systems have the same
power consumption. For this reason it is approgriatreduce power consumption of computing
systems in order to increase flight time of lightamomous aircraft.

Since the simulation is performed by using a coimgusystem with constant computing
power, the simulation time of all thermal flow diste points in space should depend only on the
number of these points. All points must be modélgdising the same algorithm with a constant

amount of instructions. Then the simulation timesef of all pointsz(Y); which is executed
during one simulation cycle — iteration, which niegs to a moment; can be expressed as the
following dependence:

N
T(Y)i = D 75 (V) + T + Toong (1)

n=1
whereN - the number of modeled points;,; (y) - calculation time of one point, which has the
order indexn of theN number of points during the iteration timenomentt; ; 7.4 - constant
delay time required for the execution of operatiygtem instructionsry, - constant counting

time used for other functions of the simulationoaithm.

The thermal flow structure is influenced by two wnfant meteorological indexes. The first
is referred to as CAPE (Convective Available PagnEnergy). This index of convective
instability indicates the amount of thermal activitf a given date and is measured in [J/Kg] or
[°C-km], [11]. Another index is the SRH (Storm —I&#&e Helicity). SRH units are [fs].
This index affects the strength of thermal airflmmcumulus clouds, also it affects thermal flow
inclination towards wind direction [12]. Howeverte indexes are relevant to a relatively large
area of meteorological phenomena covering hundredisousands of square kilometers [12]. In
this work the thermal flow is described as “mesecale” meteorological phenomenon rarely
reaching the horizontal width of one kilometer. Thest common size for it is tens of meters,
sometimes hundreds of meters [13].

This work deals with the thermal flow simulationrded out with the following
simplifications: the thermal airflow is regarded @asomplete object which does not move in
space ¥ = 0,v, = 0,Vv, # 0) and is analyzed as a field of gradient pararasgtbe shape is
constant and is set at the beginning of the sinmrathe energy potential of thermal flow
depends on the characteristics of the thermal flmwjn this case there is no change in the flow,
accordingly the flow is not dynamic. Probabilityfedw detection is not considered in this work.
It is estimated that there is no velocity gradieithe thermal flow at the vertical plane (Fig. 1).

Fig. 1. The concept of thermal airflow

441

[0 VIBROENGINEERING JOURNAL OF VIBROENGINEERING MARCH 2012.VOLUME 14,I1SSUEL. ISSN1392-8716



764.APPROACH TO MODELING OF THERMAL AIRFLOW DYNAMICS
IVAN SUZDALEV, JONAS STANK UNAS, ARUNAS KOMKA

In this work 3D simulation of thermal airflow is fermed using Cartesian coordinate
system. The starting point in coordinate systeut ihe bottom-center of the thermal flow. The
flow is symmetrical to a horizontal plane. Flowthre vertical plane can be tilted due to wind
drift. This inclination may be linear or nonlineat,depends on the model parameters. The
vertical plane flow may have radius, which chanfges linear and nonlinear laws. This change
depends on preset parameters. In a horizontal pleniow has a gradient of vertical velocity
componentL/V .The flow is modeled as concentric circles (Fig.I2)s proposed to refer to
these circles as “orbitals”. Orbitals are compaoskftat disks.

Orbitals are modeled sequentially one after angthgrmoving in discrete steps from the
thermal flow center towards its boundaries (Fig. Bach point is modeled sequentially by
moving it by a preset angle in the orbital cir¢telduring every iteration.

X, Ymin

Fig. 2. Sequential modeling of orbitals

Each disk is a two-dimensional finite element af flow. Whole two-dimensional elements
create a three-dimensional thermal flow model. Baalhie of vertical velocity of thermal flow
can be found by using the cubic interpolation méthéou have to interpolate between the
maximum and minimum values of flow velocity. Incsed amount of two-dimensional finite
elements N can increase modeling accuracy of thetovg but at the same time it increases the
amount of computer resources used by a calculagisgem.

The most frequently used interpolation algorithmes hepard's interpolation; Radial Basis;
Cosine Expansion; Polynomial; Triangulations; Ma&kthod. Mask Method provides flexible,
high-quality calculations. Multistage methods swh Converging Average; Local B-spline;
Global B-spline also are used in order to incrgaseluctivity of interpolation calculations [14],
[15], [16].

Two-dimensional plate elements are modeled by tmgitudinal flow axis by using
extrapolation methods (Fig. 3).
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Extrapolation methods are similar to interpolatmathods. This paper proposes to use the
extrapolation method, which is similar to lineaitrapolation, but this extrapolation is carried
out in accordance with certain meteorological paens of the surrounding area. The proposed
term for this method is “Adaptive extrapolation’raflitional interpolation methods are not
practical for extrapolation of thermal flow finitelement. Changes of thermal flow
meteorological parameters along the vertical aaisehcomplex stochastic rules [9], [16], [10].

Parameters which are used for modeling of form leérrhal flow and for other
meteorological characteristics can be set by citiganeteorological probes measurement data,
or by using an aircraft as a meteorological proflfeere are other ways to measure or predict
meteorological conditions for a given location #®rspecific date as well, for example, by
artificial neural networks [18].

In order to increase the accuracy of modeled datgarticular pointW(y, X, 2), two-
dimensional and three-dimensional cubic interpotatnethods can be used.

In this work a two-dimensional cubic interpolatiohone of the thermal flow flat elements
90° sector was performed. One-dimensional cubineplonX andY axis for two-dimensional
cubic interpolation were determined. Another stgs whe differentiation of these splines. In the
results gradient of interpolation function and seteorder derivatives in the appropriate spots
were obtained. Thermal flow is modeled by using Cdefault Math.h library. Thermal
visualization is created by using an OpenGL gragdtdciver.

Results

As mentioned before, the flat circular elementta# flow consist of concentric rings also
known as orbitals. Each orbital is composed of réigc points, which have values of thermal
flow vertical velocity component. The center ofdidlat bottom element is in the center of the
axis of coordinates. Orbital coordinates have lktarmined by the following equations:

. Pi
W; (%) = Reen Bm(e 91?'0}

+H; D]ar(/l E—IP—Ij E:o{,ﬁ’\, E—IP—Ij
180 180

Wij (Y) = R(erm @:0{9 B%] +

oo )

W (2)= H; )

where Rgp, is the diameter [m] of thermal airflowtl; - thermal flow height [m] at current
iteration, 6 - iteration angle in the horizontal plane [degreek] - thermal flow inclination
angle [degrees]f, - angle of wind direction [degrees]; iteration number within limits of a

single diskj - disks order number.
Flat flow elements have been modeled within a @ertstance in a vertical plane. This
distance depends on discrete height valdes (Fig. 4):

Hi =Hi4+Hp 3)
where H, is the value of height of the current modeled didk - variable height discretion.
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Thermal high [m] 2000
The distance between the orbitals [m] 60
The distance between the disks [m] 180
Quantity of Orbitals in the disk [count] 115

Interpolation points [count] 41400
Delay time [ms] a7

-
0123456 78 9 101112 [m/s]

Fig. 4. Thermal airflow model with a constant pitch angtel width

Iteration angled was raised in discrete stefs from zero to 360°. Each of the next value
of iteration angled, was higher by an anglé, than 8_; (4):
8=6,+6 )

This way the field points of gradient parameterg® anodeled around the orbitals
circumference. Angled discretion influences the accuracy of modeling.

Fig. 5 shows 90° a sector of modeled thermal airfliat element, wherg, = 0.1° (in the
left) and whengy =5 (in the right) (Fig. 5).

|
012 3 456 7 89 101112 [m/=]

——H«‘\\

\

Y

Fig. 5. Angle @ discretization influence on a modeled orbital

The next step was to model the inclination anglehef thermal airflow. Such changing
inclination angle can be caused by the wind vejogiadient along the vertical axis. Modeling
of inclination angle was implemented by setting fibiélowing inclination angle dependence on
height:

A=A+ A

[H,
m (5)

where 4, is the value of inclination angle during preseetdtion, 4_; - the value of inclination

angle during past iteratiork - constant coefficient with set impact of height walue of
inclination angle,H; - the value of height during present iteration.

The model of thermal airflow with smoothly increagi inclination 4, according to
dependence (5) is provided in Fig. 6.
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Thermal high [m] 2000
The distance between the orbitals [m] 60
The distance between the disks [m] 180
Quantity of Orbitals in the disk [count] 115
Interpolation points [count] 41400
Delay time [ms] a7

|
012345678 9 101112 [m/s]

Fig. 6. Change of thermal airflow inclination

Thermal flow dependence on height has been modsladsing linear and nonlinear laws.
According to the linear law, the diameter of that flisk has been changed by using the value of
height H; :

— Hi
R —Ro*'? (6)

where R - radius of the flow at corresponding modeled heill; , R, - initial radius of the

flow at the beginning of coordinate systefi; constant coefficient.
The modeling result when the flow width increasesdrly with height is presented in Fig. 7.

Thermal high [m]

The distance between the orbitals [m]
The distance between the disks [m]
Quantity of Qrbitals in the disk [count]
Interpolation points [count]

Delay time [ms]

|
0123456789 101112 [n/s]

Fig. 7. Thermal airflow with linearly varying width

The law for non-linear flow width variation alondet vertical axis (8) was also used.
Modeling result when the radius of the flow changes-linearly depending on height is given

in Fig. 8:
H/
+
J
Ri = % +f (7)
where R, - initial value of thermal airflow radius at thedinning of coordinate systen®: -

value of thermal airflow radiusH; - current modeling height;, J, K - scaling coefficients
(Fig. 8).
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Thermal high [m] 2000
The distance between the orbitals [m] 60
The distance between the disks [m] 180
Quantity of Orbitals inthe disk [count] 115
Interpolation points [count] 41400

Delay time [ms] a7

I
01234546 7889 101112 [m/s]

Fig. 8. Flow with non-linearly varying width

One 90° sector of thermal airflow flat element haen modeled by using a two dimensional
rectangular parameter network. A two dimensionatrimavhich contains sixteen points was
chosen. This matrix was the starting material itheorto perform bicubic interpolation. Another
4x4 data matrix was set up for the interpolation:

02812
0058
0002
0000

The interpolation was carried out by using the remce method and interpolating every
point with coordinatesi(y, X) around the area between coordinates along thés (respectively
- 1...2 along to thg axis). Each pointv(x, y) interpolants were found by calculating values of
sixteen coefficients:

A=

w(x,y) =b; f (00) +b, f (0 +bsf (10) +
by f @D +bsf (0-1) +bsf (-10) +

+b, f -D+bgf (-11) +by f (02) +
thof (20)+by; f C1-D+b,f 12+
+hisf (21 +by,f 12) +bsf (2-D+
+bef (22)

(8)

whereB(i, j) are coefficients of nodes:

3 3 .
W=D > Xy 9)

The result of two-dimensional cubic interpolatidmmatrix A[...][...] is shown in Fig. 9.

By having one sector of air flow cross-section &ydadopting the simplification that the
flow is symmetrical in horizontal plane, you carstore the entire image of airflow cross-
section interpolation. This can be done by turrting image of flow interpolation around the
maximum value point (Fig. 10). This turn of the ergolation function practically is in
accordance with extrapolation methods.

Thermal airflow model uses computing system ressird). The time of one modeling
iteration, which depends on the amount of modetgdtp, has been studied.
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=1 0

Fig. 10. Thermal flow bicubic interpolation with extrapatat turn

Table 1. Time dependence on the amount of modeled points

Amount of points x1000 Iteration time [ms]
684 407
272,16 180
149,04 109
90,72 78
64,8 63
46,8 55
39,6 47
28,8 40

The data in Table 1 presents linear dependenceebatthe number of modeled points and
the delay time of one iteration (Fig. 11). Accoglito the range of autonomous light aircraft
complete speeds, the time needed for modeling 1§ t&f milliseconds duration flow is

equivalent to a few meters distance which can vereal by aircraft within one iteration of flow
modeling.
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Poits x 1000

400 -
350 /
300
250 /
200
150 /
100

50 /
0 ‘ . ‘ : : : ‘

0 100 200 300 400 500 600 700 ms

Fig. 11.Time dependency on the amount of modeled points

Conclusions

In order to model dynamic thermal airflow the meathaf circular finite elements can be
applied. Application of adaptive extrapolation mathin order to model thermal airflow from
flat panel finite elements, which are arranged thrae-dimension space, enables linear and non-
linear model flows with varying width and with stBaand non-steady inclination angle. The
proposed methodology is suitable for thermal floadeling with limited computing resources.
This methodology allows us to reach the requireitieevel of thermal airflow model needed
for flight vehicles and acceptable time expenseséate a single iteration of a model.
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