Boundary Field Problems and Computer Simulation

2012 /51

Characterization of Wind Loading of the Large Radio
Telescope

Sabine Upnere Normunds Jekabsoh&Roberts Joffe
*Engineering Research Institute ‘Ventspils Interoasil Radio Astronomy Centre’ of Ventspils Universibllege

Abstract — This paper describes numerical simulations of wih
loads on the large parabolic reflector antenna RT-3 with a
diameter of 32 m and a methodology of how calculatewind
pressure can be transferred to beam-based digital odel. The
wind flow leads to a compressive load on the dishnd thus to a
deformation of the reflector. These deformations cancause a
performance degradation of the input signal, or eve loss of the
observed or controlled object. The calculations showhat the
wind induced force is small in comparison with graitational
loads. Studies have been carried out at the Ventdpi
International Radio Astronomy Centre (VIRAC) to investigate
the wind-loading effects on the radio telescope R32 structure.
The wind loads are calculated with the help of an aggn sourced
Computational Fluid Dynamics toolkit OpenFOAM.

Keywords — large radio telescope, Computational Fluid
Dynamics, turbulence models, wind-load, Finite Elen& Model.

. INTRODUCTION

The RT-32 is a radio telescope with a reflectonditer of
32 m. The parabolic mirror can rotate about an attinand an
elevation axis. The antenna system is of the Caasetype.
Cassegrain antennas are dual-reflector systems
paraboloidal primary reflector and hyperboloidataedary
reflector [1].

In order to analyse the reflector surface precigierturbed
by wind-loads the development of the ComputatioRialid
Dynamics (CFD) model is required. The CFD model
created by using coordinates of the reflector serfand
beams of the tree-dimensional, beam-based digitademof
the RT-32, which has been developed at VIRAC, 2ge |

Il. SOLUTION STRATEGY OF THECFD

A. Computational domain and mesh generation

The computational domain of the RANS approach cover
10D (D is the width of the tower building) in streamwiS®
direction (68 m <«x < -272 m),5D in lateral ) direction (-85
m <y < 85 m) anddH (H is the height of the telescope) in
vertical ) direction. The computational domain and
coordinate definition for the LES are given in Fij. The
computational domain of the LES is 204 x 136 x i3
(length x width x height).
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i§:ig. 1. Computational domain for the LES

The RT-32 Finite Volume Model contains the main
reflector, a tower building, a frame and some oféa beams
(see Fig. 2). Beams and the tower constructionasarimesh

The geometrical dimensions of the antenna and finel w are created with the open source tool Gmsh and ttreynare

speed are the causes of the highly turbulent flosurad the
radio telescope. In order to correctly calculate flow field,
turbulence models are used. Two approaches areindbts
work: Reynolds Averaged Navier-Stokes (RANS) modeld
Large-Eddy Simulations (LES).

The second part of the paper describes the transfdre
CFD results to beam-based digital model presemd@]i In
order to apply the force of wind-loads obtainedrfra Finite
Volume Model to a Finite Element Model, the cor@sging
calculated pressure and coordinates of node pofnsflector
plates are used.

Consequently, combining wind induced
gravitational force a unified, liquid-solid intetaan model of
the RT-32 radio telescope is obtained.
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exported to triangulated surface format, which sedias an
input file of the OpenFOAM's utility.

Fig. 2. Beams in the Finite Volume Model
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The 3D mesh of the computational domain (see Bigs 3

Two RANS turbulence models are used in the present

generated by use of hexahedra and spit-hexahedis cestudy: the standar#-¢ model [3] and RNGk-¢ model [4],
Starting from a coarse background mesh the new ngshwherek is the turbulence kinetic energy amds its rate of
generated iteratively with a given level of refinemh close to dissipation.

the surface.
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Fig. 3. The mesh of the computational domain
The characteristics of computational domains
summarized in Table 1.
TABLE |
CHARACTERISTICS OF COMPUTATIONAL DOMAINS
Maximum Maximum Maximum
Model type Cells aspect non-
" skewness ’
ratio ortogonality
RT-32, RANS 2.23-10 10 5.05 56.79
RT-32, LES 2.69-10 10 19.38 64.89

B. Turbulence models and numerical methods

The governing equations of incompressible Newtofiigd
consist of the mass conservation equation (1) amgulse
conservation equations (2).

A
— =0, i=123 L
ﬂ:x.'i-

du;
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in which u=(ug,Uu,,us) is the velocity field,p is the densityp

A numerical study simulating the time-dependantwflo
fields is carried out using Large Eddy Simulatiorodéls
[5, 7].

In the LES it is required to solve the filtered MNavStokes
equations with additional sub-grid scales (SG®sstterms. If
the variables of the incompressible Newtonian éqoatare
subjected to the filtering operation, then

du;
ﬂx?-

=0 (4)

duL; d 185 dr;; 01,5
_=+_(m =-_E _u 2 (5)
ot = dx; pox;  dx; Ox;
where
are Ti}'EGE = Ei E}' — U i 'L[}- (6)

7;°%% is the SGS Reynolds stress generally modelledgusin

various SGS models [8]. In this study two SGS tlghoe

models are used: theequation and Smagorinsky SGS model.
Smagorinsky model is an eddy viscosity model, giagn

1 - —
Ti_;l' — ET?{?{GE}' = _21"1'55}' (7)
where 2ii is the resolved strain rate tensaf; is the

Kronecker delta, and; is the eddy viscosity. The length scale

is the filter width4, and the velocity scale fs‘ﬁl where

5= ‘zsi}'si}' . . .
is a measure of the velocity gradient. The

eddy viscosity in (7) is given by

vy = (C:M%S| (8)

whereCsis the Smagorinsky constant [7].
The van Driest damping function near the solid latauy is

and v are, respectively, the pressure and the kinematised. The van Driest scaling reads

viscosity [4]. The standard transport equations wsed; see

[6].

The Reynolds number (3) involved in the simulatiass

~10-16. In this study, the characteristic velocities akut
3.5 mis,
incompressible flow.

_Le-Ue

1

Re 3

therefore the flow could be treated as

ce=coli-e%) )

here Cs;=0.17 is Lilly’s constant,A=25 is the van Driest
constant ang” is the non-dimensional distance from the wall

_ ULy

- (10)

¥*

which determines the relative importance of viscausl

where Lc and Uc are characteristic length and velocityy,rpylent phenomena. In (1), is the wall shear velocity and

respectively.

y is the vertical coordinate [5].

31



Boundary Field Problems and Computer Simulation

2012 /51

In a k-equation model, only the length scale is prespetif
and the velocity scale can be taken \As where k is
determined from a separate transport equation. him 4
k-equation SGS model, the eddy viscosity can bengbye

vy = CVEkA (11)
whereC is the model constant [7]. In tlkeequation model an

additional transport equation for the SGS turbulkimetic
energy (12) is solved.

Ck2 (12)

a a
_a_}ﬁ(vgﬁﬁfﬂ): -BL - 2=~

4

d d
E{H—i_ﬂ_ﬁ'i{uiﬂ

where vgz = vr + v, B is the local SGS stresses ahdis

Leonard stresses, is the model coefficient. The last term on

the right side corresponds to turbulent dissipaf@in

The Semi-Implicit Method for Pressure-Linked (SIMBL
algorithm is used in the RANS for the pressure-mutns
coupling. The Pressure Implicit with Splitting ofp&rators
(PISO) method is used for LES calculations to satke
Navier-Stokes equations in unsteady problems.

The convergence is warranted by the normalizedluesi

The pressure at the inlet is defined as a zero-gradient
condition(dp/on=0).

At the outlet, the zero-gradient conditions areliggpfor all
variables except the pressure, which is set to. zero

Telescope surface and ground is defined as watlera-
gradient condition is set fq, k and ¢ and non-slip condition
(a value of (0,0,0) is fixed at the wall) is set b by standard
OpenFOAM wall-function [11]. The distance from theall
measured in viscous lengths is defined as

(16)

wherey; is coordinate. The dimensionless streamwise vgloci
is defined as follows
a7
ut = %f‘?‘l{E}""]

whereE is a constant.

At the other boundaries, all variables are set tslip
condition; for a scalar it represents a zero-gradandition
and for a vector, the normal component is fixeddm and the
tangential components are zero-gradient. The exaef# the

drop to 1@ for all variables except the pressure, where theressure which is defined as a zero-gradient ciomdit
residual is smaller than f0The computations are performed At the inlet and outlet boundaries in the LES medéhe

on a cluster at the VIRAC. A total of 4 processais used in
parallel for simulations.

C.Boundary conditions

To describe the inflow velocity profile, the aveeag
measured wind speedg,. (see [10]) and the average
maximum wind speed,, at which the radio telescope can b

operated are used. At 50 m (the radio telescope3RTs
~50 m heightucy=4.61 m/s andi,;=17.5 m/s.

The expression of the logarithmic law is used tscdée
the velocity profile (13) of the atmospheric bourydiayer.

ulz) = E]l:l(zi)
K o

whereu(z) is the wind speed at the heightu. - the friction

(13)

e

velocity is set to a cyclic condition, it enablegtboundaries
to be treated as if they are physically connectétie

implementation of a routine to keep the mass flate iin the
domain constant is used. This is achieved by catitg the
averaged mass flow rate at each time step andrsegoently
adapting the pressure gradient to keep it fixed.

For velocity values at the walls fixed values of0(0) are
used. The other boundaries are defined as symrpénes.
Van Driest damping functions is selected for a walhtment.

I1l.  APPLICATION OF THECFD RESULTS INFEM

A. Description of the main reflector in models
The main reflector of the RT-32 radio telescopestsia of
896 plates; the thickness of plates is 2 mm. THeater in the
Finite Volume Model is described as a boundary, Kegeda.

velocity, k is the von Karman constant (0.4187) and th&he surface of the reflector is divided in rectasglsee Fig
aerodynamic roughness length, is the height above the 4b.

ground where the flow velocity is zero.

The turbulence kinetic energy and the energy disisip
rate at the inlet for the RANS are calculated adicay to the
following equations:

3 -
Kinter = E[qu]‘ (14)

us
Lo

inlet = m (15)

whereU, is the mean velocity at the inldtjs the turbulence
intensity.

32

Fig. 4. The representation of the main reflectahia Finite Volume Model;
the cross-section (a) and the surface (b) of thie neflector
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Each plate of the reflector is connected to a stppo

structure with four screws. The plate is represknising
coordinates of these four points in the beam-basedel.
These coordinates are used to find correspondimggim the
Finite Volume Model.

B. Detection of the wind force

In order to calculate a force with which the wirelsaon the
plate, an average pressure on both sides of the gt@uld be
determined from the CFD model. The centre of edalteps
defined from coordinates of points from the bearseloia
model where reflector plates are introduced.

A pressure on surface mesh elements is known fréi C
calculations. Mesh elements near the centre of esibdctor
plate is detected. A distance between a plate eemd distal
mesh element is chosen so that the average predsesenot
differ significantly from CFD results (see Fig. 5).

8,61

Fig. 5. Comparison of the pressure on a reflectéhé CFD model (a) and
average pressure on plates (b)

Considering that the plate is represented as adaoyrin
the CFD model then average pressure is calculaedrately
for both sides of the plate. The normal vectors ased to
achieve separation (see Fig. 6). The normal veabssirface

(18)
8,=(p's = pdp

wherep’; is the pressure on one side at the centre ofltite p
andp’, is on the other side. OpenFOAM calculates reduced
pressure using (19) therefore (18) is multipliedoby

(19)

The wind induced force on the plate is calculated b

(20)

F —ﬂﬂ vy, 1 =1,2.3
where n; is the corresponding component of the plate area
normal vector. In order to get the force on eaclthefcorner

points of the plate calculated fordg)(is divided by four.
IV. RESULTS ANDDISCUSSION

A. Parametric study of the CFD model

First series of CFD simulations are performed ithiee-
dimensional, empty (without a reflector, a toweilding, a
frame and beams) computational domain. Well fitted
turbulence model gives constantoordinate direction (wind
direction), thus the main objectives for these $ations are:

o explore the effect of mesh roughness studies;
e extract the most convenient model constants for
flow around the telescope.

Totally, four meshes (M1, M2, M3 and M4) are geteda
for the analysis of the mesh sensitivity. The numtfecells
M1, M2, M3 and M4 is approximately 0.33%.0.45-16,
0.90-16 and 1.8-1Brespectively. The mesh M4 is used for
simulations.

Three different roughness lengthg (see (13)) are
investigated for the RANS approaci:= 0.001 m,z = 0.01

mesh elementsn(, ny) are directed to boundary inside. TheM, Z = 0.1 m. The best conformity of the calculated tesf
plate normal vectomy,) is opposite to the wind direction. The(see Fig. 7) with wind speed measurements givesctise

direction of surface normal vectors is comparedlie plate
normal vector and in that way sides are separated.
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Fig. 6. The cross-section of the plate with norueadtors

The average pressure in the centre of the plafieuisd as
follows:

whenz, = 0.1 m and it is used for further simulations.
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Fig. 7. The reduced pressure comparison for diftemgeshes.
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As the LES simulations are unsteady, the time step elevation angle is 3see Fig. 10). RN®-¢ model andi, is
chosen pertaining to the Courant number (see Fig. 8sed.
conditions, which is defined for one cell as:

(21)
_ luiae

Co = 0.3

where U] represents the magnitude of the velocity throug=
that cell andx is the cell size in the direction of the velocity.
At is the time step used for simulations.

z
Courant number (Co) X

Fig. 10. The distribution of the pressure on aaefand a flow around the
radio telescope. The wind direction is 4Be elevation angle is 30

0.5
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In order to find the lift F,) and dragFp) force, the lift and
drag coefficients (Cand G) are calculated during the CFD
simulations.

RANS calculations results (the RNKe turbulence model
is used) of the lift and drag coefficients for difént cases are
listed in Table 2 and Table 3 respectively. Thedifid drag
coefficients of LES calculations (Smagorinsky SG&ded is
used) are shown in Table 4. Thg. wind speed is used for
these calculations.

0.35

03

0.25 t

02

0.15

o] 10000 20000 30000 40000 50000 50000
lterations

TABLE Il

Fig. 8. Changes of Courant number with respedtrie t LIFT COEFFICIENTSC, (RANS)

B. Comparison between different elevation angles and w E'e‘?'ﬂ%;’“ Wind direction {
: . angle
_ directions 0 a5 [90 [ 135 | 180
The CFD calculations of the RANS are made at four [, 0779 | - i i N
different elevation angles of the main reflectar: = 90 :
. ARSI . ; N ; 60 -1.329| -1.047| 0.137| 0.258 0.744
(zenith), 60, 30, 0 and at five wind directions (with respect
to the surface of the dishf.= 0, 45, 90, 135 and 180 All 30 0647| 0663 0167] 0037 0078
elevation angles and wind directions used are shiovifig.9. 0 0.004 | 0.006 | 0.014/ -0.008 -0.003
The inlet velocity (wind) is oriented in thedirection. For the TABLE Ill
L!ES t.wo eIev:emon anglesae(= 90 and 60) and one wind DRAG COEFFICIENTSCo (RANS)
direction (8= 0) are used. : ——
Elevation Wind direction ()
90° angle {)
o 0 45 90 135 180
90 0.462 | - - - -
60 0.750 | 0.496| 0.346| 0.284 1.34p
30 1.052 | 0.724| 0.307| 0230 0.320
0 1.073 | 0.840| 0.384| 0290 0.456
TABLE IV
& 111 LIFT AND DRAG COEFFICIENTYLES)
‘ Coefficients | Elevation | Wind direction (0)
angle {)
p=45° o
wind direction
C 90 0.773
Fig. 9. Elevation angles and wind directions CL 60 -0.831
The maximum pressure difference on the main reftect Co %0 0.481
surface is in case when the wind direction is d4Bd the Co 60 0.570
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The lift force is obtained from

F, = % pUAC, (22)
where p the mass density of aif is the reference area. The
reference area is defined as the area of the pimjeof the
object on a plane perpendicular to the directiomofion. The
area is changed depending on the angle of attatilagy the
drag force is obtained

1
Fp=3 pU2AC, (23)

The lift and drag forces reach maximum at the dlexa
angle 30 and wind direction 0 The lift force is 18% and the
drag force is 11% of antenna own weight=@37 [kN]) when

wind speed corresponds g, iz y

128 1

50 175
RN

61,28672 197,93262

Fig. 12. Reduced operational pressure on mainctefiplates

The total drag and lift forces are 117.37 kN antl.32 kN
respectively. Wind induced operational force on thain
reflector plates obtained by (20) multiplied bylstgfactor is
shown in Fig. 13. Some rapid changes in radialeslcan be
seen in Fig. 13, this can be explained by chanfjdsearea of
the plates. The maximum local force is approximagd7 N
on the plate. The results obtained from Finite Eertrmodel
(describe in [2]) show that the operational forcauses
maximum displacements of surface of about 5 mm kvisc

_ approximately 10 times smaller than displacemenis tb
The comparison of results of RANS and LES modelgrayitation.

demonstrates that the total wind force of the LE$% higher
than calculated results using the RANS when elenatingle
is 90. Table 2, Table 3 and Table 4 show that differenc
between RANS and LES increases when elevation asgle
60, it may be because the model contains secondéegtar

in the LES case (Fig. 1la), but RANS model is witho
secondary reflector, see Fig 11b. Secondary reflezintains
additional beams what change flow field.

C. Calculated wind force on the main reflector

The case, when the lift and drag forces reach maxiyris
chosen for further studies, i.e. the elevation arigl30 and
wind direction is O The RNG k-¢ turbulence model is
employed. In this case the pressure is calculasetyu,,. In
order to get the operational pressure (wind speed,g)
scaling factor is used. The scale factor is propoal to the
square of the wind speed.

The reduced operational pressure is shown in Figrh2

Fig. 11 The model with (a) and without (b) secogdaflector

average reduced pressure on plates is within tieevel of 61 =

°IS /s’ 4
m / tO 197 . force Magnitude

As seen in Fig. 12 the operational pressure is n X i AATERTERRAAENRR
symmetric, although one &fe turbulence models is used. The 2R 2z

reason of asymmetry is representation of antenpposting ] ,
structure in the model. Fig. 2 shows that mediumniewhat F9- 13- Wind force on main reflector plates
join radial beams are not symmetrically placed.
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V. CONCLUSIONS

Normunds Jekabsons PhD, Ventspils University College, The Enginegrin
Research Institute “Ventspils International Radicstrdnomy Centre”

Two approaches (Reynolds Averaged Navier-Stokes apgdrac).

Large-Eddy Simulations) are applied to predict thaw
around the radio telescope RT-32 of simplified getsyncase.

The results for 18 different cases in total areaviatd, with
five wind directions and four elevation angles. Thmimum
lift coefficient is at the elevation angle of ‘6@&nd wind
direction 0. The maximum drag coefficient is found for
elevation angle 6Gand wind direction 180

The difference between results of two RANS turbaken
models (standarl-¢ and RNGk-¢ model) is 6.1% and 5.5%
between two LES turbulence modelk-equation and
Smagorinsky respectively) wheg,. wind speed is used.

Comparison of results of all computed CFD casesvsho
that the lift and drag forces reach maximum at déleyation
angle 30 and wind direction 0 In this case, when wind speed
corresponds ta,, and operational force is used, the total forc
is F=(117.37; -0.003; -71.32) kN.
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