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FSI-problems

FSI coupled problems

i ?
@ Movable bodies } Variable flow region} @ How to construct mesh?

@ Deformable bodies @ How to satisfy BC?

Main assumptions

@ 2D flows are considered

@ Flow is viscous incompressible

o Airfoils are heavy (po/p > 1)
po — airfoil's average density
p — density of the flow
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On the Development of Vortex Methods

Scientific schools

@ S.M. Belotserkovskii, M.l. Nisht, I.K. Lifanov, A.V. Setukha (Zhukovsky Air Force Engineering
Academy, MSU);

S.V. Guvernyuk, G.Ya. Dynnikova (MSU);

V.I. Morozov, V.A. Aparinov (Scientific and research inst. of parachute design and prod.);
M.A. Golovkin, V.M. Kalyavkin (Central Aerohydrodynamic Institute);

G.A. Shcheglov, I.K. Marchevsky (BMSTU);

D.N. Gorelov (Siberian Branch of the Russian Academy of Sciences, Tomsk);

S.A. Dovgiy, D.I. Cherniy (National Academy of Sciences of Ukraine, Kiev);
A. Leonard, G. Winckelmans (Belgium);

G.-H. Cottet, P. Koumoutsakos (France, Switzerland);

G. Morgenthal (Great Britain).

v

Conferences on Vortex Methods

@ International conference on vortex flows and models (2010, 2016);

@ International conference ‘Coupled Problems’ (ECCOMAS) (2013, 2015);

@ International symposium ‘Method of discrete singularities in math. physics’ (2003 — 2013);
(]

International seminar named after S.M. Belotserkovskii (2004 — 2015);
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Features of Vortex Method

Lagrangian meshless method (Particle method);
easy to solve coupled FSI problems;

small numerical viscosity;

possibility to obtain acceptable results for practical problems with small
computational burden;

@ application area of vortex method:

e airframe and parachute engineering;

o aircraft vortex wake calculation;

e modeling of the main and tail helicopter rotors;

e industrial aerodynamics of buildings, urban aeration.

v

Disadvantages of vortex method

@ application area: incompressible flow;

@ law accuracy of vortex sheet computation;

@ need to consider pair influences for all vortex elements (as in N-body
problem).
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Governing Equations

Equations of fluid motion and boundary conditions

Continuity & Navier — Stokes equations:
. _ . . V
VV=0 —+(V-V)V=vAV--Z

P

Boundary conditions:

Conditions of perturbations decay at infinity:
V(F,t) = Vo, p(Ft) = pooy || = 0.

No-slip condition: V(7,t) = Vk(F,t), FeK.

V— velocity in the flow; Voo, Poo — Velocity and pressure at infinity;
p — pressure; v — kinematic viscosity coefficient.
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Basic Ideas

Viscous Vo omains (VV

o Vorticity (7, t) = V x V(F,t) — primary compute variable.

o Navier — Stokes equations in Helmholtz form:

9] P
EJFVX Qx(V+W))=0
@ It can be treated as transport equation for €, which moves in velocity field
V+ W,
. Q B
W(r, t) = —y% — diffusive velocity, Q=Q-k.

@ No vorticity generation in flow region.

@ New vorticity is generated only on the camber line of the airfoil.

1. Dynnikova, G.Ya. The Lagrangian approach to solving the time-dependent Navier — Stokes
equations. Doklady Physics. (2004) 49: 648-652.

K. Kuzmina, I. Marchevsky Bauman University, Moscow Moscow December 2™¢



Airfoil Influence

Vortex and source Sheets

Airfoil influence is simulated by attached vortex and source sheets and free
vortex sheet placed on its camber line:

@ Intensity of the attached vortex sheet

Yare(F, t) = Vi (7, t) - 7(F, t), FeK.
@ Intensity of the attached source sheet

Gare(F, t) = Vk(F, t) - (7, t), FeK.

@ Intensity of the free vortex sheet (7, t) can be determined from the
boundary condition satisfaction.

7(7, t) n A(r, t) — unit normal and tangent vectors.
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Flow Velocity

Generalized Biot — Savart law

V(7 1) = Vo + l/ wds—i- if wcﬂ,ﬁ_
2m 50 P=gp 2m Jk@wy  [F—EPR
. ¢y &

Limit value of the velocity on the airfoil camber line

V(7 1) = V(7 1) - 201 27'"‘“ D tHMﬁ(a )

1. Zhukovsky N.E. On attached vortices. 1908.

3. Kempka S.N., Glass M.W., Peery J.S., Strickland J.H. Accuracy considerations for implementing
velocity boundary conditions in vorticity formulations // SANDIA REPORT. SAND96-0583,
UC-700, 1996. 52 p.
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Numerical Approximation

Vortex wake simulation

Vorticity distribution in the flow is simulated by large
number of separate vortex elements (VE)

Qr) = ZF5( i),

I'; — circulation of the VEs r; — their positions.

Vortex elements movement

R " Tk x (7
V) =2 0
j=1 :
i >
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Free Vortex Sheet Intensity Computation

o-slip boundary conditi

—

V_(F,t)= Vk(Ft) & V.i=Vx i o V_.7=Vg-7

—

—_——— —_—
N-scheme T-scheme
Singular Fredholm (2" kind)

integral equation integral equation

N-scheme Lifanov, |.K., Belotserkovskii, S.M. Methods of Discrete Vortices. CRC Press, 1993.

T-scheme Kempka, S.N., Glass, M.W., Peery, J.S. and Strickland, J.H. Accuracy Considerations
for Implementing Velocity Boundary Conditions in Vorticity Formulations. SANDIA
Report SAND96-0583, 1996.

Cottet G.-H., Koumoutsakos P.D. Vortex Methods: Theory and Practice. — Cambridge
University Press, 2008. — 328 p.

T-scheme allows to obtain much more accurate results when solving FSI-problems

1. Marchevsky, 1.LK. and Moreva, V.S. Vortex Element Method for 2D Flow Simulation with Tangent
Velocity Components on Airfoil Surface. ECCOMAS 2012 — European Congr. on Comp. Meth. in
Appl. Sc. and Eng., e-Book. (2012) 5952-5965.

2. Kuzmina K.S., Marchevsky I.K. The Modified Numerical Scheme for 2D Flow-Structure Interaction
Simulation Using Meshless Vortex Element Method // PARTICLES 2015: Proc. of the IV Inter.
Conf. on Particle-Based Methods (Barcelona, Spain, 28 — 30 Sept. 2015). — 2015. Pp. 680-691.
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Comparison of N- and T-scheme accuracy for flow

simulation around elliptical airfoil

@ a=10, b=0,1— ellipse

semiaxes.
Vw$ Q @ a = 7/6 — incident flow angle.
; n=25 n=250 . n=200 )
\ ATV = 0_0230/ \ ATV = o_oil‘:«(/ 3 ATV =0.0003

N\/ ! o \"\«\/ W m n
. B
2
_d
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P
.

\ Arro.oy \ Arrow \ ATT = 0.000001

=
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Comparison of N- and T-scheme accuracy for flow

simulation around Zhukovsky airfoil

@a=35d=04, h=03—
Zhukovsky airfoil parameters.

v, $ C> e a = 7/6 — incident flow angle.
=

n=15 n=25 n=>50
ATV=35.08 § g ATN=3.73 i ATV =280
T= T= : AT =
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Goals and Objectives

The estimation of computational complexity of the vortex method and its effective
implementation.

Objectives

| \

‘Typical' model problems statement.

Analysis of the computational complexity of the main algorithm operations.

o
o
@ Analysis of the possible ways to accelerate calculations.
@ Optimized algorithm complexity estimation.

o

Model problems solving.

K. Kuzmina, I. Marchevsky Bauman University, Moscow Moscow December 2"%, 2016 13 / 30



Model problems description. Problem 1

Simulation of hydroelastic oscillations of two cylinders

‘Base’ parameters of numerical scheme:
@ npo = 200 — number of vortex elements that simulate vortex sheet on one

cylinder;
ng = 2 - npo = 400 — total number of vortex elements that simulate vortex
sheet.

@ Nyo = 10000 — number of vortex elements that simulate vortex wake near
one cylinder;

Ng = 20000 total number of vortex elements that simulate vortex wake.

@ To = 30000 — number of required time steps.

For arbitrary n,:

2
n:2np,N:2No(%) , T:To-(n"Tﬂ).
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Model problems description. Problem 2

Simulation of hydroelastic oscillations of cylinder in presence of

shielding surface

Vortex layer on the shielding surface remains to be attached.

‘Base’ parameters of numerical
scheme:

ng = 200 VE — vortex sheet on
the cylinder;

nep = 3n,p = 600 VE — vortex
sheet on the shielding surface;

Ng = 10000 VE — vortex wake.
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Computational complexity for main operations

o Operation 1. SLAE matrix formation for generated vortex elements
circulations determination.
QY =6n2, Q7 =83n2
o Operation 2. SLAE right hand side calculation.
Q) =7Nn +10n2, QJ =30Nn + 85n°.
o Operation 3. SLAE solving or multiplying by inverse matrix.
Q3;=n3/3 o Q3=n?

o Operation 4. Calculation of convective velocities of vortex elements.

Q4 = 6N2 + 8Nn.
o Operation 5. Calculation of diffusive velocities of vortex elements.

Qs = 9N2 + 14Nn.
@ Operation 6. No-through control block.

Q6 ~ Q1.

@ Operation 7. Vortex wake reconstruction.

Q7 ~ 0,204.

3
Q= % +251n2 + 53,6 Nn -+ 16,2 N2.
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Operations Q; ... Q7 (%)

mn,=100 M n,=200 m n,=1000

50,7533 91

Problem 1

33,535,4 36,7

7 36 67 71 i3
0,7 02 o -_ 0,7 0,6 03 01 0,7 02 o --

Q Q, Q; Q4 Qs Q, Q,

Problem 2 En,=100 M n,=200 m n,=1000

351 225
27,9

20,2 211
12,4
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Computational complexity of model problems

Total numerical complexity of model problems

y n, | 100 [ 200400600 [800 | 1000

51(200) = Q1(200) - To ~ 2,1 - 10", 551((2%,,0)) 003| 1 |31 |231|969| 2946

52(200) = Q(200) - To ~ 7,1-10% 550, 005| 1 |26 188|766 |2203
5,(200) |

Ways to accelerate computations

@ Use parallel computing.
@ Use approximate fast methods:

o fast multipole method;
e mosaic-skeleton approximations (E.E. Tyrtyshnikov);
o auxiliary Poisson equation solving.
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Usage of parallel computing technologies for vortex method
implementation

‘Old" implementation

In [*] algorithm with parallel implementation of operations 4, 5, 6, 7 was
described.

1 problem. Speeding up 25-30 times in the calculations on the 64-core cluster.
Amdahl law predicts 45 times acceleration.

2 problem. Speeding up 5 times in the calculations on the 64-core cluster. Amdahl
law predicts 7.5 times acceleration.

Parallel implementation of 4 operations is not enough! It is necessary to
develop parallel algorithms for all seven major operations of vortex method!

y

[*] Mapuescknii N.K., Mopeea B.C. MapannensHbiii nporpammubiii komnnekc POLARA ans
MofennpoBaHnsa obTekaHus npocbuneli N NCCAEAOBAHMA PACHETHLIX CXEM METOAA BUXPEBLIX
anemeHToB // lNapannensHble BordncanTenshblie TexHonorun (MaBT'2012): Tpyabl
MeXAyHapofaHOl Hay4Homn koHdpeperumn (HoBocnbupcek, 26-30 mapTa 2012 r.). YensbunHck:
N3paTtenbckuii uentp KOVplY, 2012. C. 236-247.
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Acceleration with ‘old’ parallel implementation

60
A
-
r
50 1 —a— Acceleration I A
1] =m= Amdahl's law _ - .
40 >
-~
-
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-
20 i
-~
10 Z
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Fast method (by analogy with N-body problem)

Barnes J., Hut P. A hierarchical O(N log N) force-calculation algorithm //
Nature. 1986. V. 324, No. 4. P. 446-449.

o Collective influence of remote VE is calculated
approximately.

@ The basis of the algorithm — creation of the
hierarchical tree structure.

; i
P | ] 2. yposens it yposers

L
At gt 1 | I e
G T o

6-i1 ypoBeHb 8- yposeHb

Tree structure and traversal scheme
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Velocities of all vortex elements in considered cell of lower level

(5)+(6 %) (&) + 3

A, B, C n D — calculated coefficients, which are common for all VE in cell

Vi

~
~

Algorithm parameters

| A

o O — cells proximity parameter (0 < 6
h+ hg

Proximity condition: || <

@ k — maximal tree level.

< 4), determined by required accuracy.

A\

Computational complexity

Direct calculation

| Fast method

O(N?)

O(Nlog N)
with optimal k
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Approximate estimation of computational complexity of fast
algorithm

Number of multiplications and divisions in convective velocities
computation using fast method (Q,)

e _ 22N (RN 4 (L (/)
= 306 () (e o))+

896 - 2¥ . 3 1 1 (V2)k —4
+ ih <4<4+0+4_(ﬁ)k9)+|n<4+0 >>+4N.

N — number of VE in flow region,

a,  — experimentally selected parameters (oo = 0.84, 8 = 0.56).
0~ 0,4 gives 0,1...,0,2 % error.

Kysbmuna K.C., Mapuesckuii VI.K. OueHka TpyaoemkocTn BbiCTpOro merToga pacHeTa BUXPEBOrO
BINSIHNSI B METOAE BUXPEBbIX 3nemeHToB // Hayka n obpasosaHme: anekTpoHHOe
Hay4HO-TexHn4Yeckoe nsganune. 2013. Ne 10. C. 399-414.
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Diffusive velocities computation using fast method (Qs)

Qs = Qulo_g,, - N - air - -

~ = 0,7 — empirical coefficient; 64 — parameter which determines the accuracy
of method, kK — number of layers.
Ogir = 0,1 gives 0,1...,0,2 % error.

SLAE right-hand side calculation (@)

st 130Nn (4)? 704(\@)"—1 ’ 4 7(}(&)"—1
=3 (3) (105 (- (%))

896 n - 3 1 1 (V2)k — 4
M <4(4+9+4—(ﬁ)k0>+|n< 4+6 >>+85n2'

Kyzbmuna K.C., Mapuesckuii 1.K. Ob oueHkax BbIYNCAUTENBHOV CJIOXKHOCTN U MOrPELUHOCTY
BbICTPOro anropnTMa B MeToAe BUXpeBbix 3nemeHToB // Tpyasl VHcTutyTa cuctemuoro
nporpammupoBannss PAH. 2016. T. 28. Ne 1. B nevatn.
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Acceleration of operations @, Q4, Q5 using fast method

Problem 1 u Q, o Q, . Qs 414,8
fast fast - fast
2 Q4 Q5
240,7

210,3

69,7 239 75 g 79,4
59 36 66 12,2 20,4 13,1 24,1 217, 4 ‘7‘

1,=100 1,=200 1,=400 n,=600 n,=800  n,=1000

Problem 2 Q, Q, Qs
u Qﬁmt u Qfast - Qfast
2 & > 220,2
130:8 114,4

82,7 72,6

38,4 42 N
204 131 o 228 12,8 17,3 [ 21,8
2 41 21 44 o 131 8,6 ]

n,=100 n,=200  n,=400  n,=600  1n,=800  n,=1000
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Other operations of algorithm

Operations 6 (no-through control) and 7 (vortex wake reconstruction) also can be
accelerated using tree structure:

fast __ fast fast fast
QP = @ fast — 0,2Qf,

Operations 1 (SLAE matrix formation) and 3 (SLAE solving) cannot be
accelerated using fast method:

Q fast Ql , Qé‘ast _ Q3 )

Computational complexity S (direct calculation) with respect to S™st

(using fast method)

EProblem1l MProblem?2
175,6
138,9

83,4

28,8 328
14 104 172 24,9

»,=100 n,=200 n, =400 n, =600 n,=800 n,=1000
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Operations @ ... Q7 (%) when using fast method

Problem 1 Il’lp=100 ll’lp=200 ‘l'lp=1000
32 2,7 1,4 5,5 42 47 2,6 431— Il II 32 27 14 84 49 34

e - — -J | o "

Q Q, Q,
Problem 2 WN,=100 MWN,=200 ®N;=1000

614
33,8 555
19 134 18,1 18,820,1

11,3105 2 l G o 94108 [ 11, 3105 1922 1

Q; Q, Q; Qy Qs Q6 Q,
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Parallel implementation of the fast algorithm

‘New’ algorithm implementation

@ 1, 2 and 6 operations parallelized using MPI technology.

o 3 operation implemented using Eigen library (linear algebra library) using
OpenMP.

@ For 4 and 5 operations fast algorithms are implemented, which parallelized
using MPI.

o For 7 operation effective algorithm are implemented using tree structure and
MPI technology.

vy
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Problem 1

Acceleration (without fast method) Acceleration (with fast method)

24 24
2 - r.eal 0 - r.eal
1 linear 1% linear
12 12

8 8 7

4 4 2,3s L6s

0 0

0 a 8 12 16 20 2 0 a 8 12 16 20 2

Acceleration (without fast method) Acceleration (without fast method)
24 . 24
20 —— r.eal ) 20 +rfeal
%6 + linear 1% linear
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Conclusions

@ It is shown that computational complexity distribution over the operations
depend heavily on problem statement.

@ The computational complexity estimations of the fast algorithm are obtained,;
these estimations allow to choose optimal parameters for algorithm.

o Parallel implementation of vortex method using fast method is developed.
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