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Modeling physical properties... ... and turbulence Two-phase wind tunnel with water injection
: . In the
Cloud properties modeled in wind tunnel
PR Denomination Formula In clouds wind
. . . tunnel >
Saturated air relative humidity > 95%
Max. size of structures: L 102...10%m 0.55m y
Vertical velocities ~ a few m/s 3 m/s air velocity . Final nozzle identified:
. V- .
e I Reynolds number: Re==—= 108...107 1.1-105 X Lechler 166.208.16.12
Iquid water content ( )~ 0.1-1g/m 9/m Turbulence length scale: 7=0.16Re™® 102 m 0.04 m z Operating parameters:
3— - .
Relatively small drop diameters doean ~ 15 um Turbulent kinetic energy: %= > ~ 1 m2/s? 0.1 m2/s? AlIr pressure: 1.2 bar
Lo Water pressure : 0.9 bar
Number density ~ several hundred/cm®  100-400/cm?3 Dissipation rate: £=¢,—— ~10%m¥s®  0.14 mes® Volume flow rate: 0.1 I/min

L s QL 1

Difficult requirements for the injection:

3\ /4 . .
Concentration / Collisions Kolmogorov length scale: 7 - (‘;j ~10%m 4-104m  +Small droplet diameters = Pressure atomizer

Liquid volume fraction (¢ =107°) is well within the dilute domain. *Broad spray = nozzle with 60" cone angle

A " - )
. . . : 1% Low droplet velocities, avoiding 6-hole pattern
According to Abrahamson (1975) the collision rate can be defined as: Kolmogorov time scale: T, = (—j ~102s 102s W Aropie Ny P TSRS
. _ & = injection in counter-flow direction o
1 16 m}_z :nze.g.s1u()rer(1:1()ellrl1ilggz’c/ii:1ncjp tehe o T Flow disturbance induced by the nozzle connector = only the lower
urchmesservertellun ely= el . . .
Ne==C%d’\|—| wind tunnel o o Shadowgraphy results can ~~ retcontratiomprelile half of the test-section is used for experiments
2 3 win unne E s . aISO be Used for the g HRERE T N Lultgeschwindigkelitsvartailung fm/s) LDA1-Mean [mifs
(0.45 m x 0.18m x 0.4m) . e S . = : Jeeemne o : ]
' ' ' i R — concentration calculation }T‘.'f".‘.“f e TN,
pTOOf /‘E/zu; . e _.“" - - ¥ =5 - -
Average residence time in the _— i~ besides PDA. | S S g w37 £ ‘
measurement section: ~ 0.15 s ~5% collision o oo o o o s oo o oo (300d agreement with the sos -t o g™ 5o
Average droplet amount in the probability Diameter is increasing theoretical estimations © e = | =
measurement SeCtlon 7 8106 W|th the X-COOFdinate AP-E2 (f|n|shed) =200 -150 100 -Ea-KnnrginatenED 100 150 200 =200 150 100 -E?r-KnnrginatenED 100 150 200
Measuring the configuration M1 : . N > e O “ .
» x . fomTmToomosoosooes ! \ -
Configurations and working packages : Wasserinjektion YT " Results can be seen here and 5 50 ‘ 5§ \’.‘.., 18
Method Phase Result v’ Remarks 5 . the data can be found in the g s A\ o Fm "
femmmm e r Ha - 5
LDV air v (point) + 1-C, high resolution look-up table woo® _ D
Gitter zur 2000 -150 100 &0 o &0 100 150 200 200 <150 <100 60 0 50 100 150 200
. + ) . . kontrollierten . . . . y-Koordinaten y-KDDrdinaten”. e
PDA d.rops v,d (pomt) 1-C, hlgh resolution Tuibulenzerzel,qqu_rlq ____________ : AP-E3 (|n process); Measurmg the Conﬂgura’uon M2 f] - HF;E e g <
PV Sl RN - 2°C, large meas. area @Mktm ' M2 . The theoretical layout of an optimal grid is thoroughly examined. The main task is to ;;Lg
- - Q] | ! ! : : .
Shadowgraphy drops v,d 2-C, collisions I ..., create a homogeneous turbulence with suitable properties.
PTV drops trajectories - 3-D, Lagrange
Gitter zur
e AP-E4 (first results):
M 1 M2 M 3 M4 Turbulenzerzeugung___________ .
| I I . . .
Wasserinjektion : :
LDV v 2008/1V In process 2009/ X :. @ aM3 | VMZasurmg thf. conf!?hu:stlohn IM ] . inder. First it
PDA v 2008/1V In process 2009/1 I er:]ér_a_tar_____________i ortex generation wi _e ep o a_Cy Inder. First results
PIV* % 2008/1V v 2009/1] ] can be seen here. The final data will be transferred to the
Shad H » 2009/ - look-up table within the next weeks.
a OWgrap y - - kc;n?r;ﬁiuerrten
e L bl Wasserinjektoren I

2

Turbulenzerzeiug_u_ng _____________ i AP_E5 (2009)
' . Measuring the configuration M4

Results into the look-up-table for validation
of companion numerical simulations: womnize———  Experience with different nozzles available. A suitable nozzle

Www_ovgu_de/ isut/lss/metstroem - pair has been identified and is available. The droplet spectra

have been measured separately.
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EXPERIMENTS IN A MULTIPHASE WIND TUNNEL, NUMERICAL SIMULATION AND VALIDATION
Volker John, Ellen Schmeyer

FR 6.1 — Mathematik, Universitiat des Saarlandes, Posttach 15 11 50, 66041 Saarbriicken

Droplet size distribution e studied finite element methods:
e model for ideally mixed fluid, Shaw (2003) - Streamline-Upwind Petrov—Galerkin (SUPG) FEM (standard method);
Hughes, Brooks (1979)
O f(¢,r) - Spurious Oscillations at Layers Diminishing (SOLD) methods; J., Kno-

bloch (2007, 2008) e Transport through a domain in 3D | |
- Finite Element Methods with Flux Corrected Transport (FEM-FCT); -SUPG (left), SOLD method from Knopp, Lube, Rapin (2006) with

| 3\ T . - - Kuzmin, Méller (2005), Kuzmin (2008) C= Oﬁuﬁ (right)

+§ /O 1 — el I ((7“ N EN & ) / (t, (r°—r )3) f(t,r) dr - Local Projection Stabilization (LPS) scheme; Matthies, Tobiska, [:::: F_;f;

Skrzypacz (2007) [ bs

-r — radius of droplets, internal coordinate e Rotating body problem in 2D "2 S Y

- f(t,r) — droplet size distribution -SUPG (left), SOLD method from Knopp, Lube, Rapin (2006) with - o -

- J(t,r) — particle source term, nucleation rate C = 0.5 (right) | ijff,] o
- g(t,r) — growth rate; model for sufficiently large droplets and small e e P———

supersaturations typically given in the atmosphere: g(t,r) = ~vs/r
-~ — function of environment, like temperature

—-0.0997 Sl —0.148
-0.22 0.0724
-0.34 -0.00304
-0.46 -0.0785

- linear (left) and nonlinear FEM-FCT (right)
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- § — supersaturation
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e cquation is conservation law

—0.867
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change of droplet size distribution

—0.733 —0.733

—0.666 —0.667

— 06 — 06

= (nucleation + growth + collision + coalescence) of droplets

—0.533
i [y
—0.466 —0.467
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e goals in the first period: |

- 04

—0.333

—0.266 | X —0.267

02 e R e—— ~ 02
0.133 0.133
0.0861 0.0865
~0.000567 ~0.000154

- computing times in seconds

method Q1 Py
SUPG 5989 9473
SOLD, ¢ =04 33688 30932
FEM-FCT linear 5920 6509
FEM-FCT nonlinear 9768 10398
- reference: J., S., Proceedings of BAIL 2008, in press

- couple droplet size distribution to flow field
- consider nucleation and growth of droplets 1

e model system in the first period (dimensionless):

0.6

0.4

- Navier—Stokes equations
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Oou— 2V - (Re™™D(u)) + (u-V)u+Vp = 0 in (0,7] x ©,
Vou=0 inf0,7] xQ,

06 -
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y 0 o0 X y 0 o0

- transport equation for droplet size distribution o , , , ,
P . P - variation of finite element solutions (optimal value = 1) and computing

Opf(t,x,7) = J(t,%,7) = Or (g (t.r)f(E %, T>) — - Vaf(tx,7) thmes SecondsmethOd variation time e conclusion: linear FEM-FC'T methods performed best with respect to ac-
in (0,7) x QX (Tyin, "'max) SUPG 1.5567 2618 curacy and efficiency
f wnd tnel 2811:5: g: 851) Bgig 2329&1} Coupling to turbulent flow simulation
Numerical simulation of convection—dominated SOLD, C' = 1.0 1.1989 50693 e turbulent flow simulation: variational multiscale method; J., Kaya (2005)
equations with finite element methods FEM-FCT linear 1.0076 2613 e wind tunnel: (0,0.5) x (0,0.45) x (0, 0.18), using symmetry in z—direction
e model problem of transport equation for droplet size distribution: scalar FEM-FCT nonlinear  1.0013 47939 e inflow: interpolation of measured mean velocity + random noise
convection—diffusion-reaction equations -reference: J., S., Comp. Meth. Appl. Mech. Engrg. (2008), 198, 475 - e coupling of the equations: work in progress
ey 494, 2008 .
. eAu+b-Vu+cu=0 in(0,T]xQ Goals for the second period

e including collision and coalescence of droplets
e — diffusion, b — convection, ||b|| > ¢, ¢ — reaction e comparison with experimental data



