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SOUCASNE MERENI RYCHLOSTI A TEPLOTY ZHAVENOU SONDOU SE
DVEMA CIDLY

Simultaneous measurement of velocity and temperature with two-sensor hot-wire
probe

Pavel Anto$
Ustav termomechaniky AV CR, v.v.i., Praha

Uvod

Soucasné lze méfit rychlost a teplotu pomoci termoanemometrické sondy se dvéma
&idly, ktera jsou zhavena na rtizné teploty. Cidlo sondy je citlivé soudasné na rychlost a
teplotu proudu. Pro méfeni rychlosti by mél byt rozdil teploty ¢idla a teploty proudu co
nejvetsi. Tehdy ma Cidlo velkou citlivost na rychlost. Citlivost ¢idla na teplotu je
naopak nejvetsi pii minimalnim Zhaveni.

Pro zhaveni sond se bézné pouzivaji dva zptsoby: Zhaveni na konstantni teplotu ¢idla
(CTA) a zhaveni konstantnim proudem (CCA). Z teoretického rozboru modelu CTA
obvodu (AntoS 2007) vyplyva, ze z divodu dynamického nastaveni je skute¢né Zhaveni
odchyleno od nastavené hodnoty. Tuto odchylku nelze zanedbat pravé v oblasti nizkého
zhaveni, které¢ je vhodné pro méfeni teploty. Pro urceni skute¢né hodnoty zhaveni by
bylo nutno provést specielni kalibracni proceduru. Z tohoto diivodu je Iépe pro zhaveni
teplomérnych ¢idel pouzit metodu konstantniho proudu CCA.

Rekonstrukce signalu

Dratkova sonda je tvotfena jednim rychlostnim a jednim teplomérnym ¢idlem. Zaméime

se nyni na frekvencni vlastnosti teplomérného dratku. Z rovnice tepelné rovnovéahy

dratku a ochlazovaciho zakona lze odvodit teoreticky vztah pro ¢asovou konstantu

dratku 7 v rezimu CCA:

iy~ ™o R 0
U)\g aoRoRal

kde dw je pramér dratku, py je hustota dratku, m, je hmotnost dratku, c, je tepelna

kapacita dratku, Ry je stfedni odpor zhaveného dratku, R, je odpor nezhaveného dratku

pfi stiedni teploté tekutiny, Ry je odpor dratku pfi referencni teploté, ke které je vztazen

teplotni soucinitel odporu dratku o (teplotni soucinitel odporu druhého fadu se

neuvazuje) a kone¢né | je stiedni hodnota proudu protékajiciho dratkem.

Z Casového pritbéhu méfené teploty Ty lze teoreticky rekonstruovat skute¢nou teplotu

tekutiny T:

T=d \%/,OWCW wC

T(t)=Twm (t)—f—T%. 2)

Typicky prabéh ptenosové funkce dratkové sondy ukazuje ndsledujici graf pro dveé
ruzné Stihlosti dratku.
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Graf 1. Pfenosova funkce dratku H(f)

Jak je z grafu patrné, pienosovou funkci dratku H(f) 1ze povazovat v jisté oblasti za
konstantni. Je ohrani¢ena hodnotami frekvenci, které odpovidaji ¢asové konstanté
elektrod sondy (drzékt dratku) 79 a Casové konstanté dratku 7. Velikost pienosové
funkce v této oblasti Hy 1ze urcit (Freymuth 1979):

Ho :1—%\/Nu)\g/)\w L 12nry < <1277, 3)

kde A je stihlost dratku, )\q je tepelnd vodivost tekutiny, Ay je tepelna vodivost dratku.
Zasadni vliv na ptfenosovou funkci ma geometrie sondy; ¢im je vétsi Stihlost dratku, tim
k menSimu zkresleni signalu dochézi. Pro fluktuace skutecné teploty 1ze psat:

AT =H,' ATy 4)
Prakticky Ize méfenou teplotu numericky korigovat s pouzitim diskrétni Fourierovy
transformace. Rekonstruovana teplota tekutiny T bude déna souCinem FFT s inverzni
ptenosovou funkeci.

Zavér

Soucasné méfeni rychlosti a teploty lze realizovat pomoci termoanemotrické sondy se
dvéma Ccidly. Teplomérny dratek je Zhaven konstantnim proudem a pi1 méfeni
turbulentnich charakteristik jeho frekvencni vlastnosti vyzaduji rekonstrukci signalu.
Numericky Ize méfenou teplotu korigovat pomoci diskrétni Fourierovy transformace.
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REGULACNI VENTILY S PROFILOVANYM PRECHODEM A ROVNYM
DNEM KUZELKY
Control Valve with Shaped Cone and Flat Bottom

Lukas Bednar, Ladislav Taj¢
SKODA POWER a. s., Plzen

Abstrakt

Popisuje se aerodynamicky tunel na testovani ventil. Uvadéji se vysledky
méteni silového naméhani tfi variant ventilli. Uvazuje se ventil s volné zavéSenou
neodlehéenou caste¢né tvarovanou kuzelkou s pfechodem do rovného dna, ventil
s perforovanou kuzelkou a ventil se sitem. Srovnava se namahdni vietena v tahu
a maximalni rozkmit ohybového momentu.

Uvod

Pfi konstruovani parnich turbin se pouzivéd celd fada navrhii kuzelek ventila.
Tvarovd rozmanitost je dana pozadavkem na spolehlivost pii vSech provoznich
rezimech turbiny a tim danych proudovych pomeérech ve ventilech. V nékterych
pripadech je potiebné pouzit odlehéené ventily, aby se snizila sila nutnd k odtrZeni
kuzelky od sedla. Na kuzelku plisobi zejména aerodynamické sily. Aerodynamickym
silam se pfisuzuje nejvétsi vliv na nestabilitu proudu a rozkmitani kuzelky. Mezi
nejcastéjsi poruchy patii vytloukdni sedel ventilu a praskani vieten. V procesu vyvoje
a hledani optimalniho provedeni kuzelky se upustilo od kulového zakonceni dna
kuzelky a pteslo se k variantdm s tvarovanou kuzelkou a kuzelkou srovnym dnem
a podpichnutim.

Podle tvaru kuzelky miizeme uvaZovat proudéni nerozsitenou dyzou s ndhlym
roz$itenim prifezu (ukuzelky s rovnym dnem a podpichnutim) a proudéni
konvergentné-divergentni (Lavalovou) dyzou. V disledku odtrzeni proudu je
u podpichnuté kuzelky vétsi tlak na dno kuzelky, nez jaky vznikd pfi stejnych
proudovych pomeérech u profilované kuzelky. Pfitland aerodynamicka sila je
u profilované kuzelky vétsi.

U podpichnuté kuZelky se proud odtrhne na koncové hrané kuzelky a pfimkne se
k stén¢ difuzoru. V prostoru difuzoru nastavd volnd expanze s mistnimi maximalnimi
rychlostmi. U tvarované kuZelky se naopak proud odtrhne od stény difuzoru a pfimkne
se kstén¢ kuzelky. Misto odtrzeni neni vtomto piipadé pevné stanovené.
Z vypoétového rozboru, ktery byl proveden na ZCU Plzeii je zfejmé, Ze u podpichnuté
kuzelky se vyskytuje mistni Machovo ¢islo M > 1 jiz pro tlakové poméry p./po < 0,65.
Nadzvukové proudéni je zdrojem rozruchu a razovych vin. Pokud se tlakové pulsace
prenaseji pfimo na vieteno, mize dojit k jeho destrukci nebo nekontrolovanému kmitani
ventilu. Pfednosti podpichnuté kuzelky je vétsi provozni spolehlivost pfi spousténi
turbiny. Tvarovana kuzelka vSak md& mensi ztraty pii jmenovitych provozech. Byla
snaha vyuzit pfednosti tvarovych feseni kuzelky.

Experimentalni zafizeni a modely kuZelek ventilu
Ve SKODA POWER a.s. existuje aerodynamicky tunel, ktery umoziiuje pracovat

v rozmezi tlakovych poméri € = 0,3 + 1 pfi zdvihu kuzelky h= 0+ 0,3.
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Pro experimentalni ucely se vyrobila neodlehéena Castecné profilovana kuzelka
s ptechodem na rovné dno, obr. 1 a kuZelka s odlehéenim. Centralni vytokovy otvor je
nahrazen perforovanou sténou, obr. 2. Podle podkladi MEI je centralni otvor zdrojem
vétSich rozruchii nez sada malych vytokovych dyz.

/ R \ 7

| /
Obr. 1: Tvarovana kuzelka MEI Obr. 2: KuZzelka s profilovanym
s perforovanou sténou pfechodem a rovnym dnem

Silové piisobeni na vi‘eteno ventilu

Silové namahani vietena bude odvislé od rozloZzeni tlaku na povrchu kuzelky.
Vyslednd sila bude zavisla na pfilnuti nebo odtrzeni proudu od stény kuzelky i na
vyskytu skokovych zmén tlaku v razovych vinach. Zkouselo se provedeni kuzelky bez
perforace a s perforaci. Sila vtahu na vieteno ventilu s kuzelkou bez perforace je
vynesena na obr. 3. Pii rastu tlakového poméru dochdzi k skokové zmeéné osoveé sily.
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Obr. 3: Osova sila na vieteno Obr. 4: Osova sila na vieteno

s kuzelkou bez odleh¢eni u odlehéené kuzelky

Vliv odlehcovacich otvorti na osovou silu kuZzelky je ukazan na obr. 4. Vytok
media pres odlehcovaci otvory zplsobuje vétsi rozptyl tlakovych poméra, pii kterych
dochazi ke zméné charakteru proudéni ventilem a ke skokové zméné osové sily.

Zavéry

e Perforace kuzelky obecné napomaha k tlumeni tlakovych pulsaci.

e U castecné profilované kuzelky lze vypozorovat skokové zmény v silovém plisobeni
na vieteno pi1 zméné tlakového pomeéru i pii zméné zdvihu kuzelky.

e Sito ve vstupni ¢asti ventilu ma vliv na proudové pomeéry pod kuzelkou ventilu.

Podékovani

Autofi prispévku dékuji MPO Ceské republiky za finanéni podporu grantu
TANDEM.
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THE CAPILLARY FLOW OF A YIELD-STRESS FLUID

Volfango Bertola
University of Edinburgh, United Kingdom

The wicking of a Newtonian liquid in a capillary tube is described by the well-known
Washburn equation [1]. In the absence of gravity effects (horizontal tube), the motion is
entirely determined by a force balance between capillarity and the frictional force on the
wall, which becomes increasingly larger as the liquid advances:

T, mdx = do (D)
This force balance does not depend on the fluid rheology, so that it is true also for non-
Newtonian fluids. Here, we want to investigate the behaviour of yield-stress fluids, i.e.
those fluids which respond like elastic solids for applied stresses lower than a certain
threshold value 7, (the yield stress), and flow only when the yield stress is overcome.

When a yield stress fluid flows in a horizontal tube under the action of the capillary
force only, according to Eq. (1) there is a critical distance from the tube inlet for which
the wall shear stress equals the yield value:

x=o0/z, (2)
Since the shear stress is maximum at the wall, this means that 7 <7, everywhere inside

the capillary tube, so that the fluid cannot flow anymore [2].

This work brings experimental evidence that the theory outlined above cannot describe
the behaviour of a model yield-stress fluid (a commercial gel). In particular, the
maximum penetration length of the fluid in the capillary is one order of magnitude
larger than the prediction of Eq. (2), and is strongly dependent on the tube diameter.
Experiments were carried out using borosilicate glass tubes 125 mm long and with
diameters ranging from 0.46 to 1.5 mm; the position of the advancing fluid was
measured by means of a CCD camera placed above the tubes (a typical image is shown
in Fig. 1).

25

20 /ig

yield stress [Pa]

0 0.1 0.2 0.3 04 0.5
mass fraction [-]

Figure 1. Experimental arrangement. Figure 2. Yield stress vs. mass fraction of
gel in the solution
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Figure 3. Fluid penetration vs diameter in Figure 4. Dimensionless maximum
different tubes (7, =10.7 Pa). penetration length as a function of the

Bingham-capillary number.

The surface tension of solutions (measured by a De Nouy tensiometer) was 34 mN/m,
while the yield stress (measured by a rotational rheometer with plane-plane geometry)
could be varied from about 5 to 20 Pa by diluting the gel in water at different
concentrations, as shown in Fig. 2. Such values yield maximum penetration distances of
a few mm.

A typical result obtained for a given yield stress is reported in Fig. 3, which shows that
the fluid does not stop at the distance predicted by Eq. (2) and that the maximum
penetration length is strongly dependent on the tube diameter.

Because Eq. (1) is always true, the simplest explanation for such experimental results is
that the fluid does not remain homogeneous under shear flow in the vicinity of the wall,
causing a substantial reduction of the effective yield stress. In particular, when a fluid
consists of a particle suspension (including colloids), which is the case of most yield-
stress fluids, this phenomenon is caused by a depletion of particles near the wall and is
known as “apparent wall slip” [3].

In the present system, wall slip seems to be related to the competition between the yield
stress and the capillary pressure, which can be expressed by the dimensionless number

B= 7,d/o (the product of the Bingham and the Capillary numbers). If one plot the

dimensionless maximum penetration length of the fluid in the capillary with respect to
this parameter, all data collapse on a single curve, as shown in Fig. 4. The best-fit of
experimental data leads to a scaling law of the form:

X/d ~ B" (3)
where n =2 for B<0.5 and n=-4 for B>0.5.

References

[1] E.W. Washburn, Phys. Rev. 273-283 (1921).

[2] A.H. Skelland, Non-Newtonian Flow and Heat Transfer, Wiley, New York, 1967.

[3] H.A. Barnes, J. Non-Newtonian Fluid Mech. 56, 221-251 (1995). Z.D>
Jastrzebski, Ind. Eng. Chem. Fundam. 6, 445453 (1967).



Colloquium FLUID DYNAMICS 2007
Institute of Thermomechanics AS CR, v. v. i., Prague, October 24 - 26, 2007

p.7

EXPERIMENTAL INVESTIGATION OF LAMINAR AND TURBULENT DRAG IN
CLASSICAL AND QUANTUM OSCILLATORY BOUNDARY LAYER FLOW

M. Blazkov4®, D. Schmoranzer®, L. Skrbek®
Joint Low Temperature Laboratory, “Institute of Physics ASCR, v. v. i., Prague

and °Faculty of Mathematics and Physics, Charles University, Prague

Introduction

Various types of oscillating structures have been important for probing the hydrodynamic
properties of quantum fluids since the discovery of superfluidity. The famous Andronikashvili
experiment, the basis for the two fluid model, was a measurement of the torsional oscillations of
a pile of closely spaced discs and provided the first direct determination of the densities of the
normal (p,) and superfluid (p;) fractions in He II. It was soon realized that the ideal picture —
according to which the normal fluid is dragged along with the discs because of its finite viscosity
while the inviscid superfluid remains stationary and does not participate in the flow — can only
hold at sufficiently low oscillation amplitudes. Both the classical viscous boundary layer flows
and the quantum flows due to oscillating objects display transitions from laminar to turbulent
drag regime. It is interesting to compare classical and quantum cases.

Experimental results and discussion

Experimentally, it is best to use a tool capable of probing both classical and quantum flow
that can be changed at will in sifru. Such a tool indeed exists — the quartz tuning fork. The
flow due to its oscillatory motion and transition to turbulent drag regime in classical fluids
(cryogenic helium gas and normal liquid helium) has been investigated by our group [1] and
some aspects of it were reported at this workshop last year [2]. Based on measurements of the
velocity versus the driving force, it has been found that in viscous flow the critical velocity for
the crossover from laminar to turbulent drag in the limit U/w < £ > § scales as U, < /vw
over at least two decades of kinematic viscosity v. Here U is the peak velocity of the fork,
¢ its characteristic size, and w denotes the angular frequency of the fork. The validity of this
scaling was recently tested further by performing measurements with forks of various sizes and
oscillating at different frequencies. The scaling can be explained qualitatively by equating the
linear and the turbulent drag forces at U,,, using the approach described in Ref. [1].

The experiments and analysis has been recently extended from the classical viscous He I to
He II (a preliminary report is Ref. [2]). The left panel of Fig. 1 shows no appreciable quali-
tative change in the character of the dependence of the velocity versus the driving force when
crossing 7. On decreasing the temperature of He II along the saturated vapor pressure curve
further, however, the crossover from laminar to turbulent flow becomes gradually sharper and
the character of the curve above the critical velocity changes. This change is seen more clearly
in the right panel of Fig. 1, where the drag coefficient Cy is plotted for three different temper-
atures. Cj is defined from the equation F' = !
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Figure 1: (Left) Transition from laminar to turbulent drag regime in “He, measured with a tuning
fork in normal liquid He I and superfluid He II at three temperatures. At low drive level (in the
laminar regime) the measured velocity is a linear function of the applied drive; around its critical
value the crossover to the turbulent regime occurs, characterized by a driving force proportional
to the square of the velocity. The dashed lines indicate the slopes U o< F and U o v/F. (Right)
A plot of the drag coefficient Cy versus the velocity of the fork shows that in a classical fluid
(He I) there is a gradual change towards a constant value well above the transition to turbulence;
while in He II there is a sharp transition at a critical velocity US. of the superfluid.

classical viscous He 1, in the vicinity of U.,, the measured dependence Cq(U) gradually levels
off and Cq acquires an approximately constant value of order unity. In He II well below T}
Cq(U) behaves differently. It displays the laminar part, where the drag is due to the viscous
normal fluid only, and then, beyond a sharp minimum, Cy(U) increases again and displays a
broad maximum above which it gradually becomes constant as in the classical case.

This behavior of the drag coefficient Cy(U) can be understood in the framework of the two-
fluid model. The superfluid fraction produces the sharp minimum where the turbulent drag sets
in, which is identified as its critical velocity US. It was found, at least approximately, frequency
independent, in contrast with the behaviour of classical fluid where the critical velocity was
found o< /
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CAVITATION IN LIQUID HELIUM DUE TO A VIBRATING QUARTZ FORK

M. Blazkova®, T.V. Chagovets’, M. Rotter?, D. Schmoranzer?, L. Skrbek®
Joint Low Temperature Laboratory, “Institute of Physics ASCR, v. v. i., Prague

and °Faculty of Mathematics and Physics, Charles University, Prague

Introduction
The quartz tuning fork proves to be a robust, cheap and widely available tool for generating
and probing oscillatory boundary layer flows, especially at cryogenic conditions [1, 2]. Its peak
velocity in helium fluids can be easily varied and detected over seven orders of magnitude, up
to very high values of order m/s. An experimental setup containing a quartz tuning fork inside
a pressure cell in a glass helium cryostat enables us to experimentally observe additional effects
in liquid He, which we ascribe to cavitation (as these are absent in gaseous He), taking place in
the vicinity of the fork.

Liquid helium can be prepared extremely clean and wets almost ideally any solid surface — it
provides an ideal model system to study cavitation. Numerous studies have been performed over
the last fifty years — see [3] for a comprehensive review of the early experiments on nucleation
of bubbles in liquid helium, and [4, 5] for more recent results. As many experimental results
remain poorly understood, it is of considerable interest to revisit this field using a new tool.

Experimental results and discussion
Our detection protocol is based on sweeping the fixed driving voltage applied to the quartz
tuning fork, of the form U = Uy cos wt, across the resonance frequency. At low driving volt-
ages, the response signal from the fork is represented by the absorption and dispersion curves of
Lorentzian form [1, 2]. On increasing the driving voltage the response ceases to be Lorentzian,
the absorption resonant curve widens and the maximum response shifts towards lower fre-
quency. As explained in detail in our previous publication [2], this behavior is observed in
both liquid and gaseous helium and is caused by the transition from laminar to turbulent drag
regime. These features occur in both liquid and gaseous helium.

In liquid He I and He II an additional pronounced feature occurs. On further increase of
the drive, at high enough amplitude, the observed signal breaks down when the frequency is
swept towards resonance. This breakdown event serves as a definition of the critical cavitation
velocity ve.,. When repeating the sweeps, this character of the signal persists but the response
is generally not exactly reproducible. When v, is plotted versus temperature, a striking feature
is observed, see Fig. 1. Itis a very steep increase in v.,, right below the A-point - here v.,, rises
by factor 3-5 within about 20 mK. This step-like feature is detailed in the inset of Fig. 1. We
have measured this feature with various forks; it displays a reasonable degree of reproducibility
for the data series from different runs as well as for the data obtained with different forks.

While performing the cavitation experiments in an open helium bath of a glass cryostat, in
He II (where no bubbles are present in the bulk, thanks to its extremely high thermal conductiv-
ity) we have indeed visually observed a bubble occurring between the prongs of the vibrating
fork. Having available the pressure cell [2], we have performed the measurements showing the
dependence of v.,, versus an externally applied overpressure at 4.2 K (see Fig. 1, right).

As the “breakdown” effects described above never occurred in gaseous helium, we naturally
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Figure 1: The observed critical cavitation velocity plotted versus the temperature at SVP. The
inset magnifies the data in the vicinity of the \-transition (left). The observed critical cavitation
velocity plotted versus the applied overpressure in the cell at 4.2 K (right).

assume that they arise as a consequence of cavitation/boiling processes in liquid He I and He
II. The most simple, perhaps naive, explanation would be that due to the Bernoulli equation the
local pressure in the flow due to a vibrating quartz fork decreases. The overpressure data at 4.2
K can indeed be fitted by the expected v.,, o< \/Ap dependence, however, they lead to a pres-
sure drop comparable with the hydrodynamic static pressure head in the cryostat, far too low for
what would be required for homogeneous cavitation. Moreover, this simple approach does not
explain the almost step-like change in v.,, close to T)\. We believe that in He I thermal effects
are influencing the observed velocity, since the vicinity of the fork is locally overheated and
cavitation occurs at a temperature which is significantly (about 1 K) higher than that at which
the surrounding helium bath is kept. This strongly suggests that combined boiling/cavitation
rather than pure cavitation occurs. The steep increase of the cavitation velocity by factor 3-4
observed just below the superfluid transition can be understood as a consequence of the high
convective heat transfer efficiency in superfluid He II. Our data do not allow us to unequiv-
ocally conclude whether the observed cavitation is heterogeneous or homogeneous in nature;
however, homogeneous cavitation [5] would require superflow velocity enhancement past sharp
corners by a factor of about 30. We are currently performing more accurate analysis along these
thoughts, taking into account the measured values of force and velocity of the fork.
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under 202/05/0218 and GAUK 7953/2007.
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NUMERICAL SIMULATION OF FREE SURFACE FLOW IN A CHANNEL
WITH RIBBED BOTTOM

T. Bodnar and K. Kozel
Department of technical mathematics, Faculty of mechanical engineering,

Czech Technical University in Prague

Introduction

Numerical simulation of free-surface flows is one of the most complicated tasks of CFD. Up
to now several methods have been developed for this kind of simulations. The method we
have used in our study is based on one of the possible implementations of interface capturing
methods. The case solved here is the flow in a 2D channel with ribbed bottom (see Fig. 1),
which is partially filled by the water. Because of the action of the inertia and gravity forces, the
water-air interface is deformed in proximity of ribs. The shape of the free-surface is relatively
simple in this case, however its correct resolution at high Reynolds number in a fully turbulent
flow is a very complicated task.

Mathematical Model

The approach used in our model is based on the assumptions for variable-density incompressible
flow. It means the flow is treated as if the domain is filled by only one fluid, which density is
variable. The discontinuity in density profile arises at the free-surface. This method can be seen
as an elementary implementation of VOF method introduced in [3].

For the turbulence modeling we have chosen the SST £ — w turbulence model see e.g. [4].
The model modification adopted here is exactly the one of [2].

Numerical Solution

Numerical solution of the above presented mathematical model is based on finite-volume cell-
centered semi-discretization on structured mesh. The time-integration of the resulting system
of ordinary differential equations is carried out using explicit Runge-Kutta multistage scheme.
Because of the use of the central-differencing in spatial discretization, suitable stabilization
technique is used to avoid non-physical oscillations in the solution.

Numerical simulations

Numerical tests were performed for segment of a 2D channel with two ribs of square crossec-
tion. Channel is partially filled by water, while the remaining volume is occupied by air. The
geometrical configuration can be seen in the Figure 1. The fully developed velocity profile with
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maximum speed 0.25, 0.5, 1.0 and 2.0 m/s was assumed for both fluids on the inlet. The length
scale h was set to 1cm.

In order to avoid complicated multiblock mesh structure, a cartesian grid was used and
velocity was set to zero “inside” of the obstacle. This simplifies significantly the computation
in the case of multiple obstacles. The mesh structure detail can be seen in the Figure 2.

A

10h

AIR

e e T T T -

Figure 1: Computational geometry Figure 2: Cartesian grid structure

Conclusions, remarks

The numerical results presented in this contribution were chosen to show the resolution of the
flow in the proximity of the ribs and the ability of the model to capture the free surface for
selected range of inlet velocities.

From the presented tests of the whole numerical model directly follows that the method used
here is applicable for this class of problems. Multiple ribs configurations will be extensively
studied in detail.
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IMPLEMENTATION OF AN ALGEBRAIC BYPASS TRANSITION MO DEL
INTO TWO-EQUATION TURBULENCE MODEL FOR A FINITE VOL UME
METHOD SOLVER

Ji¥i Dobe®, Jaroslav Fait?, Jaromir P¥ihoda®

') Department of Technical Mathematics, Faculty of Mcchanical Engineering,
Czech Technical University in Prague, Karlovo nanssti 13, 12135 Praha 2,
Czech Republic

2 Institute of Thermomechanics AS CR, v.v.i., Dolej§ova 5, 182 00 Praha 8,
Czech Republic

1 Introduction

The mathematical model of turbulent flow, basedtun finite volume method and two-equation
turbulence model, was extended by an algebraic hafdihe bypass transition taking into account the
effect of free-stream turbulence and pressure gnadin the laminar/turbulent transition. The intitemt
feature of flow in the transition region is desedbby the algebraic relation for the intermittency
parameter and empirical relations for the onsetlangth of the transition region.

2 Numerical model
We solve a system of averaged Navier-Stokes equsitiotwo spatial dimensions

ow of ag_or s

—t—+ ==—+— (1)

ot dx dy Ox oy
with w vector of conserved variableésandg are inviscid flux vectors, ands are viscous flux vectors.
The system of governing equation was closed byutimilence model with the turbulent viscosity. Kie
w SST model proposed by Menter [1] was considergaprépriate initial and boundary conditions are
prescribed.

The finite volume method of the cell centered typith the modification of the approximative
Roe's Riemann solver, the linear least square steartion and the Barth's limiter was developede Th
viscous fluxes are discretized in the central maimmea mesh dual to the cell faces. Time integnaiso
performed with linearized Euler backward formuladaocal time stepping is used. The system of
equations is solved with GMRES method and ILU(G3cpnditioning. The method works on general
unstructured meshes.

3 Transition model
Transition models is based on the algebraic equétiothe intermittency coefficient

y=1- exy{—ArU( Re- RQ)ZJ )
proposed by Narasimha [2]. The position of thediton onset is described by the Reynolds numbgr Re
determined by means of the momentum Reynolds nuiRbgr= f (Tu, A;) where Tu (%) is the free-

stream turbulence level ad is the pressure gradient parameter. Both parasmaterconsidered at the
location of the transition onsettiRoda et al. [3] proposed the relation

1-exp—40A
Rey, = Re8t0[1+ OZSexd—Tu)1+ 04‘5'[(_ 403\) )} -
' t

The length of the transition region is given byaraeters describing the spot generation fatand spot
propagation parametet The simplest correlation uses the empirical patam

N = ho Re}, (4)
proposed by Narasimha [2]. The effect of free stréarbulence and pressure gradient on the pararNeter
is correlated by empirical relation N = f(TA) according to Solomon, Walker, Gostelow [4]. Toigv
the calculation of the momentum Reynolds numbeg, Re cases with complicated geometry and

unstructured meshes, the vorticity Reynolds nunt®eris used. According to Menter et al. [5], the
correlation for the Blasius boundary layer in tbhenf Rg = Re,.,/2.193 is used.
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4 Numerical results

Two types of test cases were considered: a) ftepransitional 2D boundary layers flows with
different free-stream turbulence level — ERCOFTASGttcases; b) transonic flow through the SE1050
turbine blade cascade. For example, the distributiothe skin friction coefficient for ERCOFTAC tes
cases is given in Fig.1.

0.01 5

o e 0.008 J

o Exp

- No transition - No transition
Transition included 0.006 Transition included

0.004 |

Figure 1: Distribution of skin friction coefficiefior ERCOFTAC test cases
(left to right cases T3A, T3B, T3Aminus)

The computations for test cases T3A and T3B gigoad agreement with experimental data. For test
case T3Aminus with Tu= 1%, the predicted transition onset starts soomercomparison with
experimental data. It can be caused by many fathatsare not taken into account. This effect i<imu
more obvious for relatively low turbulence levels.

5 Conclusions

The proposed algebraic bypass transition model wgdemented into the unstructured finite
volume method solver. The calculation procedure wedislated for transitional flat-plate boundaryéay
with different free-stream turbulence level andtf@nsonic flow through the SE1050 blade cascate. T
transition in internal flows is influenced by mamgrious factors and so the prediction of the bypass
transition is the most problematic part of the vehoalculation. Further progress can be achievethéy
application of the transition model based on adpant equation for the intermittency coefficient.
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NUMERICKE RESENI STACIONARNIHO A NESTACIONARNIHO
TRANSSONICKEHO PROUDENI VE VNEJSI AERODYNAMICE
Numerical solution of steady and unsteady transonic flow in outer aerodynamics

Jifi Dobes!, Jaroslav Foit!, Petr Furmanek?, Jiri Fiirst?, Milan Kladrubsky?,

Karel Kozel!

LCeské vysoké uceni technické, Fakulta strojni, Ustav technické matematiky, Praha
2Vyzkumny a zkuSebni letecky iistav, a.s., Aerodynamika vysokych rychlosti, Praha

Uvod
Prispévek obsahuje vysledky vypoctu staciondrniho turbulentniho proudéni (model k£ — w)
kolem profilu RAE 2822, nestaciondrniho nevazkého proudéni kolem kmitajiciho profilu
NACAOO012 a srovnani staciondrniho nevazkého proudéni kolem kiidla Onera M6 pocitaného
Ctyfmi riiznymi metodami s experimentem.

Matematické modely
Pro feSeni dvourozmérného stladitelného staciondrniho turbulentniho proudéni bylo pouZzito
WLSQR schematu (modifikace WENO schematu). Numerické toky jsou pocitiny pomoci
AUSMPW+ metody. Jako model turbulence je pouzit Kokiiv TNT model £ — w.

Pro feSeni nevazkého oscilujictho profilu pro stlacitelné proudéni bylo pouZito implicitni
WLSQR schéma a nestacionarita feSeni, dana zménou polohy profilu, byla feSena uZzitim ALE
(Arbitrary Lagrangian—Eulerian) metody.

V piipadé simulace transsonického obtékani kiidla byly zvoleny Ctyfi rozdilné metody a
zaroven tfi rizné typy vypocetnich siti a to sice strukturované sité typu H a C a nestrukturovana
sit’ tvorena Ctyrstény.

Schéma 1. Pro vypocet bylo uzito 3D MacCormackova schematu (cell-centered) ve formé
prediktor — korektor s pfidanou Jamesonovou umélou vazkosti tiettho fadu (C 1 H sit’).

Schéma 2. Bylo pouzito jednokrokové explicitni schéma typu Laxe—Wendroffa v cell-vertex
formulaci s umélou vazkosti Jamesonova typu.

Schéma 3. Uloha byla feSena metodou kone¢nych objemid v cell-centered formulaci. Na
kazdé strané konecného objemu se fes$i Riemanntiv problém. Toto feSeni je aproximovano
uzitim Roeho Riemannova feSice. Pro zvySeni presnosti metody v prostoru byla pouZita linearni
rekonstrukce pomoci metody nejmensich ¢tverct. Pro diskretizaci v Case byla implementovana
linearizovand zpétna Eulerova metoda. Vysledny systém linedrnich rovnic je pak feSen pomoci
GMRES metody s ILU predpodminénim.

Dosazené vysledky
Pouziti metody pro turbulentni proudéni je pfedvedeno na ptipadu obtékdni profilu RAE 2822
pii My, = 0.734, o = 2.54°, Re = 6.5 - 10°. Byla pouzita sit 164 x 96, z toho na profilu
bylo 124 bunék, vzdilenost stiedu prvni butiky od profilu byla piiblizng 5 - 107, coz odpovida
piiblizné y+ ~

Pro vypocet oscilujiciho profilu byl pouzit profil NACA 0012. Machovo ¢islo je rovno
0.755, rozkmit ihlu nabéhu byl £2.5°. Vysledky vypoctl jsou porovnédny s experimentem v pru-
bézich ¢, (), ¢n () arozlozeni ¢, po tétivé pii riznych thlech nabéhu.
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Pro vypocet nevazkého obtékani kiidla Onera M6 byl ve vSech pripadech pouZit rezim
se vstupnim Machovym cislem rovnym 0,8395 a thlem ndbéhu 3, 06°, ktery je dobie experi-
mentdlné zdokumentovan. Ve schématu 1 byla pouzita H i C-O sit’, ve schématu 2 C-O sit’ a
ve schématu 3 byla pouZita s nestrukturovana sit’, pfi¢emzZ jednotlivymi objemy byly Ctyfstény.
Vypoctené rozloZeni ¢, v riznych fezech kiidla je porovndno s méfenim.

Podékovani: Price byla realizovana za finan¢ni podpory z prostfedki stitniho rozpoctu
prostfednictvim projektu Ministerstva Skolstvi, mladeze a télovychovy MSM 684077001 a
MSM 0001066902 a GACR 201/05/04.
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STUDY OF OPTIMIZATION OF LOBED NOZZLE FOR MIXING

Viclav Dvorak
Technical University of Liberec, Department of Power Engineering Equipment,
Liberec

Introduction

It is well known that mixing process in ejectors is effected by the shape of the trailing
edge of primary nozzle [1]. The article deals with a simple optimization algorithm used
for design of lobed nozzle. Influences of number and size of lobes are studied with the
help of numerical simulation. It was found out that the objective function is not
unimodal and one of the local optimum is represented by the circular nozzle.

Methods
First cycle of Rosenbrock method was used as an optimization procedure. Only one
parameter was changed in each optimization step. The cross-section shape of the nozzle
is given by relation with optimization parameters H and n

r=R+H/2-cos(ng), (1)
where [¢,r] are polar coordinates of the mixing chamber, H represents the high of

lobes and n number of lobes. R is middle radius of generating curve, which is
calculated from the last optimization parameter, the equivalent diameter of the nozzle
d,.
Results and discussions

Changes of three optimization parameters during optimization are seen in fig. la. First
run of the optimization between steps 0 and 15 began with n=8 and H =4 mm and led
to the nozzle with negligible lobes of the high 1 mm. Second optimization between
steps 16 and 22 began with less but bigger lobes, n=4, H =8. In this case the
optimum was found for n=3, H =10, while the equivalent diameter is d, =18.76 mm.
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Fig. 1: a — process of optimization parameters and objective function during optimization; b — resulting
shapes of the primary nozzle.
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Resulting shapes of nozzles are in fig. 1b. Curves of kinetic energy given by radial and
tangential velocity components are curried in fig. 2. The lobed nozzle has nonzero
tangential velocity component, two peaks are evident on corresponding kinetic energy.
The first maximum matches the place, where the free shear layer rising from tops of
lobes encounter the boundary layer on the mixing chamber wall. The second maximum
similarly matches the collision of boundary layer with free shear layer rising from the
bottom of the lobes. Area between maximums can be called transition region of mixing.

0.12

Circular nozzle v_rad"2

— — —-Lobed nozzle v_rad"2 / N\
0.1

Lobed nozzle v_tan"2

— — Lobed nozzle v_rad"2+v_tan”"2

kinetic energy [m?/s?]

0 1 2 3 4  xD 5
Fig. 2: Averaged Kinetic energy given by radial and tangential velocity components during the mixing.

The growth of the free shear layer is higher for lobed nozzle because of larger bound
between primary and secondary stream. Lobed nozzle has higher turbulent kinetic
energy in the initial region of mixing and this energy grows more uniformly, than it is
for circular nozzle, which has higher turbulent kinetic energy in the main region of
mixing. The maximum of turbulent kinetic energy is in point of x/D =4.2 for lobed
nozzle, but x/D =5 for circular nozzle. So we can consider that the mixing process is
faster with the lobed nozzle.

Conclusion

A simple optimization of lobed nozzle for the ejector was made. It was shown that the
mixing is faster when using lobed nozzle. A transition region of mixing was interpreted
for using lobed nozzle. This region represents successive encounter of the free shear
layer with the boundary layer. The real three-dimensional shape of the nozzle will be
solved in next optimization.
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MICROSCALE AIRFLOW MODELLING USING THE IMMERSED
BOUNDARY METHOD AND IMPLICIT LES.

Vladimir Fuka, Josef Brechler
Department of Meteorology and Environment Protection, Faculty of Mathematics
and Physics, Charles University, Prague

Abstract

This contribution describes preliminary results dealing with computation of the
turbulent flow around a square cylinder by 2D implicit large eddy simulation. The solid
wall boundary conditions were described by the immersed boundary method.

1. INTRODUCTION

We choose this example as a part of the validation of the CFD model we are developing
for flows in geometrically complex (urban, for example) areas. In this study we present
the first results of the turbulence parametrization when so-called ILES method (see
Drikakis, 2003 or Grinstein et al., 2007, for example) has been used. We used a square
cylinder as a prototype of bluff body instead of a real 3D building. The reason for the
2D approach consists in the reduction in the amount of time needed for one model run.
Obtained results were compared with other 2D and 3D simulations and also with the
laboratory experiment.

2. NUMERICAL METHODS

The fractional step method (Brown et al., 2001) has been used for time discretisation of
incompressible Navier-Stokes equations and for the spatial discretization we have used
the finite volume method. The advective fluxes are formularized via the central high-
resolution scheme of Kurganov and Tadmor, 2000). The turbulence was treated in the
context of ILES (implicit large eddy simulation (Drikakis, 2003 or Grinstein et al.,
2007). It was possible to use this approach thanks to using the Kurganov-Tadmor
method that is, in fact, the high resolution non-linear one. The complex geometry on
Cartesian grid can be implemented via the immersed boundary method (Kim et al.,
2001).

3. RESULTS

Due to the computational resources and the present state of our model we performed the
calculation in 2D. Although the turbulence is inherently the 3D phenomenon according
to Bouris and Bergeles (1999) the 2D computation can capture most of important
features of the quasi-two dimensional flow. In addition, in 2D one can use the grid with
better resolution. Reynolds number for this experiment was equal to 5000 instead of
more often used value about 22 000, because we use no wall model at this time.

Resulted flow-field of this experiment clearly shows the vortex shedding behind the
bypassed obstacle. Strouhal number of this vortex shedding was 0.12, which is slightly
less than 0.13-0.14 reported by Bouris and Bergeles, 1999. When the averaged
horizontal velocity profile of this experiment at the centreline is compared with other
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results, both numerical and laboratory, it can be seen that the recirculation length was
0.6, which is less than experimental value, but it is consistent with 2D calculations of
Bouris and Bergeles, 1999.

4. CONCLUDING REMARKS

This experiment clearly shows some advances of the non-linear schemes when they are
used for formulation of the advective terms. The properties of them enable us to use
relatively simple approach for modelling the turbulent regime without utilizing the
explicit subgrid model. For the future it can be seen from the results that when we want
to model the higher Reynolds number flows that the application of some wall model
will be necessary.
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NUMERICAL SOLUTION OF STEADY AND UNSTEADY FLOW OVER A PROFIL E
IN A CHANNEL
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1) Department of Technical Mathematics, Faculty of Mechargal Engineering, CTU in Prague.

2) Institute of Thermomechanics, Czech Academy of SciencBrague.

Abstract

The work deals with steady and unsteady solution of subdtmvicover a profile DCA 18% in
a channel. For the computation the predictor-correstor@damack scheme with modified TVD
Causon’s artificial dissipation is used. Firstly, the stestate solution compared to the experimental
results is presented. Than a simple unsteady model basaéssupe change at the outlet area of the
computational domain and finaly an unsteady model obtaintdthe use of ALE method (moving
mesh) are presented.

Mathematical Model The behaviour of flow in both cases (steady and unsteady)siriied by the
system of compressible Euler equations in conservatian:for

W, + F, + G, = 0. )

where the vector of conservative variabl&sand inviscid fluxed', G are
T T T
W = ‘ ) , G = HPUaPUUaPU2+pa (6+p)’UH :

F = ||pu, pu® + p, puv, (e + p)ul

p, pu, pu, e

To solve this system following relation (equation of stateifleal gas) is added= (x—1) [e — %p(uQ +

2}2)], K = E—P We considerp - density, (u, v) - velocity vector,p - pressure and - total energy per

unit volume. Boundary conditions in the inlet area are gilegrthree prescribed values, fourth one is
extrapolated, whereas in the outlet area the conditiongiaea by prescribed pressure.

Nonstationary effects Two models of nonstationary flow have been implemented:

1. The first one was caused by pressure change in the outiebhoemputational domain given by
the conditionpoutiet = Poo(1 + 0.2sin(ft)), wheref [s~!] is frequency and [s] is time.

2. Considering the second model, prescribed oscillatiétiseoprofile fixed in the point of an elastic
exis were given by the formula = ¢( sin(2x ft), wherey [rad] is the angle of rotation of the
profile from equilibrium position angy [rad] is amplitude of oscillations. To treat the vibrating
profile, the ALE method is used (the mesh is deformed witheelsip profile rotation).

Numerical Scheme The system[{1) was numericaly solved by finite volume methit the use of
predictor-corrector MacCormack scheme (cell-centereth¥avith Jameson’s and modified Causon’s
TVD atrtificial dissipation. Computational area was disized by structured H-type mesh containing

156x112 cells (i.e. 17472). Development of nonstationary flovthia case of ALE computation was
observed on behaviour of lift coefficient given@as= t § Pda

T -
2 urefpref

Numerical Results At first, we present numerical results for stationary flow pamed with experimen-
tal results of the Institute of Thermomechanics CAS folldvig the results of mentioned nonstationary
models.
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r
X

(a) Numerical result. (b) Experimental result.

Figure 1: DCA 18%, M = 0.526, a = 0°, isolines of Mach number, stationary computation.

Mach = 0,628, 1=30 Hz, Phi =3 Mach = 0,626, 1-30 Hz. Phi =3 Mach = 0,626, 1=30 Hz, Phi =3

@t= %ﬂ'. (b) t = %ﬂ'.

Figure 2: DCA 18%, M, = 0.526, Mach number isolines, unsteady computation, prescrilsedlations, ALE.

Conclusion The numerical method solving steady and unsteady invismidpcessible flow around a
profile with one degree of freedom in a channel has been deseland preliminary results (showing
all the flow characteristic as expected) have been presefiddre steps intended are implementing a
model able to handle one or two number of freedom and also fidwded aeroelastic effects.
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GA AV CRc. IAA200760613.
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NUMERICAL SIMULATION OF VISCOUS FLOW IN CHANNELS WITH MOVING
WALLS

Martin Hadrava V), Miloslav Feistauer) and Petr Svatek®)
1) Charles University Prague, Faculty of Mathematics and Physis,? Czech Technical
University Prague, Faculty of Mechanical Engineering

Introduction
The subject of this paper is the numerical simulation of miscincompressible flow in two-
dimensional channels with moving walls. The Navier-Stakgsations and the continuity equa-
tion are written in the ALE (Arbitrary Lagrangian-Eulerjaform and discretized in space by
conforming finite elements satisfying the Bdka-Brezzi condition and in time by the second
order backward difference formula (BDF). The applicabitifthe developed method is proved
by the solution of a test problem of flow in a channel with a wadlving in a prescribed way.

Formulation of the problem
We consider the flow in a bounded 2D dom&independing on time with boundaryo);, =
I'pUlo UT'y,, wherel', represents inlet or parts of impermeable fixed wallsjs outlet and
[y, represents moving impermeable walls.

The dependence of the domain on time is taken into accouhttiét aid of a regular ALE
mappingA; : Qy — Q, i.e. X — x = x(X, t). Further, we define the ALE velocity¥(X,t) =
XX, 1) = 5 AX), WX, 1) = WA (x), 1), t € [0,T], x € Q; and the ALE derivative of a
fUﬂCtiOﬂf = f(X,t): %jf()@t) = %(XatﬂX:A*l(x)’ Wheref(xvt) = f(‘Af(X)v t)? X € (.

The Navier-Stokes systemg}ltains the folfowing ALE form:

divu = 0, ﬁu+((u—w)-V)u+Vp—uAu:O. (1)
Hereu is the fluid velocity,p is the pressure and is the kinematic viscosity. System (1) is
equipped with the following initial and boundary conditgon

u(x,0) = up(x), x € Q, Ulrpx (0,1 = Up, (2)

ou
U\Fth(o,T) = W\Fwt,x(o,T), —pn + ’/% = —presn ONLp x (0,7), (3

wherep,.; is a given reference pressure.

Now we describe the construction of the ALE mapping. We asstimt the inlet and
outlet are straight segments given by the conditidhs= o and X; = b, respectively, where
a, b € R, a < band the walls are represented by the graphs of smooth funsctio

9 = ¢(X1,t), X1 € [a,b],t € [0,T] (upper wall),

e = p(X1,t), X1 € [a,b],t €[0,T] (lower wall),

The research of M. Feistauer and Pa%k was a part of the project No. 201/05/0005 of the GACR. The
research of M. Hadrava was a part of the project No. 7486/20@7e GAChU.
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Figure 1: Velocity vectors at= 1.7 andt = 3.3

wherep(Xy,t) > p(Xy,t) forall X; € [a,b], t € [0,7]. The ALE mapping is given by the

relations
XQ_SO(XDO)
- X X, t) = p(Xyq,t
1 1, 12X, t) = (X, )+¢(X1,0)—<P(X1,O>

(p(X1,t) — (X1, 1)). (4)

Discretization and results
For the time discretization we introduce a time partittgpn= k7, k = 0,1,..., 7 > 0 and
use the second order backward difference formula. The sjiaceetization is carried out by
the stabilized finite element method applied over a triaagoiesh and using the Taylor-Hood
elements. This means that the velocity components are @ppaited by continuous piecewise
guadratic functions and the pressure is approximated biyntamus piecewise linear elements.
The stabilization, which is necessary due to large Reynoldshbers, is carried out by the
SUPG method according to [1]. As a result we obtain on each k&velt, a strongly nonlinear
algebraic system, which is solved with the aid of the Oseematitons, as is described in [2].
It appears that the worked out method is accurate and rokwgill be further combined with
equations describing the deformation of elastic walls.

In the test problem we considered the following data:= —2, b = 2, p(X;,t) =
sint (cos(mXi)+1)/4, Xy e [-1,1],p(X1,t) =0, X;e[-2,1)U(-1,2], p(Xy,t)
1, X;€[-2,2], te]0,T]. Figure 1 shows the velocity field at time= 1.7 and¢ = 3.3.

References
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NONLINEAR LIFTING LINE METHOD FOR AIRPLANE WINGS
Jaroslav Hajek 1, Zdenék Patek 1, Pavel Safaiik ?
" Aeronautical Research and Test Institute, Prague, Czech Republic

¥ Czech Technical University in Prague, Faculty of Mechanical Engineering, Prague, Czech
Republic

Introduction

An important phase in aircraft design is the evaluation of basic aerodynamic characteristics of the
aircraft's wing, including lift curve, drag polar and momentum curve. This is often intended as a
preliminary analysis prior to full-configuration CFD computations, or as a low-fidelity evaluation
suitable for design optimization. For these purposes, full 3D viscous CFD simulations are often too

costly, especially with the optimization as a goal.

The classical Prandtl wing theory is a well-known and long-established method for calculating the
lift and induced drag of a slender wing. It leads to a linear system and is very fast compared to CFD.
It is, however, unable to predict the nonlinear part of the wing lift curve in the area of high angles of
attack (stall). An extension of the Prandtl solution is achieved by assuming a general nonlinear
dependence of the local lift on the local angle of attack. This results into a system of nonlinear

equations that has to be solved iteratively. Sophisticated numerical methods may be employed.

Method description

The computation proceeds as follows: first, the 2D viscous airfoil data are collected for several
sections of the wing, distributed (non-uniformly) along the wing. The flowfield around the wing is
then approximated by a system of horsehoe vortices, each consisting of a bound vortex segment and
two free semi-infinite vortex filaments. These vortex elements are arranged in such a manner that
the bound segments approximate the wing's quarter-chord line and the free segments follow the
direction of freestream velocity. The unknown vortex stregths (circulations) are then determined by
imposing a balance condition on the generated forces: The lift for each bound segment is calculated
in two ways — first, calculating the local angle of attack (from induced velocity) and interpolating
the 2D viscous data, and second, using the Kutta-Joukowski law. The balance condition requires
these two quantities to be (approximately) equal on each bound segment. This in turn translates
into a set of rather complicated nonlinear equations for the circulations (involving the interpolated
2D viscous data). These can be solved using appropriate iterative numerical methods. Furthermore,

to obtain the whole wing lift curve, it is necessary to perform this computation repeatedly for
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varying angle of attack.

The method allows for evaluation of the total lift, induced drag, viscous drag and momentum of the
aircraft wing, provided that the appropriate quantities are supplied for the 2D viscous data. Also
available are spanwise distributions of these quantities, which can be useful in material analysis and
design, or to determine if fall-safety criteria are satisfied. Even when a fine stepping of the angle of
attack is used (necessary in the stall area), the method is still by orders of magnitude faster than 3D
vsicous CFD analysis of the wing. An attractive property from a technical perspective is the
possibility to employ experimental (e.g. wind-tunnel) data for the 2D viscous part. For these

reasons, we consider this method an useful tool for slender wing aerodynamics.

Example
An example comparing a linear method (Glauert solution of Prandtl's problem) with the described
nonlinear method on a simple trapezoidal wing is shown in Illustration 1. Plotted are the lifting

lines, i.e. dependencies of wing lift coefficient on the angle of attack.

lllustration 1: Scheme of linear and nonlinear lifting line
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NUMERICAL SOLUTION OF COMPRESSIBLE TURBULENT FLOWS USING
EARSM MODEL

J. Holman, J. Furst
CTU in Prague, Faculty of Mechanical Engineering, Department of Technical
Mathematics, Prague

Introduction

This article deals with the numerical solution of compressible turbulent flows in aerodynamics.
Compressible turbulent flow is described by the system of Favre averaged Navier-Stokes equa-
tions, which are closed by the explicit algebraic Reynolds stress model (EARSM) of Wallin and
Johansson. The averaged Navier-Stokes equations together with EARSM model of turbulence
are discretized by the finite volume method based on HLLC Riemann solver with piecewise lin-
ear WENO reconstruction and explicit two-stage TVD Runge-Kutta method. Source terms in
transport equations of turbulence model are treated by point implicit method for better stability
of explicit scheme. The numerical method is validated by comparison to theoretical results for
the subsonic flow around the flat plate and experimental results for the transonic flow around
the RAE 2822 airfoil.

From test cases is clear, that EARSM model improve prediction accuracy in comparison to the
two equation eddy-viscosity models. EARSM model archived similar results as Kok’s TNT
model in case 9 (flow around the RAE 2822), but in the case 10, where separation of boundary
layer occurs, EARSM model predicted much better shockwave position then TNT model.
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Transonic turbulent flow around the RAE 2822 airfoil

(&) Computational domaifb) Detail of mesh in the
and mesh area of profile

Figure 1: Computational domain and mesh for the flow around the RAE 2822 airfoll
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Figure 2: Case 9N/, = 0.734, as, = 2.54°, Re = 6.5 - 10°)
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Figure 3: Case 10M/,, = 0.754, oo = 2.57°, Re = 6.2 - 109)
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PROUDENI V KAVITE VYVOLANE SMYKOVYM TOKEM PRI VELKYCH
REYNOLDSOVYCH CiSLECH
Shear-driven cavity flow at high Reynolds numbers

Zdenék Chara, Bohus Kysela, Bohumir Hofeni
Ustav pro hydrodynamiku AV CR, v. v. i., Praha 6

Abstrakt

V ptispévku jsou prezentovany vysledky méfeni rychlostnich poli v kavité ¢tvercového
prifezu, kdy je proudéni vyvolané smykovym tokem. Hodnoty Reynoldsovych c¢isel
jsou v rozsahu 12000-100000. Pro méfeni byla pouzita metodika PIV s kontinualnim
zdrojem svétla. Ziskané vysledky byly ve vybranych profilech porovnany s méfenimi
pomoci LDA. Soucasné byly pro stejné rozsahy Reynoldsovych ¢isel provadény
numerické simulace proudéni pomoci standardniho turbulentniho modelu k-, SST.

Experimentalni zafizeni

Experimenty byly realizovany na hydraulickém uzavieném kandlu a rozmérech 2 x 20
cm. Dalka kanalu byla 2 m. Voda byla obéhovym cerpadlem dopravovana do zasobni
nadrze, kde byla pomoci stavitelného pfepadu udrzovéna konstantni hladina. Ve
vzdalenosti 1.5 od vtoku byla ptes celou Sifku dna umisténa kavita o rozmérech 10 x 10
cm. Schématicky fez kavitou je ukdzan na obr. 1. Cely model byl zhotoven z plexiskla.
Pro vlastni méfeni byly pouzity dvé optické metody. Jednak byl pouzit dvouslozkovy
systtm LDA, sjehoz pomoci je mozné proméfit strukturu turbulentniho proudu
v jednotlivych bodech.

20 mml

100 mm

200 mm

Obr. 1 Schématicky fez kavitou

Vedle LDA byl také pouzit zjednoduseny systém PIV. V soucasné dob¢ je k dispozici
pouze rychla kamera Redlake MotionPro X III. Misto pulzniho laseru byl pouzit
kontinualni svételny zdroj LEICA KL2500 (vykon 250W) s optickym kabelem se
Stérbinou vybavenou valcovou cockou, ktera umoziluje fokusovat vystupni paprsek
(minimdlni $itka paprsku je cca 3 mm). Pro vyhodnoceni PIV snimka byl pouzit
program GPIV — GNU General Public License (GPL) s vyuzitim implementovanych
algoritmii (Gauss - pixel interpolace, Validita- normalizovany median), [1]. Velikost
vyhodnocovanych oblasti byla nastavena na 32 x 32 s ptekrytim 50%.

Numerické simulace byly provadény v prostiedi Fluent 6.3, kde bylo simulovano 2D
proudéni v kandle a kavité. Délka vstupniho useku byla zvolena 1 m. Byla pouzita
nestrukturovana sit’, ktera byla zahusténa v okoli stén a na rozhrani kanalu a kavity. Pro
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vlastni vypocet byl pouzit turbulentni model k-, SST v nestacionarnim rezimu.
Vypocty probihaly na pocitaci IBM se 4 procesory Power 5 a 32 GB RAM.

0.02 T T T T T 0.02

x=0.050 m

0.00 x=0.050m 0.00 |

-0.02 -0.02
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Obr. 2 Priib&hy podélné slozky rychlosti a RMS hodnot na svislé ose kavity
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Obr. 3 Porovnani métenych a vypoctenych hodnot podélné slozky rychlosti a kinetické
energie na svislé ose kavity (Re=107500)

Zavér

Byly méfeny rychlostni profily pomoci LDA a zjednoduSené metody PIV. Soucasné
byly provedeny numerické simulace pomoci standardniho modelu k-, SST.
Z porovnani obou experimentalnich technik se ukazuje, ze 1 zjednodusena metoda PIV
dava uspokojivé vysledky a rozdily mezi PIV a LDA se pohybuji do cca 12%, obr.2.
Shoda testované numerické simulace s experimentalnimi daty byla v méfenych
profilech velice dobra, a to 1 v ptipadé¢ pribéht kinetické energie, obr. 3. Piehled
dosazenych vysledkt je prezentovan v plné verzi na CD.
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ON TURBULENT SPOTS DURING BOUNDARY LAYER BY-PASS
TRANSITION

Pavel Jonas* , Witold Elsner” , Oton Mazur*, Vaclav Uruba*, Marian Wysocki+
*Institute of Thermomechanics AS CR, v.v.i., Praha
“Institute of Thermal Machinery, TU Czestochowa

The transition from laminar to turbulent flow structure depends on the specific type of flow and
on the type of the acting disturbances that influence the process. Regardless to this fact, the final
phase of laminar boundary layer transition starts with the occurrence of first turbulent spots.
Emmons [1] first reported spots as isolated regions of strong fluctuations that are stream-wise
carried, growing in size and coalescing with neighbours. Spots appear irregularly in time and at
arbitrary locations of the boundary layer. Spots are an essential feature of transition to
turbulence; they appear as the building blocks of boundary layer turbulence, they control the
length of the transition region etc. The turbulent spots followed by calmed regions are defined
structures that dominate the last stage of transition. Spots production controls the length of
transition region e.g. Narasimha [2]. The spot creation rate, growth characteristics and the
merger of turbulent spots lead to fully developed turbulent flow. A brief summary on turbulent
spot and calmed region was compiled in [3].

The effect of the free stream turbulence (FST) level Tu on the location of transition onset is
known as very important since forties of 20th century [4]. The authors clearly proved (Jonas et
al. [5, 6]) that the length scale Le of the FST also influences the start of boundary layer by-pass

transition. Later also Roach and Brierley [7] and Brandt et al. [8] emphasized the importance of
both FST scales, of the velocity scale and the length one, on the laminar boundary layer
receptivity and transition onset. But a clear physical notion on the role of the FST length scale
in transition process is not elaborated yet. The authors believe that the investigation of the spots
behaviour during transition at various FST scales can contribute to the problem explanation.
They linked up the experiences of instantaneous wall-friction, z,(t) measurement and
conditional analysis (Jonas et al. [9, 10],) with the experience of the spot detection procedure by
using the wavelet transform (Elsner et al. [11]) to perform a preliminary study. The initial
results are presented in this contribution.

The flat plate boundary layer was investigated experimentally in the close circuit wind tunnel IT
Prague (0.5 x 0.9) m® on a smooth wooden plate (zero pressure gradient) 2.75 m in length.
Boundary conditions correspond to the ERCOFTAC Test Case T3A+: free stream velocity U, =
5 m/s and the FST level Tu = 0.03 with different length parameters L. = 3.8, 5.9 and 33.4 mm
respectively in the leading edge plane (x = 0). Plane grids of different geometry (cylindrical
rods and square holes) placed across the flow produce homogeneous nearly isotropic turbulence.
The applied CTA measuring method and procedures allow determine digital records (25 kHz,
750000 samples) of the instantaneous velocity U (%, x, y) and wall-friction 7, (¢) rows and carry
out relevant statistical analyses. Valuable information on turbulent spots role in transition
process can be deduced with regard to Emmons ideas and Narasimha concept of intermittency.
The flow intermittency analysis was based on digital records of z,(z). The procedure is very
similar to that one described by Hedley and Keffer [12] and Elsner and Kubacki [13]. Finally
the conditionally averaged distributions of the wall friction during periods with turbulent
character and the laminar can be determined as was demonstrated in e.g. [10] and the
transitional intermittency factor y (x) is calculated

7(Re, )=1- exp[—(Rex— Re, )2 n*a} ; Re =xU,[v; n'c=nov’|U’
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here the parameter n'c stands for the dimensionless spot production rate. Next n denotes the

spot production rate, ostands forthe Emmons’s non-dimensional propagation
parameter, v and U, are kinematic viscosity
and external flow velocity.

1E-08 Other approach to the investigation of turbulent
1,E-09 spots during boundary layer transition represents
L 1E10 the application of wavelet transform of digital
- 1E1 1 records 7,(%x). Elsner et al. [11] derived an
s ‘ - original detect.lon procedure employmg ' the
Y Tu o1 Wwavelet analysis. The spot could be identified
based on the frequency contents because much
L om0 Loy e finer turbulence scales than the surrounding flow
" Le=3.8 mm, Tu(xtr) A Le=5.9 mm, Tu(xt) characterize the spot’s interior. The wavelet

® Le=33.4 mm, Tu(xtr) - - - -Mayle [16] . .
A wavelet: Tu=0.03) O wavelet Tu=0.03 transform is able detect particular frequency
A wavelet: Tu(xir)) ®  wavelet: Tu(xir) components and localize the investigated event
in time. Elsner et al. [11] selected the Morlet
Figure 1 Dimensionless spot productionrate wavelet transform and all calculations performed
versus turbulence level. with the Wavelet Toolbox of Matlab software

[14]. Using this procedure it was possible
determine the dimensionless spot production rate n’c and distributions of reduced number and
mean length of the identified turbulent regions arising from turbulent spots. Results (Fig. 1)
following from the application of the Narasimha’s intermittency concept are in a satisfactory
accord with those received from the wavelet analysis mutually and also with the results of
Fransson [15] and model of the spot production rate proposed by Mayle [16] if the local
turbulence level — at the location of transition start is considered. The observed maximum of the
spot occurrence was near Y = 0.25 because later the spot production is effectively inhibited due
to calming (see Ramesh and Hodson [17]).
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MAGNUS AND DRAG FORCES ACTING ON GOLF BALL

A. Kharlamov, Z. Chara, P. Vlasak
Institute of Hydrodynamics AS CR, v.v.i., Prague

The paper describes the results of experiments with a rotating golf ball moving quasi-
steadily in calm water. The dimensionless drag force coefficient and Magnus force
coefficient were determined for ranges of translational and rotational Reynolds
numbers: 1.2 - 10* <Re< 1.6 - 10* and 3.8 - 10° < Re,, <2.7 - 10", respectively.

The ball accelerated in a special chute with gravity, and then it continued its motion
in a vessel with water along approximately straight line. The motion of the ball was
recorded by a digital video camera. From the video frames the Cartesian coordinates
x(t), y(t) of the ball centre and the angle of ball rotation ¢(?) as a functions of time were
read using the free software Graph2Digit.

From the equation of ball motion

QP F, v F,+Fy 4 Fy 4 F,, M

and directions of the forces (see Figure 1) the formulae for calculation of dimensionless
drag force coefficient and Magnus force coefficient can be derived:

5 = dii | - di = s ).
{};+FH—Q(p+Cmpf)dt}r {Q(p+Cmpf)dt—F;,—FH}n
Cd = > ) ) CM - - -1 = 2 (2)
wd u pr[a)xu]n
4 Pra |

where Q is the ball volume, p is the ball density, u is the ball velocity, Fy, Fy, Fy, F,
F,, are drag force, submerged gravitational force, Magnus force, history force, added
mass force, C,,=0.5 is the dimensionless added mass coefficient, P 1s the water

density, 7 is the tangent unit vector to the ball trajectory, d is ball diameter, 7 is the
normal unit vector to the ball trajectory, @ is the angular velocity of the ball.

Re K Experimental data
@ I:] Cells for averaging
20000 %
V4
)
e
1.
10000 4 \T\ *
8000 v g
6000 —
L
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4000 ..<>
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Figure 1 The forces acting on the rotating ~ Figure 2 The Rex Re, map of the

ball moving translationally in calm water. experimental data and the cells for

averaging.
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Experimental data x (2), y (¢) and ¢ () were fitted using the least square method with
simple functions. Then the first and the second time derivatives of the functions were
calculated. The coefficients of interest and the corresponding values of Re and Re,, were
calculated numerically for each frame of a particle trajectory, using formulas (2). The
experimental area Re vs. Re,, was split into 5x10 cells. For a cell the coefficients C; and
Cu were calculated as an arithmetic mean of all data points in the cell, see Figure 2.

The plots of drag and Magnus coefficients compared with data of other authors
(Davies (1949), Briggs (1959), Bearman & Harvey (1976), Watts & Ferrer (1987)) are
presented on Figures 3 and 4. As can be seen from the comparison, the values of the
coefficients and its trends are in a good accordance with data of the other authors.
Within the accuracy of such investigations, it can be said that the results of the Magnus
force on baseball do not differ much from that on golf balls.

Davies, 1949, golf = Cw ies, , g f
_ a— ) 5
0.8 - - 1 1 Re = 12057
T \ Re = 12804
9414\4 . Re = 13596
0.6 DI S 0.5 — Re = 14438
\0 - ¢ Re = 15332
C, ,r——+"‘.
————.‘_‘
0.4 \ / -/ ” T ™ Watts & Ferrer,
- — / 1986, baseball
0] STER
r\\////j /‘// > —-m— Re=30000
/ == J ~ — -A— Re=50000
0.05 L. —-v— Re=65000
@ | —e—  Re=80000
0.2 T T T T T T T T
0 5000 10000 15000  20000Re, 25000 0 16000 20000 30000 Re, 40000
Bearman & Harvey, Bearman & Harvey,
1976, golf 1976, golf Briggs, 1959,
Present study, golf —=— Re=37461 baseball
—s— Re=37461 —i— Re=58600
—— Re = 58600 e Ro=§ m- Re= 108000
—— Re=81611 — R Re=12057 e E::?(l)ilés A Re- 144000
—o— Re=104355 — A Re=12804 e Re- 126297 v Re=180000
—o— Re=126297 — ¥ Re=135% e Re= 148506 @ Re=216000
—#— Re= 148506 T 3T Remis —i— Re=171250
—— Re=171250 T Remiw®: —— Re~- 194797
—* Re=194797 —=— Re = 217006
—=— Re=217006 —-— Re=238145
—— Re=238145 -
Figure 3 Drag force coefficient. Figure 4 Magnus force coefficient.
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Symmetry of Turbulent Characteristics Inside Urban Intersection

Radka Kellneroval?
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Introduction

In wind-tunnel modeling a lot of embarrassments
are related to the central symmetry. Even a small
asymmetry in flow field leads to a significant change
in pollutant dispersion. The asymmetry of flow field
inside the symmetrical model is often caused by one
of two reasons: inappropriate inlet conditions or
non-symmetric set-up of model. The aim of this
research was to estimate flow processes inside the
wind-tunnel, mainly to investigate the symmetry
over all working space and the influence of dimen-
sion of model relative to the dimension of working
section.

Experimental Set-up

The experiment have been conducted in open-
circuit low-speed aerodynamic tunnel belonging in
to Institute of Thermomechanics in Novy Knin,
Czech Republic. The flow measurements were
carried out using two-dimensional fibre-optic laser
Doppler anemometry (LDA). For "empty tunnel”
arrangement, only roughness elements were put on
the testing floor with the same sequencing as the
one we used in the developing zone (Figure 1 - left).

The model setting was designed after the typical
inner-city area with 20 m high apartment houses
with a pitched roof (see scheme on Figure 1). Model
has been scaled down to 1 : 200 according to cri-
terium of Snyder (1985)*.

6H

Figure 1: Left: roughness elements in testing sec-
tion. Right: Scheme of model.

*Dolejskova 1402/5, Praha 8, 182 00

1Snyder, W. H.: Guideline For Fliud Modeling Of Atmo-
spheric Diffusion (1981). Meteorology ond Assessment Di-
vision Enviromental Sciences, U.S. Enviromental Protection
Agency.

Flow characteristics inside the tunnel

The vertical profile of turbulent characteristics was
measured with three different reference velocities: 1
m.s~ 1, 2.5m.s7! and 4 m.s~'. The experiment was
conducted with reference velocity 4 m.s~!, when
the validity of Thowsend hypothesis was confirmed.
The measurements at Z/H=3 show that w-
component velocity has on the sides significant pos-
itive values. The right side of tube has stronger up-
ward motion near the wall than the left side. The
symmetry is maintained within the fetch Y/H=4.5
from the center. This is confirmed on the base of
the same results for root mean squares and for tur-
bulence intensities of v and w components.
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Figure 2: U- and v- components of velocity along

lateral axis.
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From flow measurement in horizontal plane (Fig-
ure 2 - down), the lowest level Z/H=3 suggests a
large outflow on the right side. Next levels up-
ward is situation inverse. Considering the updraft
on the outside location at heights Z/H=3, we can
suppose that the vertical vortices (vortex with hor-
izontal axis) are merged between lowest level and
upper level. The overall displacement of center of
symmetry is 14% to the right side.

Flow characteristics inside the model

The lateral profile of flow characteristics is displayed
in Figure 3. For both components the right side has
slightly higher values, then the left side. It can be
explained from the Figure 2, the inlet conditions
have stronger longitudinal velocity and more signif-
icant outflow on the right side. The approaching
flow have certain influence on the condition in the
canopy layer, although the model has a dominant
role up to the Z/H=1.5.

05E D/:]/EI’—“/ o/"_*\\‘ \G\O\‘:'
&y e
- Py e et
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Figure 3: Lateral profiles at various level. Upper:
u-component. Lower: w-component.

The measurement of w-component velocity was
done. Surprising results are shown in the Figure 4.
The values are strongly asymmetrical.

This asymmetry was investigated with great ef-
fort. The first was researched if the asymmetry
correspond to the angle between model axis and
approaching flow. The influence of model’s orienta-

X/H=0

01

\
v

—&— W, Z/H=03 Right

5"'*\’§
[

——— W,Z/H=038 L
W,ZH=15 Rgtht
W, Z/H=15 Lt

Figure 4: Velocity w along the lateral axis at various
hight. Left means that probe is looking to the left
side, right means inverse direction.

-01 J

tion was detectable, but still very soft to be able to
explain such a difference. Further, the model was
widened just to the walls of tunnel in order to sup-
press the lateral flow. The widening induced the
amplification of the asymmetrical effects, since the
flow dominantly flushed through the central street.

Finally, it was discovered that with the probe on
the left side the results are strictly symmetrical to
them with the probe in the right side.

With increasing height the influence of probe-
body on the circumfluence becomes weaker. The
presence of the body near the rooftop level forces
the air flow into central street essentially differently.

Conclusion

The flow quality in aerodynamic low-speed tun-
nel was investigated. Main objective was the cen-
tral symmetry. The area proper for a experimen-
tal purpose is located within inner 60% of tun-
nel width. Nevertheless, although the model has
dominant force for flow character up to the level
Z/H=1.5, the asymmetrical inlet conditions have
an influence on experimental results. In our case,
the right side of tunnel indicates higher longitudi-
nal velocity and lateral outflow. And data sets from
model measuring inside the canopy layer confirmed
the enhanced value of these quantities.

The biggest discrepancies in w-component and
< w'w’ > charts was explained like a dependence
of the vertical flow field on the position of measur-
ing LDA facility. This finding makes the reliabil-
ity of LDA measurements problematic in terms of
physical modeling method.

Acknowledgements: This project is supported by
AVO0Z20760514.
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THE UNSTEADY VORTICAL STRUCTURE IN A JET IMPINGING INTO A
TROUGH CAVITY

Martin, Knob/ Vaclav, Uruba
Institute of Thermomechanics, Czech Academy of Saiees, v.v.i., Prague

In a blind, retcangular, trough- like cavity sultj¢oc a jet impingement, the jet-
switching phenomenon has been known for decades. i$hcaused by the double-
Coanda effect: at the very beginning, as the ptsto blow the fluid into the cavity,
the fluid is bent towards one of the sidewalls tlu¢he Coanda effect. Then the jet is
divided into two different wall jet- like streamene of which flows straight to the
cavity opening (“upwards”), the other flows “dowmda” along the sidewall toward the
cavity bottom wall. As the second wall jet reach®&s bottom wall, it turns in the right
angle along it and continues toward the opposidevgall, along which it turns again
and flows “upwards”, i.e. towards the cavity openiRlowever, at this moment it starts
to interact with the jet, placed on the top of tawity. Since both the free jet and the
wall jet entrain their surrounding fluid, in thegien between them, a region of low
pressure is created, which then causes the jetitmgo the other side. After the jet is
swung, the process is repeated in the same manrarcon.

......

e rrEEEEEE ER iy e

Fig. 1. The instantaneous flowfield with Fig. 2: Theinstantaneous flowfield with
visualized vortical structure; the Kelvin- visualized vortical structure; the vortex loop just
Helmholtz instability is clearly visible formed
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In the reported research, the TR PIV system wad tmethe investigation of the
vortical structure, visualized using tle criterion. On the results obtained, several
phenomena are observed. First, on the edges ggtitbe Kelvin- Helmholtz instability
forms “large” vortices, which are further entrainleg the fluid and grow in size (see
Fig. 1). Second, after the impingement on one of thetgawalls, the flow together with
the vortices is bent in the direction towards tlawity opening. At the moment, the
vortices start to interact with the just- formedtices on the edge of the impinging jet-
following the basic rules of vortex dynamics, tralgines are changed, and the vortices
are bent back into the cavity, forming a kind ajsgd vortex loop (see Fig). During
this process, the fluid between the impinging jed @ahe quasi- wall- jet is entrained
and, therefore, the low- pressure area is creatédre jet is swung.

As may be understandable from the text and pictabese, the vortex paths are
of high interest. These, however, can be observdy rmanually- although the authors
have their own method to do that. This procedutgased on the secondary application
of the PIV algorithm on the succesive images of itilgtantaneous vortical structures,
and thereby evulating the vortices displacementse tfollowing steps are
straightforward. It should be mentioned here, ttte above mentioned procedure
requires at least five times faster PIV system ttiat available at the institute and,
consequently, is not applied here.

From the mainly visual analysis of the given seswécessive vortical structures,
it can be said, that the vortices, formed by thévike Helmoholtz instability, can be
divided into three different groups. In the firsbgp, the vortices, which are formed by
the K-H instability and, after the impingement ontbe appropriate sidewall,
turimmediately leave the cavity. In the second grahe vortices, which are entrained
deep into the cavity, can be found. These vortieage the cavity, following the cavity
bottom wall and one of the sidewalls. The third ugrocontains vortices, which,
similarly to the second group, are entrained dewp the cavity, however, they turn
back as a result of the vortex- vortex intaracaod thereby form the vortex loop.
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OPTIMALIZACE EJEKTORU PRO NADZVUKOVY AERODYNAMICKY
TUNEL
Optimalization of ejector for supersonic wind tunnel

J. Kolar
Technicka univerzita Liberec, Katedra energetickych zarizeni, Liberec
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NUMERICAL AND EXPERIMENTAL STUDY OF THE FLOW OVER A SIMPLE
BUILDING

Tomas Kopacek* and Ludék Benes™ and Milan Jirsak ~

* CVUT, Faculty of Mechanical Engineering, Department of Technical Mathematics,
Karlovo nam. 13, Praha 2, 12135

+ Institute of Thermomechanics AS CR, Dolejskova 5, Praha 8, 18200

- ARTI a.s, Department of Low Speed Aerodynamics, Beranovych 130, Praha-Letnany

Introduction

This contribution presents a study of turbulent flow over a simple building. We considered
a building with a flat roof and a building with a double pitched roof. The main goal was to
compare our numerical results computed at the Department of Technical Mathematics with
experimental data measured in a wind tunnel at ARTI.

Mathematical and numerical method

To model incompressible viscous turbulent flow over a complex geometry in 2D, the system of
RANS equations completed by the £ — w TNT model was considered. Using the method of
artificial compressibility, we start with the two dimensional system

Wi+ F, + G, =v(R, + 5,),

where v = v); + vp, V) and vy denotes molecular and turbulent viscosity, respectively. W =
(p,u,v)T is the vector of unknowns, I' = diag(1//3%,1,1) is a diagonal matrix, F’ and G are
two-dimensional flux vectors and R, S are viscous fluxes, i.e.

F = (u,u® +p,uv)’, R=(0,u,,v,)7,
G = (v,uv, v +p)T, S =(0,uy,v,)".

The k—w TNT model is based on two transport equations for % (turbulence kinetic energy) and w
(specific dissipation rate) which are coupled with the RANS equations. Numerical discretization
has been done by the finite volume method with the AUSM scheme used for the numerical fluxes
and piecewise linear reconstruction limited by Barth—Jespersen limiter.

Figure 1: PIV measurement—velocity flow field Figure 2: PIV measurement—velocity flow field
close to the double piched building close to the flat building
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Numerical and experimental results

The main goal of this work was to obtain numerical results and to compare them with the exper-
imental data measured by the ARTI. The experiment was carried out in a tunnel for simulation
of the turbulent boundary layer (BLWT). Several measurements for flows over different geome-
tries were undertaken, namely flow over the double pitched roof and the flat roof.

Nowadays we have done numerical simulation over the flat roof building. The streemlines
and the absolut velocity obtained by numerical simulation are shown in fig. 4.

0,74 —A—DOUBLE PITCHED F
—o—computed FLAT RO

0,6 -
—O—FLAT ROOF

05 ] =

pi-Pr!
100 0,4 |

03 A

0,2

0 0,2 04 0,6 08 1 12 14
s/h

Figure 3: The comparison of the computed and
measured presure distribution on the front face
of building

Conclusion

Figure 4: The Flat roof building - the stream-
traces and the absolute velocity s

In Figure 3, a comparison of the pressure coefficients obtained by numerical and experimental
methods shows good agreement so we can say, that the used numerical schema is propper for
this type of tasks. However distorted mesh and complex phenomena arising near the building
influence negatively convergence of the method, therefore we had to decrease the CFL coeffi-

cient to 0.1.
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NUMERICAL SIMULATION OF FLOW AND POLLUTION DISPERSION OVER
OBSTACLES IN COMPLEX TERRAIN

K. Kozel", T. Bodnar"), E. Gulikova? and V. Pisa?
1) Department of technical mathematics, Faculty of mechanical engineering,

Czech Technical University in Prague
2) ECOPROGRESS a.s., Most

Introduction

This paper presents some of the results of numerical simulation of flow and pollution dispersion
in the proximity of significant terrain obstacles. The mathematical model is based on Reynolds
averaged Navier-Stokes equations for incompressible flows. Turbulent closure of the model is
obtained by simple algebraic turbulence model. The numerical solution is carried out by the
semi-implicit finite-difference scheme. The results of simple tests are presented and summa-
rized. Model sensitivity has been studied with respect to simulated obstacle size and shape.

The complex terrain profile used in this study represents a part of the opencast coal mine
where is placed a coal storage. This storage acts as a source of coal dust which is drifted by
the wind. The detailed orography profile was obtained by a combination of data from several
geographical resources. In order to get maximum of realistic details a laser scan of the terrain
was performed and included into the orography profile. The aim of this study is to give both
qualitative and quantitative guidelines for the evaluation of the environmental impact of artificial
obstacles placed downwind from the coal storage.

Mathematical Model

The flow in atmospheric boundary is turbulent in most simulations. The fluid motion can be thus
described by the Reynolds averaged Navier-Stokes equations (RANS). The non-conservative
form of the RANS system is represented by the following equations:

Uy + vy +w, =0 (D)
\Y
Vi + uV, + 0V, + wV, = —71’ + KV, + [KV,), + [KV2], )

Here V' = col(u, v, w) is the velocity vector, p is pressure, p is density.
The same form as the momentum equations take also the transport equations for concentra-
tion of passive pollutants.

Oci Oci Oci

CZ—l—uC;—i—vC;—i—wC;—{KC"E} +[K y} +{KCZ] (3)
x Yy z

Here C" is the concentration of i-th pollutant and o denotes the turbulent Prandtl’s number.
The turbulence model is based on the Boussinesq hypothesis on the turbulent diffusion co-
efficient X' = v 4 v which is expressed as a sum of molecular and eddy viscosity.
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Numerical Simulation

Numerical experiments were performed in a 3D domain of the size 500x250x400 meters. The
bottom boundary represents a complex terrain orography. The height difference between highest
and lowest point of the terrain profile is about 70 meters. The coal storage is represented by a
rectangular surface source of pollution. The dimension of this source is about 40x20 meters
and is centered at position x=125, y=120. The wind flow in the model domain is forced by the
prescribed velocity profile at the inlet (x=0). The maximum velocity 10m/s is achieved at the
upper boundary of the domain.

Conclusions, remarks

From the presented tests it is possible to draw the following conclusions:

e The selected mathematical model is able to describe properly the pollution dispersion
problems in complex terrain.

e The numerical method used to solve the set of governing equations seems to be suffi-
ciently robust and efficient for the appropriate resolution of given class of problems.

e The presented numerical simulations have shown that the effect of simulated obstacles on
the flow and pollution dispersion has only local impact on both velocity and concentra-
tion field. This is caused mainly by the complexity of the terrain, where the orography
profile involves height changes with scales much larger than the maximum height of the
simulated obstacles. Thus the orography effect is dominant in this case.

e More detailed study of dust sedimentation should be performed in order to quantify the
effects of obstacles on deposition of particles of different sizes.
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NUMERICAL SOLUTION OF COMPRESSIBLE FLOW IN A CHANNEL WITH
MOVING WALLS

V. Kucera, M. Feistauer and J. Prokopowa
Charles University Prague, Faculty of Mathematics and Physics

Introduction
This work is considered with the numerical solution of inviscid compressible fluid flow through
a channel with moving walls. The governing Euler equations written in the ALE (Arbitrary
Lagrangian-Eulerian) form are discretized by the discontinuous Galerkin method. We apply a
semiimplicit linearization with respect to time. Currently, the movement of the wall must be
prescribed by a given formula.

Formulation of the problem
We consider the flow in a bounded 2D dom&independing on time with boundaryof), =
[y Ul UTy,, wherel'; andl'y represent the inlet and outlet ahg, represents moving
impermeable walls.

The dependence of the domain on time is taken into account with the aid of a regular ALE
mappingA; : Qy — Q, i.e. X — x = x(X, t). Further, we define the ALE velocit@ X, t) =
GX(X,t) = HA(X), Zx, 1) = 2 AT (X),1), t € [0,T], x € ©Q; and the ALE derivative of a
function f = f(x,t): %?f(x,t) = aa—{(x,t)|X:A;1(x), wheref(X,t) = f(A(X),t), X € Q.

Itis possible to show that

DAf —of of

e Vf= =+ div(zf) — fdivz (1)

This leads to two different formulations of the Euler equations in ALE form:

DAw 2 Of ((w)

1 _ - 7 7. =0
) T Tt 2 o, Vw =0,
DA 2. Og.(w) @
W gs(W .
2 p—
) ot E e + wdivz =0

wheref,, s = 1,2, are theinviscid fluxesand
w = (p, pv1, pva,e)’ € RY,
fiw) = (fa(w), ..., fiuu(w))" = (pvi, pv1v; + 01D, pvav; + 02, (€ + p)v;)
andg,, s = 1,2, are modified inviscid fluxes
gs(w) = f,(w) — zw. (4)

1This work is a part of the research project No. 7486/2007 of the GAChU. The work ofdériis supported
by the N&as Center for Mathematical Modelling, project LC06052, financed by MSMT.
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A

Figure 1. Pressure isolines.

This system is equiped with standard inlet and outlet boundary conditions. On the moving wall
we impose the impermeability condition- n = z- n, wheren is the unit outer normal tdy, .

The discretization of equations 1) and 2) in (2) is carried out by the discontinuous Galerkin finite
element method, which uses piecewise polynomial function spaces without the assumption of
interelement continuity, e.g. [2].

Discretization in time is carried out using the semi-implicit linearization of the backward
Euler method used in [1]. Additional terms which are a result of the ALE formulation of (2) do
not require special treatment, since they are linear with respect to the unknown statewector
and therefore can be taken implicitly.

Now we describe the construction of the ALE mapping. We assume that the inlet and outlet
are straight segments given by the conditions = —2 and X; = 2, respectively. In our
first results we assume that the upper wall is given by the condKipe- 1 and that the ALE
mapping is equal to the identity in the s¢t2, —1] x [0, 1] and[1, 2] x [0, 1]. Otherwise we
construct the ALE mapping so that lower wall is represented attimyedhe graph of the smooth
function.

sin(0.5 x t) * (cos(m* X71) + 1) /4.

This movement is interpolated to the rest of the domain.

The computed solution is periodic and although the flow is inviscid, a vortex forms after the
lower wall starts to descend. This vortex is then convected out of the domain through the outlet.
Figure 1 shows the pressure isolines at three different time instants: before the vortex is formed,
after the formation and the vortex convection.

References
[1] Dolejsi V., Feistauer M.:A Semi-Implicit Discontinuous Galerkin Finite Element Method

for the Numerical Solution of Inviscid Compressible FlalwComput. Phys. 198 (2004) pp.
727746.

[2] Feistauer M., Felcman J., S#keraba I.: Mathematical and Computational Methods for
Compressible FlonOxford University Press, Oxford, (2003).
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MERENI PERIODICKEHO PROUD ENi METODOU
TIME-RESOLVED PIV A LDA

Time-Resolved PIV and LDA Measurements of Pulsating Flow
Jan Matécha', Jan Novotny, Josef Adamet, Bohus Kysel& a Zdergk Chara?

l(?VUT v Praze, Fakulta strojni, Ustav mechaniky tekuin a energetiky, Praha
?Ustav pro hydrodynamiku AV CR, v.v.i., Praha

UvoD

V ¢lanku jsou prezentovany vysledky zéimni pulz&niho proudni v kruhové
trubici konstantniho pitezu metodou Time-Resolved Particle Image Velociynetr
(TR-PIV) a metodou Laser Doppler Anemometry (LDA)sou vyhodnoceny a
porovnany proudoveé charakteristiky pt@mé rezimy pulzéniho proudni.

EXPERIMENT

Bylo provedeno rreni rychlostniho pole v kruhové trubici o pokmn R =10 mm.
Pracovni kapalina byla voda. Pulméd proudni bylo generované experimentalnim
zaizenim, které superponuje os¢ilda stacionarni slozku protd [1] .

Parametry testovanych redirproucni jsou shrnuty v nasledujici tabulce.

Stacionarni proudéni
Res = 1000, 2000, 3000
Pulzaéni proudéni
Res = 1000, 2000
a=R2rf /v =67-144

)\ons/Qsz 0.4-3.7

Parametr f je frekvence pulzaci, je kinematicka viskozita kapaliny, Rge
Reynoldsovaiislo vypatené pro sedni phitok Qs. Qos je amplituda oscikni slozky
proudkni.

Pro LDA nmefeni byl pouzit systém sestavajici z vlaknove opiilgntec s vystupni
¢ockou f=310 mm, argonového laserového zdroje, vyhodwaci jednotky BSA (Burst
Signal Analyzer) fi. Dantec. Bteni bylo prova&nho v 15 bodech po fitezu s krokem
1.33 mm. V kazdém ba&dbyla n&itana ¢asovarada v minimalni délce 25 period. Z
nantienych dat byla pro kazdou pozici na potom vypaitena stedni hodnota
rychlosti a RMS ze vSechdtenych period.

Pro TR-PIV ngfeni byla pouzita kamera NanoSense Mkllkigem typu CMOS
1024x1200 pixel, velikost RAM 4GB, vysokorychlostni zesilava signalu
HAMAMATSU C9548. Pro osttleni netici roviny byla pouZzita kontinuélni dioda s
vinovou délkou 660 nm. Jako ztk@vacicastice byly pouZzity polyamidovéastice o
praiméru 10um. Byla mefena oblast v rovih symetrie kanalu o rozru
22 mm x 4.5 mm, ktera byla zaznamenana na aktivioSepcipu o velikosti
1016 x 208 pixdl. Pouzithd snimkovaci frekvence byla v rozmezi 1882000 Hz v
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Obr. 1 Ukézka rychlostnich profil pro putré proudni s parametry
Re, = 2000,0 = 8.86,A = 0.7. Vlevo: Okamzité rychlostni profily pro jedn
periodu ziskané metodou TR-PIV. Vpravo: Fazprofily stredni rychlosti

ziskané metodou LDA.

zavislosti na rfreném rezimu. Pro kazdy pulzd reZim byla nagiena jedna perioda.
Vyhodnoceni snimk bylo provedeno v systému MATLAB pouzitim adaptivni
korelace. Pro nalezentgsrEjSi polohy signalového peaku byla pouZitabiodova sub-
pixelové interpolace. Velikost vy3ewvané oblasti byla zvolena 128x32 pikeh
velikost grekryvani 50%. B stacionarnim proughi byla vyhodnocenaigtdni hodnota a
RMS. Ri pulzanim prou@ni byly vyhodnoceny okamzité rychlosti &estni hodnoty
vypoctené pomoci klouzavéhotpnéru pro jednu periodu.

ZAVER:

V ¢lanku jsou porovnany proudové charakteristiky ptacienarni a pulzai
prouckni v trubce konstantnihofonéru ziskané optickymi metodami TR-PIV a LDA.

Metodou TR-PIV byla m&ena ¢asova posloupnost maximélnil6000 snimik
vzhledem k sotasnym moznostem experimentalnihdizeni a pislusného ovladaciho
programu. Z dat ziskanych metodou TR-PIV byla zisk@sova zavislost rychlostnich
profila pii pulzatnim proudni pro jednu periodu. Metodou LDA byly ziskasgsové
fady rychlosti vzdy pro jednu pozici na polema. Fi pulzatnim proudni bylo
vyhodnocovano 20 period.

Pro stacionarni progdi byly vyhodnocenyasow stredni hodnoty rychlosti, RMS a
casoveé fady v zAavislosti na Re omi metodami. Pro pulzai proudni byly
vyhodnocenytasovérady rychlosti, fazo¥ stedni rychlosti a jejich RMS z dat LDA
méfeni, a piibéh rychlostnich profil v zavislosti natase pro jednu periodu a klouzavy
pramér téchto rychlosti z TR-PIV ®ieni.

PODEKOVANI: )
Tento vyzkum byl podporovdn grantem GAR 101/05/0675 Teoreticka a
experimentélni optimalizace cévnich rekonstrukdiegliska hemodynamiky
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INVESTIGATION OF PULSATING FLOW, Inzenyrskd mechanik®@, Svratka,
CR, 14.-17.5.2007, 101-102, full text CD, ISBN 978-87012-06-2.
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Vliv syntetizovaného paprsku na hodnotu celkového z tratového
sou €initele v kompresorové lopatkové m  Fizi
Influence of Synthetic Jet to the Compressor Blade Cascade Total Loss Coefficient

) Milan Mat &ka *, Lukas Popelka’, Ji¥i NoZzitka *
* Ustav mechaniky tekutin a energetiky, Eakulta strgni, CVUT v Praze
2 Ustav termomechaniky, Akademie ¥d Ceské Republiky, Praha

Abstrakt: V prispivku je presentovan positivni vliv syntetizovanétapgsku (SP) na
velikost celkového ztratového stinitele kompresorové lopatkove ifthe. Vystupni
otvor generatoru syntetizovaného paprsku byl umistbani s€né tunelu na spojnici
nakeZznych hran lopatek. Studovan byl zejména vliv budiekvence generatoru SP,
dale hodnoty Stokesova a Reynoldsoiga vystupniho otvoru generatoru SP.

1. Experimentalni uréeni hodnoty ztratového sodinitele
Vystupni otvor (Sfrbina) generatoru syntetizovaného paprsku byl wmist

v bodni séng tunelu na spojnici n&kinych hran 6 a 7 lopatky lopatkovéie. Stka
vystupniho otvoru generatoru je rovna réetpatkové ntize, tj. s = 36 mm. Pro
budici frekvencd = 0, 600, 800, 1000 Hz bui generatoru syntetizovaného paprsku a
vySce Srbiny h= 0,2, 0,5 a1 mm byly experimentélniskany hodnoty celkového a
sekundérniho ztratového initele. Jejich zmina je vyjadena v Tab. 1 a 2.

Stérbina\ f[Hz] | 0 600 800 1000 Stérbina\ f[Hz] | 0 600 800 1000
0,2 0 -0,88 -1,49 -1,81 0,2 0 -394 -529 -572
0,5 0 164 043 -0,33 0,5 0 214 -062 -2,51
1 0 1,14 -036 -0,27 1 0 090 -234 -194

Tab. 1 Znmena hodnoty celkovéeho Tab. 2 Zmena hodnoty sekundarniho
ztratoveho sadinitele v % ztratoveho sadinitele v %

2. Diskuze vysledk

PrestoZe tizeni mezni vrstvy bylo aplikovano pouze na mabdsti
mezilopatkového kanalu (Boi stna tunelu), byl prokazan vyrazny dopad
syntetizovaného paprsku na proudové pole mezilopatio kanalu. DoSlo
k nezanedbatelnému poklesu hodnoty celkového irmimiho ztratového soinitele o
1,8 %, resp. 5,7 %.

Stérbina/ f[Hz] | 0 600 800 1000
0,2 0 1,87 314 382

0,5 0 -343 -091 0,69

1 0 -254 080 061

Tab. 3 Efektivita syntetizovaneho paprskyy, pro vSechny fipady velikosti slotu a
frekvenci.



Nep=— (1)
Wdod

Pomer privedeného elektrickéhatfxonu P a hmotnostniho toku proudu tekutiny
v mezilopatkovém kandle tuje velikost n&rné pivedené prace. Z pofru merné
uspdené a pvedené prace lze definovat efektivitu syntetizadam paprskuy,, na

proudové pole tekutiny, rov. (1). Efektivita symtetvaného paprsku tak vyjage,
kolikrat vice vloZzené energie bylo ugpao. V tab. 3 jsou uvedeny hodnoty efektivity
syntetizovaného paprsku pro jednotlividpady velikosti Strbiny a budici frekvence.
Pro S&rbinu o velikosti 0,2 mm a budici frekventE 1000 Hz bylo uspgeno cca 4 krat
vice energie, neZ bylo vloZeno.

3. Zaveér

Z experimentalnich vysledkvyplyva vyrazny vliv budici (resp. bezrozmé)
frekvence a Stokesowdsla vystupniho otvoru generatoru syntetizovanéiargku na
hodnotu ztratového soéinitele.

Protoze na bini stné tunelu doslo k ovlivéni nejen mezni vrstvy, ale také
virovych struktur, jevi se volba charakteristickéhmzméru (paprskem ovlivéné
oblasti) pro vypoet bezrozrarné frekvence patkud problematicka.

Na snizeni hodnoty ztratového gmitele ma také vyrazny vliv umisti
vystupniho otvoru generatoru syntetizovaného paprditery byl vtomto fipac
umisgén v baini sén¢ tunelu, kdy doSlo zejména k poklesu hodnoty selrmitio
ztratového satinitele. Je ¥ejmé, Ze pokud by se pdia zabudovat generator
syntetizovaného paprskuimo do lopatky (podél celého roitp lopatky) doSlo by k
vyrazrejSimu poklesu profilovych ztrat a nasleédiak celkového ztratového sonitele.

Mnohem vhod#jSi metodou sniZeni profilovych ztrat je pouzitikpmilejSi
metody fizeni mezni vrstvyfizeni plazmatem. Pouziti této metodyizeni mezni
vrstvy na lopatce je z technologickychivddi mnohem jednoduSsi nez kipack
syntetizovaného paprsku.
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GIS BASED MAPPING FOR MODELLING OF THE FLOWFIELD ABOVE
THE SURFACE OF MINING AREAS

Lubo$ Matéjiéekl, Tomas Bodnar?, Ludék Bene§’, Eva Gulikova®

"Inst. for Environmental Studies, Charles University in Prague, Czech Republic
*Inst. of Thermomechanics, Academy of Sciences, Prague, Czech Republic
JECOPROGRESS, Most, Czech Republic

For simulation of wind flows above the complex terrain, the spatial model based
on surface mapping in a few scales is needed to provide numerical calculation in a more
precise way. Each map scale can be supported by a different spatial data sources. Thus,
many software tools are mostly used to solve individual tasks focused on processing of
satellite images, aerial photographs, GPS data, laser scans and standard digital map
layers. In this case, geographic information systems (GISs) are used to manage complex
data structures, to carry out spatial analyses and to visualize results. In order to integrate
the flowfield simulation, two concepts of modelling are merged. In spatial modelling,
the basic concept is one of spatial distribution and spatial relationship. In temporal
modelling represented by numerical models of the flowfield, the basic concept is one of
state, determined in terms of wind speed, wind direction or concentration of the
pollutant. The resulting projects bring together spatial data and simulation
inputs/outputs, which promotes new ways in processing and interpretation. A number of
applications are discussed in the book “GIS and Environmental Modeling: Progress and
Research Issues” edited by Goodchild (Goodchild et al., 1996).

The attached case study demonstrates GIS mapping of the opencast coal mining
areas that are used to support modelling of the flowfileds and dispersion of dust
emissions from mining activities. In addition to GIS analysis, the map layers extended
by simulation outputs assist to identify the dominant dust emission sources and their
influence on surrounding areas. Thus, the GIS spatial data can be utilized by
environmental scientists and local authorities in the field of environmental protection.

The basic schema in Figure 1 illustrates the processing of spatial data, terrain
measurements and modelling inputs/outputs in the framework of GIS. The upper part
represents the spatial data sources. The bottom part contains the key data integration
module-GIS, which is extended on the left side by the data connection to modelling
tools, environmental statistics and other available spatial data sources. The standalone
modules on the right part represent extensions dedicated to the presentation of the GIS
data outputs by printed documents or digital data.

The time series of meteorological measurements are pre-processed and included
into geodatabase to generate wind rose statistics and plots for several meteorological
data formats. In order to improve accuracy of the GPS measurements, the data from
reference stations (CZEPOS) are included into estimates of positional data that contain
coordinates for georectification of satellite images and aerial images, and locations of
surface objects (mining excavators, transport routes, temporary repositories and
meteorological stations).

Satellite images from Landsat 7 ETM+ are selected to display and classify the
surface of the whole opencast mine at the resolution of 30 meters. The bands 3-2-1 (red,
green, blue) create a true colour composite that displays surface objects similar to a
colour image. The bands 4-3-2 (near IR: 0.77-0.90 pum, red, green), 5-4-2 (mid IR: 1.55-
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1.75 pum, near IR, green), and 7-4-2 (mid IR: 2.09-2.35 um, near IR, green) are
transformed into the visible light spectrum and create a pseudo colour composite. The
middle infrared bands can be used for discrimination of geologic rock types, soil
boundaries and soil moisture content, which significantly influence the rate of surface
emission sources (bare soil, mining areas and larger coal repositories). The aerial
images support mapping of local emission sources and surface objects at the resolution
of 0.5 meters. All the images are draped onto the digital terrain model (DTM) that is
based on terrain measurements and laser scanning.

Laser scanning together with terrain measurements form the input data for
building of the DTM in the format of the triangulated irregular network (TIN).
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Figure 1. Processing of spatial data and simulation inputs/outputs in the framework of
the GIS project (ESRI’s ArcGIS)
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GIS BASED VISUALIZATION FOR TERRAIN MEASUREMENTS AND DUST
DEPOSITION IN THE AREA OF COAL MINES

Lubo$ Matéjiéekl, Tomas Bodnar?, Ludék Bene§’, Eva Gulikova®

"Inst. for Environmental Studies, Charles University in Prague, Czech Republic
*Inst. of Thermomechanics, Academy of Sciences, Prague, Czech Republic
JECOPROGRESS, Most, Czech Republic

In order to support simulation of wind flows and to estimate dust deposition in the
neighbourhood of coal mining areas, the geographic information systems (GISs) are
used to create complex data structures, to solve advanced spatial analysis and to
visualize the results. GISs, formerly utilized by cartographers, are often used for
mapping and spatial analysis in environmental science and other research disciplines.
Using of new computer technology enables more complex displays for thematic
mapping using animation and multimedia (Goodchild, 1996). Environmental issues, like
simulation of flowfields and dust deposition, incorporate temporal as well as spatial
phenomena that lend themselves to dynamic display. New trends in GIS research
empower users to use interactive applications in the framework of visualization, which
brings new possibilities into spatio-temporal modelling.

The GIS project in the environment of ESRI’s ArcGIS is developed to integrate
all the spatial data and simulation outputs in the geodatabse. In addition to the spatial
data management, a huge range of ArcGIS extensions is used to provide spatio-temporal
analysis and to make up data inputs for flowfield simulation and final visualization.

In case of the GIS project, the digital terrain model (DTM) forms the basic map
layer. A few data sources are used to create DTM. The contour lines support mapping of
the whole mining area. The terrain measurements with GPS and the data from geodetic
survey are used for visualization of a part of the mining area, which contain the
temporary coal repository near the residential zones. Finally, the laser scanning enables
to obtain clouds of the 3D spatial points. The laser scanning is focused on selected parts
that need higher density of terrain measurements. Thus, the zone between the temporary
coal depository and a nearest part of the residential area is selected to obtain the highest
density of the 3D spatial points with the highest accuracy. The created DTM represents
the key spatial data structure that improves accuracy of flowfield modelling in the
framework of the developed standalone software tools. In case of GIS visualization, the
DTM is used for draping of satellite images, aerial images and thematic map layers.

The image from Landsat 7 ETM+ supports display of the mining areas at the
resolution of 30 meters. A true colour composite and pseudo colour composites
combine the bands 1-7. The aerial images enable more precise mapping of the local
surface objects including the dust emission sources represented by transport routes,
temporary repositories and mining excavators. Spatial identification of these surface
objects is complemented by the differential GPS measurements.

The basic schema of the GIS project is in Figure 1. All data are included into the
GIS project. The visualization methods included mainly in the ArcGIS extensions
(ArcScene, ArcGlobe) provide enhanced display of map layers extended by symbols
based on the map attributes, Figure 2. Besides visualization, the digital map layers and
reports are generated to document all the results and to share selected data structure via
Internet.
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Figure 1. Processing of spatial data and flowfield simulation in GIS
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Figure 2. Local visualization of spatial data and flowfield simulation in ArcGIS
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SONDA SE TREMI ZHAVENYMI DRATKY PRO SOUCASNE MERENI
KONCENTRACE A DVOU SLOZEK RYCHLOSTI VE SMESI DVOU PLYNU
The three hot-wire probe for simultaneous measurement of concentration and two
velocity components in a binary gas mixture

Oton Mazur, Pavel Jonas, Vaclav Uruba
Ustav termomechaniky, v.v.i., Akademie véd CR, Praha

Uvod

Pro uplny popis turbulentni difuze v okoli daného bodu pole proudéni smési dvou plynu je tieba znat
okamzité hodnoty vSech tii sloZzek vektoru rychlosti, hodnoty koncentrace, a pokud proudéni smési neni
izotermické, také hodnoty teploty. To je pét nezavislych velicin, takZe intuitivni Givaha vede v tomto
ptipadé k zavéru, Ze pro soucasné meéteni téchto velicin by bylo tieba rozmistit v t¢sném okoli méfené¢ho
bodu nejméné pét zhavenych c¢idel rizného tvaru a zhavenych na rozdilné teploty. To vsak je tak narocna
technologicka tloha, Ze ji dosud nevyfeSil zadny vyrobce termoanemometrickych sond ani zadna
laboratof zabyvajici se méfenim proudéni tekutin. Proto bylo v UT AV CR piikroteno k pokusu o
zhotoveni vlastni sondy se tiemi zhavenymi dratky, jejichz konfigurace a provozni podminky by
umoznily méfit kromé koncentrace slozek smési alespon dve slozky rychlosti proudéni.

Popis sondy

Ke konstrukei téla tfidratkové sondy byla pouzita valcova keramika o priméru 5,8 mm, kterou prochazi
rovnobézné s jeji osou 6 kanalkd o primérech 0,8 mm rozmisténych v rovnych vzdalenostech na kruznici
o praméru 3,5 mm. Témito kanalky jsou prostréeny a zalepeny pfivodni jehly z ocelové struny tloustky
0,7 mm, které vycnivaji z keramiky proti proudu zhruba 17 mm a na zavétrné strané 8-10 mm. Jehly jsou
na navétrné strané kuzelové zbrouSeny asi na
polovin¢ své délky na koncovy primér cca 0,3
mm. Zaroven jsou jehly mirn¢ ohnuté k ose
keramiky tak, aby jejich Spicky tvorily
pozadovanou konfiguraci bodl z pohledu proti
jejich  hrotim. Schéma uspofadani jehel
ttidratkové sondy je patrno z obr.1.

Na vné&jsi dvojice jehel jsou piivafeny dva
rovnobézné dratky, které lezi v roviné kolmé na
podélnou osu sondy, jiz definuje osa keramiky.
Jeden dratek z této dvojice je ze slitiny platiny (90
%) a rhodia (10%) , ma pramér 0,010 mm a délku
1,28 mm. (oznaCen na obr. jako ¢.1). Druhy
dratek (€. 2) ztéto dvojice je z wolframu, ma

primér 0,0025 mm a délku 1.15 mm. Sikmy , , *
dratek (¢.3) lezi vroving, kterd obsahuje osu Obr. 1 Schéma sondy UT AV CR,

sondy a je kolma na dvojici rovnobé&znych dratkd. v.v.i. se tfemi zhavenymi dratky.

Je zpoplatinovaného wolframového dratku o

tloustce 0,005 mm, ma délku 1.56 mm a prochazi sttedem mezery mezi rovnobéznymi dratky. Jeho sklon
k ose sondy je 48".

Na konce jehel vyénivajicich na zavétrné stran¢ keramiky jsou pfiletované stinéné piivodni kabely o
celkové tloustce 1.8 mm dlouhé zhruba 1 m, které jsou zakoncené koaxialnimi konektory o vnéjSim
priméru 3 mm. Letované spoje kabell a jehel jsou chranény mosaznym plastém zalitym pryskyfici aby
nedoslo k jejich poskozeni pii manipulaci se sondou.
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Postup méreni tfidratkovou sondou v proudu binarni smési a zpisob jejiho cejchovani

Popsana sonda je schopna ve spojeni s tiikanalovym anemometrem méfit stiedni i okamzité hodnoty
koncentrace v proudu binarni smési plyni a pfi jeji vhodné orientaci také dvé slozky rychlosti za
pfedpokladu, ze stfedni proudéni smési je bud’ dvourozmérné, nebo symetrické vaci urCité roving.
V prvém piipad€ je nutno sondu orientovat tak, aby Sikmy dratek lezel v roviné stiedniho proudéni a ve
druhém pfipadé v roviné symetrie stfedniho proudu. Pfesnosti méfeni stfednich i okamzitych hodnot

vvvvv

osa sondy s vektorem stfedni rychlosti proudéni.

Kardinalni podminkou pro to, aby popsana sonda umoznovala zméfit vyse vyjmenované veliCiny, je jeji
pecliva a podrobnd kalibrace pti ménici se koncentraci smési, pfi zméné€ rychlosti proudéni i pfi zméné
sméru obtékani Sikmého dratku vzdy alespon v rozsahu piislusné veliCiny, ktery mize pfichazet v uvahu
pfi vlastnim méfeni. Nadto je tfeba vSechny dratky cejchovat pti fadé hodnot jejich zhavicich teplot pii
vybranych hodnotach koncentraci a rychlosti. Podrobny popis této procedury pro sondu se dvéma
zhavenymi dratky, které jsou ve stejné konfiguraci jako dratky 1 a 2 u soucasné popisované sondy, je
uveden v literatufe Moryn-Kucharczyk aj. (2003). Metodika méfeni koncentrace a podélné slozky
rychlosti s takto ocejchovanou dvoudratkovou sondou a jeji aplikace pti méteni v kruhovém paprsku CO,
vyfukovaném paraleln¢ do homogenniho vzdu$ného proudu je popsana v literatufe Jonas aj. (2000) a
Moryn-Kucharczyk aj. (2006). Tuto metodiku lze beze zbytku aplikovat na dvojici dratki 1 a 2
popisované sondy a urcit tak koncentraci smési a velikost U t€ slozky rychlosti, kterda lezi v rovin¢
Sikmého dratku.

K urceni pricné slozky lezici v rovin¢ Sikmého dratku potfebujeme pak jesté jeho smérovou kalibraci
vyjadienou zpravidla tzv. smérovou funkei, coz je ¢tverec poméru efektivni rychlosti ochlazovani dratku
U(a), kdyz ten svira s vektorem rychlosti tthel & k téze efektivni rychlosti pii kolmém ofukovani

dratku U(a = 900). Je ziejmé, Ze efektivni rychlost pfi kolmém ofukovani dratku musi byt rovna

velikosti rychlosti U uréené z udaji dvojice rovnobéznych dratkl. Na zakladé toho a z Gidaji Sikmého
dratku najdeme hodnotu smérové funkce a na zakladé toho ur¢ime thel « . Pii zndmé pevné orientaci
sondy v poli proudéni jiz pak snadno uréime pii¢nou slozku rychlosti proudéni smési v daném bode¢.

Zavér

V ¢lanku je popsana nova sonda se tfemi zhavenymi dratky, ktera umozni méfit sou¢asné koncentraci a
dvé slozky vektoru rychlosti ve dvourozmérném nebo osové symetrickém (ve smyslu stiednich hodnot)
proudu smési dvou plynt.

Podékovani
Tato prace byla vykonana v ramci projektu COST OC 114 akce 732 s finan¢ni podporou Ministerstva
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AERODYNAMICKY ODPOR PRI OBTEKANI GOLFOVEHO MICKU
Aerodynamic Drag at Flow past a Golf Ball

Martin Miczan, Jifi NoZitka, Pavel Safafik
Ceské vysoké uceni technické v Praze, Fakulta strojni, Ustav mechaniky tekutin a
energetiky, Odbor mechaniky tekutin a termodynamiky, Praha, Ceska Republika

Cilem této prace bylo ovéfit charakteristiku soucinitele odporu C, na Reynoldsové

Cisle pfi obtékani golfového micku a hladké koule.

V teoretické Casti je zpracovana metoda feseni vypoctu volného padu a letu golfového
micku a hladké koule ve vzduchu tj. FeSeni parametrd volného padu a trajektorie letu
s odporem prostfedi. Po zadani poc€ateCnich podminek je metoda [1] pfipravena
k feSeni letu golfového micku nebo hladké koule a k vyhodnoceni vypoctenych hodnot
a urCeni balistické kfivky. Lze ménit poCatecni rychlost, uhel odpalu golfového micku
nebo hladké koule a zjistit tak vySku letu nebo drahu letu.

2-n

Pfi volném padu s odporem prostfedi %zg—Kv se pohybuje golfovy mic¢ek nebo
t

hladké koule pohybem rovnomérné zrychlenym do své max. rychlosti ( = asymptotické
rychlosti), vtéto praci je uveden vztah pro vypocCet asymptotické rychlosti v

max ?

Vo = ng . Golfovy mi¢ek dosahne své asymptotické rychlosti za ¢as t = 38,5
nC, pd

s a hladké koule za Cas t = 26,5 s. Asymptoticka rychlost koule je tedy o 30% mensi
oproti golfovému micku.

PFi vypocCtu trajektorie letu golfového micku a koule je zanedbavan vztlak, tj. rotace
micku nebo koule. Pro vypolet balistické kfivky jsou pouzity vztahy

d’ B

4 2m’
Za predpokladu niz8iho soucinitele odporu C, u golfového micku je dolet golfového
mi¢ku o 20 % vétSi nez u koule a maximalni vyska letu o 15 % vétSi nez u koule, pfi
pocatecni rychlosti vo = 57,9 m/s a Uhlu odpalu 10°.
Pfi feSeni volného padu a letu golfového micku a koule je pro vypocet diferencialnich
rovnic pouzita metoda Runge-Kutta 4. fadu.
V C&asti experimentu byla navrZzena velmi jednoducha metodika méfeni soucinitele
odporu C,, [1] pfi obtékani golfového miCku nebo koule v zavislosti na Reynoldsové

Cisle. Metodika spocCivala v méfeni odporove sily v aerodynamickém tunelu na zakladé
posunuti obtékaného télesa a nasledném prepocteni na skutenou hodnotu odporové
sily. Byla navrzena metoda zavéSeni méfeného télesa v aerodynamickém tunelu a

metodika vypoctu soucinitele odporu z méfeni. Metoda vypoctu soucinitele odporu C,,

z méfeni nakonec spocivala v silové rovnovaze tihy, aerodynamické odporové sily a
vysledné sily v zavésu lanka.

Byl odvozen matematicky popis fesSeni soucinitele odporu na Reynoldsové Cisle pro
navrzenou metodiku zavéSeni — metodika posunu micku v roviné — posun v ose X
vztazeny k délce zavéSeni R golfového micku nebo koule v zavislosti na odporové sile

;:_Kl (x2+y2jCD cosd a 3;=—K1 [x2+y2jCD sind—g, kde K, =p
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1

X
R 2
pv C,A

Byl uréen i matematicky vztah pro uréeni teoretického vychyleni golfového mi¢ku nebo

1
F, :E'sz AC, atize mitku nebo koule G=mg .

C, pV2 A ° L _ ..
koule y =arctg 2— a vztah pro vypocCet souCinitele odporu C, pfi
mg
X
R 2
posunu micku v ose x v zavislosti na délce zavéSeniR. C, = R d

.
T
R

Metoda se prokazala byt dosti spolehliva pro mozné budouci pouZiti v praxi.
Bylo pfipraveno méfeni soucinitele odporu C, na Reynoldsové Cisle pro golfovy micek

a kouli v aerodynamickych tunelech. Pro jedno z méfeni v aerodynamickém tunelu byly

vyrobeny i modely tézsiho golfového micku a hladké koule.

0,8
Co —e—golfovy micek - 1.méreni
0,6 \ —e— golfovy micek - 2 méfeni 06 - —e—koule - namérené
—— golfovy migek [3] c hodnoty
04 - P mets
0,5 -W
0,2
0 T T ] Re 0,4 ‘ ‘ Re
0 100000 200000 300000 30000 80000 130000

V této praci bylo prokazano, ze golfovy micek je za ur€itych podminek z hlediska
velikosti aerodynamického odporu vyhodné&jsi (. méa niz8i soucinitel odporu C,),
soucinitel odporu C, se snizZi v disledku snizeni tlakového odporu az o polovinu, nez
je hodnota soucinitele odporu pro hladkou kouli.

Snizeni je dosazeno uUCinkem dulkd na povrchu golfového micku, na predcasny

pfechod mezni vrstvy na turbulentni a tim na oddaleni mista odtrzeni proudu od
povrchu micku.
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NUMERICKE MODELOVANI OBTEKANI DESKY DVEMI NEMISITELNYMI
TEKUTINAMI VE VRSTVE
Numerical Modelling of Flow of Two Immiscible Fluids in Layer Past a Flat Plate

T.Muzik, J.NoZi¢ka, P.Safarik
Ceské vysoké uceni technické v Praze, Fakulta strojni, Ustav mechaniky tekutin a
energetiky

1. UVOD

Stékani tenkého vodniho filmu je problém vyskytujici se v fad¢ inzenyrskych aplikaci.
Naptiklad na lopatkach turbinovych miizi mize kondenzujici a stékajici voda zptsobit 1
mimofadné komplikace. Proto je tieba tento jev zkoumat a ztohot divodu se jim
zabyva tato prace. Byla tedy zformulovdna a feSena 2D tuloha obtékani desky
vzduchem, na niZ vstupuje vrstva vody. Reené téma piedstavuje uvodni studii feseni
vyvoje kapalnych vrstev a interakce nemisitelnych tekutin pti obtékani téles.

2. NUMERICKE MODELOVANI PROUDENI

V generatoru siti Gambit byly vytvofeny dvé varianty geometrii desky se vstupem vody
a nasledn¢ v oblastech byly vygenerovany vypoctové sité.

Proudéni nestlacitelné tekutiny bylo feSeno CFD programem Fluent 6.3, ktery fesi
soustavu Navierovych—Stokesovych [1] rovnic pomoci metody kone¢nych objemu.
Soustava se stava z

rovnice kontinuity: oy =0, (1)
ox;
. oluu, or,
a rovnice bilance hybnosti: o, +p ( ! ) C +—L+F. @)
ot Ox ox, Ox,
Pro vypocet mezifazového rozhrani, které l1ze popsat nasledujici rovnici:
1|0 - S .
— —(aqpq)+V-(aqpqvq):Sa +Z(mpq—mqp) , 3)
pq at ! p=1
byl pouzit explicitni model VOF (Volume of Fluid):
an+l n+l _anpn n ' '
VR V+;(pqufaq,f)= Saq+2}(mpq—mqp) v, @)
=

ktery je vhodny pro vypocet proudéni dvou (nebo i vice) nemisitelnych latek. Pro
vypocet fazového rozhrani bylo pouzito schéma Geo — Reconstruct.

2.1 NASTAVENI PARAMETRU PROUDENI V PROGRAMU FLUENT

Proudéni je uvazovano jako lamindrni, vazké, nestlacitelné, nestacionarni. Rychlost
vzduchu byla na vstupu zaddna homogenné 40 m.s™ a rychlost vody byla Im.s” ve
variantach thlu vstiiku 0° a 90°. Ostatni parametry byly nastaveny tak, aby simulovaly
realné prostiedi.
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3. VYSLEDKY VYPOCTU PROUDENI

Vysledky feSeni ukazuji vyvoj koncentrace kapalné faze od pocatku vstiiku do ustaleni
proudové vrstvy vody. Na nasledujicich Obr. 1 a 2 jsou zobrazeny hmotnostni podily
jednotlivych tekutin pro ob¢ fesené varianty, v jiz ustaleném stavu.

Obr. 1. Hmotnostni podil vody a vzduchu  Obr. 2. Hmotnostni podil vody a vzduchu
u varianty se vstupem 0°. u varianty se vstupem 90°.

Je vidét, ze proud vody vstupujici do oblasti z desky pod thlem 90° nepfilne k desce
hned po vstupu. Vytvoii se zde oblast obsahujici vzduch pod oblasti vody. Vysledky
vypoctu ukazuji dale, ze na vodnim filmu a zvlasté v aplavu za deskou vznikaji viny.
Ve fazi rozbéhu kapalné faze lze pozorovat podle vysledki vypoctu rozpad kapalné
faze, ktery je vyjadien ziejmym rozptylem koncentrace a ktery v postupu feSeni v Case
se posune pies vystupni okrajovou podminku a proudéni v feSené oblasti se ustali.
Tento vysledek je uveden v [1].
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ENERGY DISSIPATED AT THE SHOCK WAVE DURING ITS
PROPAGATION IN WATER

Milos, Muller
Technical university of Liberec, Department of Power Engineering equipment,
Héalkova 6, 461 17 Liberec 1.

Abstract

The shock wave propagation in liquids is usually calculated without considering the
energy dissipation. However in some situations, when the initial shock wave pressure is
in order of 1000 MPa, the dissipation effect can be important. This paper presents the
possibility of calculation of the energy dissipated at the shock wave during its
propagation in water. The dissipated energy and the temperature increase at the shock
wave are expressed as a function of shock wave peak pressure. The NIST data [2] are
used for the fitting of coefficients of the equation of state, which is applied for the
calculation of the shock wave energy dissipation.

The equation of state

The most common equation of state (EOS) for liquids is Tait's equation, which
represents the dependence between the liquid density and the pressure. In the presented
case, it is convenient to use the EOS in isentropic form [3] as

1)

p(p.s) :LB(S)WJ” B(s) = 2%
p(p=0,5) (B(s)+p,) n

where n=7, p is the shock wave peak pressure, o(T, po) is the liquid density and c(T, po)
is the speed of sound. The last two variables depend on temperature and are evaluated at
the initial pressure po = 1 atm.

Enthalpy dissipated at the shock wave

If the shock wave passes a position in liquid, which has the temperature T, and pressure
po, the temperature and pressure in that place increase up to the values p and T. The
specific enthalpy increment experienced by the fluid AH is given in from Rankine-
Hugoniot conditions. Having passed the shock wave the pressure in the liquid reaches
again the pressure po along the adiabatic curve but the temperature returns to a higher
value T; due to the dissipation process. Based on the consideration, the enthalpy
increment AH can be evaluated as a sum of undissipated and dissipated enthalpy as

1
2 n Ty

AH =h+hy, :r?‘ill [/‘)’j 1]+ [e, (TyT,)dT . @)
1 To

The estimation of the temperature T, is the key for obtaining the dissipated energy. Its
evaluation has following consequence. First, AH is obtained using Rankine-Hugoniot
conditions at the shock wave [1] and specific heat c, is expressed as function of
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Tp=293K NIST Richardson[3]
p [MPa] AT, [K] T1 [K] hais [J/kg] hais [J/kg]
0 0.0 293.0 0.0 0.0
250 0.2 293.2 1046.0 X
500 1.2 294.2 5152.0 5570.0
1000 5.4 298.4 22480.0 23450.0
1500 11.5 304.5 47978.0 49350.0
2000 18.8 311.8 78484.0 80050.0
2500 26.9 319.9 112547.0 115000.0
3000 35.6 328.6 148720.0 152500.0
3500 44.7 337.7 186806.0 192000.0
4000 54.0 347.0 225771.0 233000.0

Tab. 1. Dissipated enthalpy calculated as a function of the pressure at the shock wave.

temperature T. The Eq. 2. is then an implicit function of the shock wave peak pressure
and the temperature T;. The value of T; can be obtained for given pressure from the
equation Eq. 2. using an appropriate iterative method. This temperature is then used in
the calculation of dissipated enthalpy. The data obtained from the calculation are given
in Tab. 1. The explicit formula for energy dissipated at the shock wave as function of
pressure has the form

hgis (p) = 3.0917x107 p* — 4.7538p° + 2.8574x10° p* —1.5626x10° p . 3)

Conclusion

This paper presents the possibility of calculation of shock wave energy dissipated at the
shock wave in water. For the solution, the dissipated enthalpy was derived based on the
new material data obtained from NIST material database. The comparison between the
dissipated energy calculated by Richardson in [2] and the presented data shows very
good agreement.
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SOME RESULTS OF COHERENT STRUCTURES IDENTIFICATION IN
PLASMA JETS

Vaclav Nénicka, JiFi Sonsky
Institute of Thermomechanics AS CR, v.v.i., Dolejskova 5, CZ-182 00 Prague 8

In the experiment, plasma jet image is projected by objective lens onto ends of
optical fibres coupled to the photodiodes, which converts the light into the electrical
current. Attached electronic amplify the current, digitalize it and record. The total 128
fibres are divided into four independent directions of observation indexed by angle of
45 degrees. Each of the observation direction subsystem consists of two rows with
sixteen fibres. Cross section perpendicular to the axis of the plasma jet can be
reconstructed from these records. For scheme of the experiment see Figure 1 [1].

2x15 channels 2x15 channels

45

2x15 channels 45 45° 2x15 channols

-1 objective
lens

plasma torch

optical fibers

Figure 1. Experimental layout schematic.

The time development of radiation intensity in the cross sections perpendicular to
the axis of a plasma jet yields basic information on dynamics of structures propagation
along the flow axis. These diagnostic cross sections can be constructed along the flow
axis and perpendicular to axis of plasma jet. An important influence on the resultant
plasma jet dynamics rests also with impact of dynamic effects of the surroundings, that
cooperate in installing un-equilibrium dynamic system of the plasma jet core with
surrounding medium. The balance relations of un-equilibrium open thermodynamics
make it possible to study the time evolution of such arrangement, using experimental
data of the radiation intensity variations scanned in several planes adjusted
perpendicularly to the plasma jet axis. Each of these planes contains information on the
time evolution of radiation intensity for plasma jet in both its spatial and time disposal.

Hence, the problem rests with identifying the structures that iterate in the plasma
jet core, using as the basis the information scanned from four separate directions that are
dislocated inside two parallel planes. To determine the time intervals of the recurrences,
the maximum of radiation intensity will be scanned, obtaining four components of the
vector. The time evolution within two selected time intervals is compared using the
correlation analysis for determining the correlation coefficients. The sequence of the
values of the correlation coefficients yields information concerning the mutual
orientation of such structures.
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Figure 2. Graphic representation of correlation coefficients matrices.

Within time intervals of significant mutual resemblance, the correlation
coefficients are approaching to the value one. Such approach allows constructing
rectangular matrices. The rows and columns of these matrices correspond to the
monitored time intervals, see figure 2 left. If there exists a significant resemblance of
the monitored signals, the values of the elements in the matrices are approaching to one,
see Figure 2 right. As we can assume relatively equal relaxation intervals of heat energy
transfers in radial direction for the two monitored configurations in free plasma flow,
the resemblance of the monitored structures suggests the possibility of their coherence
see Figure 3. The recurrence in the regions whose values approaching to one represents
an important characteristic of the structures in plasma jet. In this way the monitored
record represents structures with features of coherent behaviour in the plasma jet.
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Figure 3. Time evolution of source signal corresponding to right matrix in figure 2.

[1] Jiti Sonsky, Applying of fibre optics to plasma jet diagnostics, Acta Technica CSAV
52 (2007), 15-31
This work was supported by project PP-07-07011.
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POHYB ZNACKOVACICH CASTIC V NESTACIONARNIM PROUDOVEM

POLI

Behavior of Seeding Particles in the Unsteady Flow Field

Jan Novotny, Jifi Nozi¢ka

Ceské vysoké uleni technické v Praze, Fakulta strojni, Ustav mechaniky tekutin a

energetiky, Praha

Uvod

Principem méfeni metodou PIV
(Particle Image velocimetry) je urdit
posunuti obrazii znackovacich ¢astic za
zvoleny cCasovy interval. Pfesnost
takového méfeni je ovlivnéna zpisobem
vypoctu ,korelaéni roviny*, dale pak
metodou pouzitou pii  vyhledavani
pfesné pozice signalového peaku a
v neposledni fadé na schopnostech

znackovacich castic sledovat
nestaciondrni chovani kapaliny.
Zpiasobim  vyhodnoceni  posunuti

véetné nalezeni polohy maxima a jejich
vlivu na pfesnost méfeni se v tomto
¢lanku nebudeme vénovat. Zaméfili
jsme se na rozbor schopnosti
znackovacich castic sledovat proud a
stim spojenou otdzku pouzitelnosti
znackovacich castic ptislusnych
parametrii pro meéfeni nestaciondrniho
proudéni. V zavéru jsme se pokusili
poskytnout  Citateli tohoto  ¢lanku
struény navod, jak postupovat pii volbé
vhodnych znafkovacich ¢astic pfi
méfeni nestacionarniho proudéni, kdy je
cilem
zachytit fluktuace o vysoké frekvenci.
BBO rovnice

Pohyb castic je popsan rovnici
oznacovanou podle svych autori jako
Basset-Boussinesq-Ossen, BBO

184

u, rychlost ¢astice

pp  hustota Castice

d, primér Castice

ur  dynamickad viskozita kapaliny

ur  rychlost tekutiny

mr  hmotnost kapaliny o objemu

t cas

g gravitacni zrychleni

T casovy interval od pocatku
akcelerace

Reseni BBO rovnice pro pohyb &astice

v proudovém poli vyjadiené pomoci

Fourierova integralu uvadi Hjelmfelt i

Sommerfeld [1, 2] pro rizna Stokesova

Cisla. Jak ale vyplynulo znaSich

rozbort, pro méteni metodou PIV neni

rozsah uvéadénych zavislosti poméru

amplitud vychylek na Stokesové Cisle

dostate¢ny. Hjemfeld [1] uvedl feSeni

rovnice BBO pro prubéh rychlosti

kapaliny ur a rychlosti cCastice wup

vyjadiené pomoci Fourierova integralu:

= I({cosa)t + Asin wt)dw
0
Resenim je rovnice popisujici pohyb
Castice jejiz faze je zpozdéna o thel B a
pivodni amplituda je prenasobena
koeficientem 1.

= Tn[(g cos(at + B) + psin(at + ) Ho

DL,L dy,

a4 _ Dy 1o D4 44 oAk M rDr dr
Mgt = ) m " o (Dt 49 j (g

rovnice.
kde:
m, hmotnost ¢astice

Vyneseme-li prubéh poméru amplitud
v zavislosti na velikosti Stokesova ¢isla,
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které nam udavd  bezrozmérnou
frekvenci rozruch v proudu, ziskdme
nasledujici pribéh:

— s h
0.998}--- -4t A Lty S
T 5=14
AR 5=13
----- 5=12
n[-] »
0994} f
0992
099 0 ;
10" Stokesovo ¢isl [-] 10
Obr.1 Zavislost poméru

amplitud na Stokesové¢ Cisle pro nékolik
pomérti hustot cCéastice a kapaliny
pouzivanych pii méfeni ve vodé o
20°C.

Z uvedeného je zfejmé, Ze pokud se
budeme pohybovat v pomérech hustot
kapaliny a Castice do hodnoty 1.5, pak
pfi hodnoté Stokesova cisla vySSim neZ
2 bude pokles amplitudy mensi nez
jedna desetina procenta. Tato shoda je
jiz dostate¢nd a za danych podminek je
mozné povazovat proudéni tekutiny a
pohyb castice za totozné. Obdobnou
zavislost je mozné vynést pro fazové
zpozdéni a samoziejmé pro libovolny
pomér hustot vyskytujici se v redlné

praxi. Pfi vyneseni obdobné zavislosti
pro poméry hustot vyskytujici se pfii
métfeni ve vzduchu dojdeme k zavéru,
ze pii stejné pozadované shod¢
v amplitudé je nutné se pohybovat
v oblasti Stokesovych ¢isel vétSich nez
cca 30 pfi poméru hustot do 1000.
Zustava vSak nezodpovézena otdzka
jakych dosahujeme hodnot Stokesova
Cisla pfi pouziti jednotlivych druht
znaCkovacich ~ Castic o  rdznych
pramérech a v tekutinach s rozdilnou
viskozitou. Z téchto zavislosti je pak
mozné odeCist pro jaké druhy
znackovacich castic a pro jakou
pozadovanou maximalni frekvenci je
Stokesovo ¢islo vétsi nebo mensi nez
hodnota stanovend z Obr.-1.

Zavér

Vhodnost pouziti jednotlivych druht
znaCkovacich ~ Castic  pfi  méfeni
nestacionarniho proudéni metodou PIV
je nutné kontrolovat pomoci hodnoty
Stokesova  ¢isla  pro  maximalni
predpokladané frekvence rozruchu. Je-li
hodnota Stokesova ¢isla vypoctena pro
danou ¢&astici, tekutinu a frekvenci
mensSi neZ mez stanovena  pro
maximalni povolenou odchylku, neni
mozné zvoleny druh castic pouzit pro
meéfeni zvolenych frekvenci a je nutné
pouzit bud’ ¢astic stejnych vlastnosti ale
mensSiho  poloméru  nebo  Castic
s hustotou bliz§1 hustoté tekutiny,
kterou sledujeme.

[1] Hjelmfelt A. T., Mockros L. F., Motion of Discrere Particles in a Turbulent Fluid,

Appl. Sci. Res. Vol. 16, 149-161, 1966

[2] Sommerfeld M., Theoretical and Experimental Modelling of Particle Flows,
lecture series 2000-2006, von Karman Institute for Fluid Dynamics, 2000

[3] Hesham M. El-Batsh., Modeling Particle Deposition on Compressor and Turbine
Blade Surfaces, dissertation, Vienna University of Technology, Vienna, 2001

[4] Crowe C., Sommerfeld M., Tsuji Y., Multiphase Flows with Droplets and
Particles, ISBN 0-8493-9469-4, CRC Press, USA, 1998
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PERFORMANCE OF PRESSURE AND EFFERVESCENT ATOMIZERS

Jan Otahal, Jan Fiser, Miroslav Jicha

Department of Thermodynamics and Environmental Engineering
Faculty of Mechanical Engineering, Brno University of Technology
Brno, Czech Republic

Abstract

The article deals with an evaluation of the efficiency of atomization for two
different types of atomizers. The comparison between efficiency of the pressure and the
effervescent atomization may help decide which type of the atomizer is suitable for a
particular application. The evaluation of both types of atomization principles is based on
experiments. The PDA (Phase Doppler Analyzer) was used to acquire information
about the spray quality in particular measurement points within the spray cone. The
experiments were carried out on a model of an effervescent atomizer and three small
pressure atomizers.

Introduction

If there is a need to decide which type of atomizers is suitable for an application,
it is needed to determine a comparable characteristic, which describe the produced spray
or the construction parameters of the nozzle. One of the comparable characteristic is
efficiency of the atomization process.

According Bayvel & Orzechowski the efficiency of atomization for all
traditionally used atomizers is very small, namely 7 <0.1%. Improvement of

atomization is related to the energy demand, i.e. increased energy demand corresponds
to a decrease of the atomization efficiency. The efficiency of the atomization process of
pressure atomizers is higher then of the pneumatic atomizers. Effervescent atomizers
should generate droplets of particular size with greater efficiency then other types of
twin-fluid atomizers.

Nozzles description

For the experiments, there were
three small pressure nozzles (Fig. 1) and
one effervescent nozzle (Fig. 2) used. In
order to compare the two atomization
processes, two factors were determined
and kept comparable for both the
atomization processes. The first one was
the injection pressure and the second one
was the flow rate of the atomized fluid.
The atomizers were operated at the
maximal injection pressure of 0.5 MPa
in(/j the flow rates ranged from 0.3 to 6 Fig. 1 Unijet nozzle Fig.2 Effervescent nozzle
g/min.

& A
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Atomization efficiency

Total energy E; required to generate a spray using pneumatic atomizer consists of
two energies; firstly Eg, the energy introduced by the compressed gas and, E,, energy
introduced by the liquid.
Transformation of bulk liquid into fine droplets is associated with enormous increase of
surface. If bulk liquid with the volume V; is subdivided into droplets having all the same
radius IRy (so called Integral surface radius), then the area of the droplet system will
be A=3-V, /IR, .
The corresponding surface energy increase neglecting the original surface energy of
bulk liquid reads E, = A- o . The efficiency of the atomization process finally is:

E, 3:V,-0/IR 3-0/IR
ana: IS/ 20 _ /IRy —— )
! ' p, +GLR- 2. (p, + pb)-ln(gb]

P Py

9

Results
In Fig. 3, there is the efficiency
of the pressure and the effervescent

10,00%

atomization against the water flow \\ \\
rates plotted. It is clear the efficiency 1,00% 1 J 7607

of the pressure atomization is higher e

—a—TG 6.5
for pressure nozzles than for Eff0.1 MPa
—x— Eff 0.3 MPa
—e—Eff 0.5 MPa

effervescent ones over the same range

efficiency [%]

of flow rates and pressure levels. High o
values of the efficiency were reached
at the low pressure (0.1 MPa).

Increasing the pressure level results the 0,01% —
deterioration of the atomization ot o2 8 45 6T
efficiency. The efficiency of pressure waterflow rate fko-min’)

atomization achieves a quite high value Fig. 3 Atomization efficiency against flow rates
(3%) which is a consequence of

decrease in the injection pressure to the minimal possible pressure level and small
diameter of the final orifice.

Conclusion

Spray characteristics of pressure and effervescent atomizers have been assessed
by means of PDA measurement. The pressure level of the atomized fluid has the main
effect on value of the atomization efficiency.

Although the efficiency of atomization of effervescent atomizers is lower than that
of the pressure atomizers, their main advantage can be seen in the possibility to produce
the spray of the same quality at much lower pressure.
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POMERNY UTLUM JEDNODUCHEHO TELESA V PROUDU VZDUCHU
Damping factor of a simple body in an air flow

Ale§ Pacékl’z, Klara Mat0u§k0vé2, Ladislav Taj éz, Ji¥i Linhart'
! Zapado&eska univerzita v Plzni, Fakulta strojni

Katedra energetickych stroji a zarizeni
2 SKODA POWER a.s., Plzeii

Abstrakt

Hlavnim ukolem prezentované studie je prvotni provéfeni dynamického chovéni
jednoduchého modelu v proudicim prosttedi. Je uveden zdkladni popis
experimentalniho zafizeni pro vySetfovani aeroelastickych vazeb, princip méfeni
vychylky pruzné ulozeného modelu s tlumenim a postup pfi kalibraci vychylky. Studie
popisuje experimentalni stanoveni pomérného Gtlumu a vlastni frekvence v zavislosti na
rychlosti proudiciho média. Cilem je ziskat poznatky o pribéhu téchto zavislosti,
identifikovat pfipadné zmény v pribchu ¢i lokalni extrémy funkei, a dale navrhnout
vhodné naméty a Gipravy pro dalsi experimenty.

Experimentalni zafizeni pro vySetfovani aeroelastickych vazeb

Experimentalni zafizeni sestdva z nizkorychlostniho aerodynamického tunelu, na jehoz
vystupu je ptfipojen méfici prostor s pruzné ulozenym modelem, dale ze senzorii pro
snimani zmény polohy modelu, méficiho zafizeni a z programl pro zaznamenavani
a vyhodnoceni méteného signalu. Schematické znazornéni aerodynamického tunelu je
na obr. 1, uspotadani méficiho prostoru se zkoumanym modelem ukazuje obr. 2.

4 1 5 2 3 6 3 4 2 5 1
/ g / F j\ A
/ // y | \
/ / i \
4 -\ % [
/S = \\ = > =
[ \ = S =
/// - | = : T s
Obr. 1: Nizkorychlostni aerodynamicky tunel. Obr. 2: Mé¥ici prostor.

Vychylka je méfena neptimo, prostiednictvim dvojice tenzometrti. Zavislost snimaného
pomérného prodlouzeni krajnich vldken planzety a vychylky modelu se urci kalibraci.
Naméiend data ukazuji, ze zéavislost je v celém rozsahu predpokladanych vychylek
linearni.

Matematicky model

Pohybovou rovnici popisujici dynamické chovani zkoumaného systému predpokladame
ve tvaru (1). Uvazujme, Ze pusobici aerodynamické sily maji charakter linearnich
tlumicich sil a jejich ucinek se projevi pouze ve zméné konstanty tlumeni b. Konstanta
tlumeni b” ve vztahu ( 1) zahrnuje vliv materialového i aerodynamického tlument.
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mej(t)+ b q(t)+kq(t)=0 (1)

Stanoveni pomérného ttlumu
Pomérny utlum lze vyjadrit jako

D-——9% (2)

Nart + 67
kde ¢ je logaritmicky dekrement utlumu, ktery predstavuje pfirozeny logaritmus podilu
vychylek tlumenych kmit vzdalenych od sebe praveé jednu periodu.

Béhem experimentu je zaznamendvan Casovy prubéh vychylek kmiti. Program pro
vyhodnoceni dat identifikuje lokdlni maxima tlumenych kmita a z jejich hodnot stanovi
logaritmicky dekrement utlumu. Vypoctem dle vztahu ( 2 ) se ur¢i pomérny utlum.

Vysledky

Pro kazdou feSenou variantu bylo provedeno pfiblizné dvacet méfeni pii rtiznych
rychlostech proudéni vzduchu. Findlnim vystupem kazdého méfeni je hodnota
pomérného utlumu a vlastni frekvence tlumené soustavy. Zavislost téchto veli¢in na
rychlosti proudéni ukazuji obr. 3 a obr. 4.

DAMPING - VELOCITY DEPENDECE FREQUENCY - VELOCITY DEPENDENCE
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Obr. 3: Zavislost pomérného utlumu Obr. 4: Zavislost vlastni frekvence tlumené
na rychlosti proudéni. soustavy na rychlosti proudéni.

Pomérny utlum dle ptfedpokladii se stoupajici rychlosti proudéni roste. Zajimava je
zména charakteru prabéhu zavislosti, kdy se pii stoupajici rychlosti proudéni vzduchu
prakticky linedrni pribéh s velmi podobnymi hodnotami pomérného utlumu méni.
Dochazi ke zlomu charakteristiky, namétené hodnoty za timto zlomem vykazuji vétsi
rozptyl. Tyto zmény jsou pravdépodobné zpisobeny zmeénou charakteru proudéni

wevr

v oblasti testovaného modelu. Piesnéjsi vysvétleni jevu neni ze ziskanych dat mozné.

Zavislost vlastni frekvence na rychlosti proudéni proti ocekévani roste. Tento trend
nedokdze sestaveny matematicky model popsat. V navazujicich pracich by méla byt
pozornost soustfedéna predev§im na uUpravu matematického modelu a nalezeni
vhodného popisu feSené¢ho problému.
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NUMERICAL SIMULATION OF TURBULENT FLOWS AROUND SINUSOIDAL
HILLS

Lubos Pirkl and Tomas Bodnar

Czech Technical University of Prague, Faculty of Mechanical Engineering, Department of Technical
Mathematics

Introduction
Prediction of wind field over terrain plays an important role in many engineering applications. A numer-
ical investigation of the flow over sinusoidal hill is presented in this work. We assume two-dimensional,
steady, turbulent flow of incompressible fluid. We have computed four test cases with different geome-
tries. The model is set-up for the wind flow according to Kim [1]. The introduced test cases were
experimentally measured [1] and comparison with experiment and with other numerical simulations was
made. The numerical method we have used is based on solving Reynolds Averaged Navier-Stokes equa-
tions with help of Finite Volume Method. We have implemented two models of turbulence. Mixing
Length Model (T.B.) and Spalart-Allmaras turbulence model (L.P.) was used.

Computational domain
According to data published in [1] we have chosen 2D domain with four different sinusoidal
single-hill terrain profiles having the following parameters:

§ o Hill  slope height 7 length L,
T L, n S3H4 0.3 4 cm 6.67 cm
z S3H7 0.3 7 cm 11.67 cm
$x=xf S5H4 0.5 4 cm 4.0 cm
p S5H7 0.5 7 cm 7.0 cm
Figure 1: Hill geometry Table 1: Hill setup

The notation we use here to distinguish between hills with different slopes and heights is
the same as in [1]. It means the SxHy stands for the hill with maximum slope 0.z and height
y cm. The height of the whole computational domain is 0.5m and the length is 2.0m.

Boundary conditions

]'_"I'
I'y ... Logarithmic velocity profile
u(y) = %lny%, w = 0.33m/s, yo =
FI — Q 1_'0 0.0005mm for y < 0.25m and u(y) =
| . Xr 7.0m/s fory > 0.25m.
= SN I's ... u,v=0.0,
ot _
FB Iy ... 22 =00,
I'o ... p=const.

Figure 2: Computational domain
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the rest of variables are extrapolated from the inside of the computational domain.

Numerical method
Governing system are Reynolds Averaged Navier-Stokes equations, solved with help of Finite
Volume Method. We have used two turbulence models. Spalart-Allmaras one-equational
model and Mixing Length Model are used. For computation we have used MacCormack
scheme and non-orthogonal, wall-fitted mesh.

Results
For S3Hz (gentle-sloped) test cases we all obtained small separation zones near the wall, but
mentioned experiment obtained none. The comparison of S5Hx (sharp-sloped) test cases is
shown in following table:

Hill Experiment ‘ Standardk —¢  RNGk—e  Low-Re model ‘ MLM ‘ S-A

S5H4 5.25+£0.5 2.5 342 4.55 5.0 5.8
S5H7 430 £0.3 - 3.97 4.42 4.7 5.7

Table 2: Reattachment point position (zr/H)

Results from first four columns are presented in [1], the last two columns are results from
both authors.
Acknowledgement

The financial support for the present project was partly provided by the Czech Grant Agency under the
Grant No.205/06/0727 and by the Research Plan MSM 6840770010 of the Ministry of Education of
Czech Republic.

References

[1] Kim, H. G., Lee, C. M., Lim, H. C., and Kyong, N. H.: An experimental and numerical study on
the flow over two-dimensional hills. Journal of Wind Engineering and Industrial Aerodynamics,
vol. 66, no. 1:(1997) pp. 17-33.

[2] Dvoiik R., Kozel K.: Matematické modelovani v aerodynamice. Vydavatelstvi CVUT, 1996.

[3] Bodnér T., Numerical Simulation of Flows and Pollution Dispersion in Atmospheric Boundary
Layer. CTU Thesis, 2003

[4] Wilcox D.C. Turbulence Modeling for CFD, DCW Industries
[5] PtihodaJ., Louda P., Matematické modelovéni turbulentniho prodéni,Vydavatelstvi éVUT, 2007.

[6] Pirkl L., Numerical Simulation of Incompressible Flows with Variable Viscosity, Diploma Thesis,
CVUT FS MMT , Prague, 2007.

[7] Spalart P.R., Allmaras S.R., A One-equational Turbulence Model for Aerodynamic Flows, AIAA,
Paper 92-0439, (1992).



Colloquium FLUID DYNAMICS 2007
Institute of Thermomechanics AS CR, v. v. i., Prague, October 24 - 26, 2007
p.73

FLOW CONTROL OF BOUNDARY LAYER TRANSITION AND
SEPARATION ON AIRFOILS AND BODIES IN FREE ATMOSPHERE
CONDITIONS

Lukas Popelka, Lubor Zeleny
Institute of Thermomechanics AS CR, Prague, Aeroclub Ptibyslav

Summary

The paper deals with visualisation of uncontrolled and controlled cases of boundary
layer transition and separation carried out during in-flight measurements. Oil flow and
tuft techniques have been applied. Influence of passive flow control devices to the
performance of the entire aircraft has been established and importance of active and
adaptive approach shown.

1. Measurement methodology

Self-launching TST10a sailplane OK-A631 /LZ/ was used as test aircraft. Oil flow
visualisation on two positions along wingspan was prepared. Oil was applied on surface
prior to the take-off, and flight of 10 minutes duration was carried out. Airspeed
V=100 km/h TAS was held constant during whole flight, even during climb and
approach to landing.

Array of tufts was applied to the wing root area and video recording acquired for
airspeed V = 85, 100, 130 and 160 km/h TAS. Extent of separation was studied in these
conditions in straight flight.

Detailed measurement of TST10a saiplane speed polar was based on GPS methodology,
Popelka (2006), which was further refined. Every measurement programme was started
at altitude of 2000m MSL or higher, for each airspeed 4 individual straight flight
sequences were used. Flight track of 300m altitude loss in each sequence was recorded.

Expenses for numerous required test flights were covered by Mr. Zeleny, the owner of
TST10a OK-A631 /LZ/.

2. Results

Region of separation bubble was determined, Fig. 4. Based on previous findings on
Standard Cirrus sailplane, leading to 10.7% glide ratio L/D improvement of OK-7077
/CX/ at 115 km/h TAS, Zig-zag type turbulators were applied along the wingspan.
Visualization in the transition wing-fuselage geometry have been done by tufts, Fig 1,
on four airspeeds covering the common competition range. Region of separated flow
has been determined, counter-rotating vortex generator of height h = 3mm (denoted as
VG1) applied on chordwise location x/c = 0.48 and separation suppression observed.
Effect on performance of sailplane have been consequently established by measuring
both uncontrolled and controlled speed polar of the test sailplane.

Installation of wing-root VG1 resulted to L/D improvement in low-speed range.
Compared to the theoretical curve, Popelka (2006), it can be stated that notable shift
towards TST10 performance potential utilization has been reached. The remaining
difference can be accounted to the drag of fixed main undercarriage.
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Fig. 1 Tuft visualization on left wing root of TST10a, V = 85km/h IAS. Left figure —
uncontrolled case, note large region of separated flow. Right figure — VGI applied,
attached flow till the proximity of wing trailing edge

On the other hand, substantial decrease of L/D has been observed for typical
interthermal glide airspeed. Unacceptable deterioration of high-speed sailplane
performance has lead to the new layout of vortex generator VG2 currently installed on
test aircraft.

3. Conclusions

Methodology of flow visualisation feasible for in-flight investigation on airfoils and
bodies was developed. Sailplane speed-polar measurement with use of GNSS FR was
further improved.

Two types of passive flow control devices were used. For boundary layer transition
control the optimum turbulator location was established. The case of separation control
have shown potential of performance improvement. The need of off-design detrimental
effect minimization has been demonstrated. In given wing-fuselage geometry,
application of acoustic-driven synthetic jet is feasible. Such active device could be
optimized to supress separation on V = 85 km/h IAS. For higher airspeeds the jet
intensity should be lowered, with dynamic pressure as trigger and hence adaptive
control can be reached.
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EXPERIMENTAL INVESTIGATION OF STRATIFICATION BREAKING BY
TURBULENT MIXING

J. M. Redondo
Departament de Fisica Aplicada, Universitat Politécnica de Catalunya, Barcelona

The paper will be supplied afterwards on a separate sheet.
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1

Interaction of a channel flow and moving bodies

O v =w

Martin R Gzicka*), Miloslav Feistauer’, Jaromir Hor atek**) and Petr Svacek:**)

*) Charles University Prague, Faculty of Mathematics and Physis, **) Academy of
Sciences of the Czech Republic, Institute of Thermomecharsg™*) Czech Technical
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Introduction
The subject of this paper is the numerical simulation of titeraction of two-dimensional in-
compressible viscous flow through a channel (wind tunnet) arvibrating airfoil. A solid
airfoil with two degrees of freedom, which can rotate arothelelastic axis and oscillate in the
vertical direction, is considered. The numerical simolattonsists of the finite element solu-
tion of the Navier-Stokes equations coupled with the systéprdinary differential equations
describing the airfoil motion. We discuss the discretmatof the problem and present some
computational results.

Formulation of the problem
The two-dimensional non-stationary flow of viscous, incoesgible fluid is considered in the
time interval[0, T'], whereT > 0. The symbok?, denotes the computational domain occupied
by the fluid at timet. The flow is characterized by the velocity field = w(z,t), and the
kinematic pressurg = p(x,t), for x € Q, andt € [0,T]. Further,a(t) andh(t) denote the
rotation angle and displacement of the airfoil.

The fluid flow is described by the Navier-Stokes system wriite the ALE (Arbitrary
Lagrangian—EuLerian) form (see, e.g. [1])
l;tu+[(u—'w)-V]u+Vp—yAu:O, dvu=0 1inQ,
wherer > 0 denotes the kinematic viscosity of the flu.'%;i is the ALE derivative andv is the
ALE velocity. (See, e.g. [1].)

The equations for the moving profile were derived from therhage equations for the
generalized coordinatésanda ([1]). In the matrix calculus these equations have the form

Kd(t) + Bd(t) + Md(t) = f(t), (1)

where the stiffness matrik, the viscous dampin@ and the mass matri&Z have the form
T Ewn  kna 5 Dyn Dpa AT m Sy
K_<kah kaa>’ B_<Dah DaOz), M_<Sa [a>
and the vector of the forcg and the generalized coordinai¢sead
S _ [ —La2(t) _ [ W)
.f(ﬂ( M(t) >7 d(&(t) .

1This research was supported by the grant No. IAA 200760618e06AASCR. The research of M{Ritka
was also partly supported by the project No. 7486/2007 o&A€hU in Prague.
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Figure 1. The main frequencies of the signals

The symboll, stands for the component of the force acting on the profilbenvertical direc-
tion, M is the torsional moment of the force.

The above flow and structural equations are equipped bybdeiitaitial and boundary con-
ditions.

The time discretization of flow equations if carried out byea@nd order backward differ-
ence formula and the space discretization uses the finiteegiemethod stabilized by the SUPG
and grad-div technique. The nonlinear discrete systemh®gdy the Oseen iterations. The
structural system is solved numerically by the Runge-Kuttshmod.

Results
As a result we obtain the pressure and velocity fields andtaisgosition of the moving pro-
file. From this information we derive the frequency charasties. The computational results
carried out on the basis of data from [2] are compared withettgeriment described in [3].
Figure 1 shows a good agreement of computational and expetatresults.
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THE STRUCTURE OF TURBULENT JETS

Emil Sekula and José M. Redondo
Departament de Fisica Aplicada, Universitat Politécnica de Catalunya, Barcelona

Abstract
Present work shows some results of research on turbulent jets and plumes, their
structures and effects occurred in different configurations (free jet, wall jet, 'bubbly’ jet).
The proposed work is based principally on experiments but there are also made some
comparisons between experimental and environmental observations. We discuss here in
summary the series of detailed experiments that have been performed in laboratory
utilizing visualizations methods (Particle Image Velocimetry) and Acoustic Doppler
Velocimeter measurements of turbulence parameters in order to obtain a basic
understanding of the turbulence phenomenon. Experimental techniques have developed
very fast so we can use these new technologies that will increase our knowledge, even
repeating some classical experiments under new light and improved techniques. We aim
to understand the behaviour of turbulent jets incorporating the recent advances in non-
homogeneous turbulence, structure function analysis, multifractal techniques and
extended self-similarity.
One of the used configurations is the turbulent wall jet that occurs often in several
environmental and industrial processes such as aeronautics design, heating, cooling,
ventilation and environmental fluid dynamics. Other one is a 'bubbly’ jet, a kind of jet
filled" with bubbles. We used also two kinds of jet’'s sources: two pumps with smaller
and bigger flow rate and different Reynolds numbers.
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Figure 1. Scheme of workplace and Acoustic Doppler Velocimeter (ADV).
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Results contain both measured (mean and fluctuation velocities, amplitudes, signal-
noise-ratio, etc.) and statistical values obtained with provided and also personally
created programs (correlations, covariance, kurtosis, standard deviation, skewness) and
other such Reynolds number or turbulence intensity. We focus special attention on
correlations and structure function which are useful for energy spectra analysis. It is
interesting to investigate the convergence of performed experiments with Kolmogorov
theory taking into accoumon-homogeneity, non isotropy, etc. and to use Extended Self
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Similarity (ESS) and the third order structure fimes to investigate the scale to scale
transfer of energy.

With deep analysis of the performed results we @gatige the adaptation of
measurement methods and acquire more experienkcétsvapplication.

Spestum, Veosity x
400

0 2

aaaaaa
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Figure 2. Correlations for one point of ADV measueats, 2-nd order structure
function scaling component and Fast Fourier Tramsf@-FT) - Energy spectra.

An additional part of the work includes multi-frattanalysis of Synthetic Aperture

Radar (SAR) images of the sea surface. The mualtitt method allows investigating

the turbulent and fractal structure of non homogesgets affected by different levels
of turbulence. Other aims of the investigation unday are to determine the structure
of ocean surface detected jets and compare c@astdloundary effects on the structure
of river jets. A useful outcome is to develop fenthmulti-fractal techniques useful for

environmental monitoring in space.

We perform the box counting algorithm for the diéfiet intensities of vortices detected

by SAR using special program Ima_Calc. SAR imadlesvaus to observe convective
cells and vortices formed in the sea surface.

1.2 —
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Figure 3. SAR image of the Gulf of Lions with magksea vortices, histogram and
fractal dimension of a one of the sea vortices.
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MODELOVANI OBTEKANIi DVOU PRAHU V KANALU
S VOLNOU HLADINOU
Modelling of flow over two transversal ribs in a channel with free surface

Ales Sladek, Jaromir Prihoda, JiFi Stanislav,
Ustav termomechaniky AV CR, v.v.i., Dolejskova 5, 182 00 Praha 8

1. Uvod

Kromé spojité drsnosti obtékanych stén, ktera je dana vyrobni technologii nebo
pusobenim provoznich podminek, je ¢asto drsna sténa tvofena vystupky, které slouzi k disipaci
kinetické energie proudu. Ve vodohospodarské praxi jsou pfi¢né prahy na dné kanalu casto
pouzivany pii vypousténi vody ze zemnich nadrzi ke zbrzdéni proudu. V téchto kanalech s
pomérn¢ velkym sklonem dna je typické nadkritické proudéni se znaénymi zmeénami vysky
hladiny. Prispévek se zabyva numerickym modelovanim nadkritického obtékani dvou pti¢nych
prahil na dné€ kanalu s volnou hladinou. Vysledky navazuji na numerické feSeni nadkritického
proudéni v kanalu s jednim prahem, viz Sladek a Piihoda [1].

2. Geometrické usporadani

Tvar fe$eného kanalu se dvéma pii¢nymi prahy odpovida experimentim Sulce a j. [2] a
Zubika [3], které byly provadény v kanalu s pti¢énym prufezem 200x200 mm, délkou 4475 mm
a sklonem dna 4,77 %. V kanalu byly na dn¢ umistény dva pfi¢né prahy ¢tvercového priiezu
bxb = 10x10 mm s rozteci t = 60; 100 a 200 mm. Experimentalni vySetfovani proudového pole
pfi nadkritickém proudéni bylo provedeno pomoci optickych metod LDA a PIV pro stiedni
objemovou rychlost U, = 2,3 m/s a vysku hladiny na vstupu h = 46 mm, tj. pii Reynoldsové
Cisle vztazeném na vySku prahu Re = 25500 a Froudove ¢isle Fr = 3,42.

3. Numericky model

Reseni nadkritického proudéni v kanale se dvéma prahy bylo provedeno metodou VOF
(Volume-of-Fluid) pomoci komeréniho programu FLUENT 6.3. Metoda VOF je zalozena na
sledovani objemové frakce o; obou tekutin v kazdé vypocetni buiice. Volna hladina se urcuje
jako rozhrani obou frakei, kde plati 0,o0 = Gzauer = 0,5. Pro numerické feSeni stredovanych
Navier-Stokesovych rovnic byl pouzit tzv. ,realizovatelny" k-¢ model turbulence, ktery navrhli
Shih a j. [4]. Model se lisi od standardniho k-& modelu transportni rovnici pro rychlost disipace
€ , ktera je odvozena z rovnice pro stfedni hodnotu fluktuace vitivosti a konstituénim vztahem
pro turbulentni vazkost, kde C,, je funkce C, = f(S;;, ;j, k/e) misto obvyklé konstanty C,, = 0,09.

Prostorova diskretizace byla provedena strukturovanou siti s celkovym pocétem cca
690000 bunek. V ose kanalu byla pouzita podminky symetrie. Sit' je zjemnéna v oblasti volné
hladiny a v blizkosti stén kandlu. Diskretizace transportnich rovnic byla provedena pomoci
upwind schématu druhého fadu a v blizkosti stén je pro aproximaci rychlostniho profilu pouzita
nerovnovazna sténova funkce. Jako okrajova podminka je podle experimentu zadana na vstupu
vyska hladiny a objemovy tok, na vystupu pak je zadana vyska hladiny a tlak v referenénim
bod¢ nad hladinou.
4. Vysledky FeSeni

Na obr.1 je ¢arkované znazornén prubeh hladiny v kanalu se dvéma prahy s rozteéi t =
100 mm ziskany jako Casové stfedni hodnota z 50 snimkt PIV [3]. Plnou Carou je vyznacena
hranice pasma objemové frakce vody v rozsahu oy, = (0,5; 1) ziskana v ose kanalu pomoci
numerické simulace. Vypocet dava mensi vzestup hladiny na prvnim prahu a pomalejsi navrat
k hlading neruseného proudu.

Vypoctené profily podélné slozky rychlosti a turbulentni energie v podélné ose kanalu
celkem odpovidaji experimentu na prahu a v oblasti odtrzeni za prahem. Dale od prahu je
relaxace smykové vrstvy rychlej$i nez podle numerické simulace, coz vede k vétsimu rozsahu
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oblasti odtrzeni. V oblasti znovupfilnuti
proudu je maximum fluktuaci rychlosti
blize ke dne kanalu, zatimco pfi odtrzeni
0.10 proudu lezi maximum fluktuaci ptiblizné
na hranici odtrzeni. Podle experimentu i
numerické simulace je za prahem u bo¢ni
stény kanalu dobfte patrny sekundarni vir,
ktery se podobné vyskytuje ptfi obtékani

0.15
h (m)

0.05==

o M M zpétného schodu. Podle experimentu je
o1 0.0 01 x(m) 02 VlI‘OV’a stru’ktura. za prahem slozit&jsi,
nebot’ v blizkosti prahu lze pozorovat

Obr.1 Pribeh hladiny v kanalu se dvéma prahy napfi¢ kanalem Ctyfi viry.
s roztecit = 100 mm Z numerické simulace byl urcen

tlakovy odpor jednotlivych praht, ktery
je vyjadien pomoci souinitele tlakového odporu cq = Ap/(pU,’/2). Na obr.2 je uvedena
zavislost soucinitele tlakového odporu obou prahti na jejich rozteci. Pfi malé rozteci obou prahti
lezi druhy prah vuplavu za prvnim
prahem a tlakova sila plsobi proti sméru
proudu. S rostouci vzdalenosti prahil se
tlakovy odpor obou prahti blizi hodnoté,
urcené pro jediny prah.
5. Zavér
Numerickd simulace nadkritické-
0.0 / ho obtékani dvou pti¢nych prahli na dné

1.0

Cd

05 1. prah 2. préh

kanalu s volnou hladinou provedena
pomoci komer¢niho programu FLUENT
05 ! ! ! dava celkem dobrou shodu s experi-

00 ot 02 % tm %" menty. Pomoci dvourovnicového k-g
modelu podle Shiha a j. [4] byla ziskana
ptijatelna shoda rychlostniho pole i tur-
bulentnich charakteristik, i kdyz nume-
rickd simulace v porovnani s experimentem dava mens$i vzestup hladiny na prvnim prahu a
pomalejsi névrat k hladiné neruSeného proudu. Nedostatkem vSech modelii turbulence
s turbulentni vazkosti je pomalejsi relaxace proudového pole po odtrZzeni na prahu. To vede
k nadhodnoceni velikosti oblasti odtrzeni, coz se projevi i na vypocteném prabéhu volné
hladiny. Ziskana zavislost soucinitele tlakového odporu na rozteCi prahd umozni optimalni
rozlozeni pii¢nych prahti pti zpomalovani vodniho proudu vypousténého ze zemnich nadrzi.
6. Podékovani
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On The Validation 2D-Flow Study Over an ERCOFTAC Hill

Sladek 1.2/, Kozel K.Y/, Jaiiour Z.%/
1/ U12101, Faculty of Mechanical Engineering, Czech Technical University in Prague.

2/ Institute of Thermomechanics, Academy of Sciences, Prague.

Abstract

The paper deals with a validation flow study performed on the mathematical /numerical model
of atmospheric boundary layer flow. The mathematical model is based on the system of RANS
equations closed by the two-equation k& — ¢ turbulence model together with wall functions.
The finite volume method and the explicit Runge—Kutta time integration method are utilized
for the numerics. The test—case is related to a neutral boundary layer 2D-flow over an isolated
hill with a rough wall.

1 Mathematical formulation

The flow itself is assumed to be a turbulent, viscous, incompressible, stationary and indifferently
stratified as well. The mathematical model is based on the RANS approach and the governing
equations modified according to the method of artificial compressibility can be re-casted in the
conservative and vector form

U v w 0 0 0
2., p
- u+ £ VU WU Ku Ku Ku
e — X Yy z
Wi+ uv + v? —i—% + wWU Kuv, + Kuv, + Kuv,
uw . VW y w? —l—% . Kw, . Kuw, y Kuw,
(1)

where W = (p/32, u, v, w)T stands for the vector of unknown variables: the pressure p,
the velocity vector V = (u, v, w)” and the parameters K refers to the turbulent diffusion
coefficients, see equation (4) and [ is related to the artificial sound speed.

2 Turbulence model

Closure of the system (1) is performed by a standard high-Re k — & turbulence model. Two
additional transport equations are added to the system (1) for the turbulent kinetic energy
abbreviated by k and for the rate of dissipation of turbulent kinetic energy denoted by &

(ku), + (kv), + (kw), = (KW k), + (KW k), + (KW k), + P —e, (2)
2

+ (K9 ), + Cas P=Ca

)

(eu), + (ev), + (ew), = (K®er), + (K¢

Y Y

(3)

where P denotes the turbulent production term P = Tij% for the Reynolds stress written
J

as T = —%kél‘j + I/T(g;’; + %) and the terms K®) K©) yp stand for the diffusion
coefficients and the turbulence viscosity
k‘2
K(k)zu+yl, K(E):V+Ul, v =Cp—. (4)
O O¢ 3

The model closure coefficients are described in Castro (1996) [3].
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3 Boundary conditions
The system (1)+(2)+(3) is solved with the following boundary conditions, Castro (1981) [3]

i * *2 2 03/4-k3/2_ ]
Inlet: u = “—In (%) v=0 w=0,k= \1}0—# (1—-%)", e = =“——; Outlet: homogeneous

e S . _ _ ow __ ok __ de _ .
Neumann conditions for all quantities; Top: u = Uy, v = 0, 5 =0, 5, =0 3 =0

Wall: standard wall functions are applied at ~ 30 wall-units from wall; where u«* is the friction
velocity, k = 0.40 denotes the von Karman constant, zg represents the roughness parameter.

4 Validation

The reference experimental data due to Khurshudyan (1981) [1] and corrected by Trombetti
(1991) [2] are also available in the ERCOFTAC database. Moreover, Castro (1996) [3] per-
formed flow and pollution dispersion reference numerical computations.

Computational domain is 9m long and 1.6 m high. A hill with the highest slope has been
tested for the free-stream air velocity Uy = 4 m/s and boundary layer depth of D = 1m. The
Reynolds number based on Uy and hill height H = 117mm is Re ~ 3.1 - 10%.

Fig 1: Computational domain 400x80 cells Fig 2: Zoom of separation zone behind hill.

and zoom to non-uniform grid near hill.

5 Conclusion

The flow reattachment point is x,, = 6.7H measured from the hill summit while the value due
to Castro is x, = 4.1H for the standard k — ¢ model and the experimentally determined value
is x, = 6.5H. The achieved results seems to be acceptable. The real-case 2D /3D numerical
tests (eg. in [4]) of the implemented turbulence model will follow.
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ODHAD OPTIMALNI VELIKOSTI ZRN VYPLNE REGENERACNIHO
VYMENIKU S OHLEDEM NA HYDRAULICKE ZTRATY A PRESTUP TEPLA
The Estimation of the Optimal Size of Elements in Regenerator with Respect to
Hpydraulic Losses and Heat Transfer

Jan Slanec
Ustav mechaniky tekutin a energetiky, Fakulta strojni, CVUT v Praze

Abstrakt:

V prispévku je popsan zpusob, jak odhadnout vhodnou velikost castic tvoricich vypln
regeneracniho vymeéniku, na ktery jsou kladeny specifické pozadavky s ohledem na vyuziti
magnetokalorického jevu pii prenosu tepla. ReSeni vychdzi ze zjednoduseného modelu
geometrie i procesu probihajictho ve vymeniku. Vysledek dava kvalitativni predstavu o viivu
jednotlivych velicin, vstupujicich do daného problému, na velikost hydraulickych ztrdat a
intenzitu prestupu tepla.

Chlazeni s vyuzitim magnetokalorického jevu

Existuji materidly, které zméni svoji teplotu, pokud jsou vystaveny silnému
magnetickému poli. Tento jev se ukazuje byt pom&rné zajimavy pro oblast chlazeni.!"!
Soucasti chladiciho zatfizeni vyuzivajicitho zminény magnetokaloricky jev je regeneracni
vymeénik vyrobeny z materialu vykazujiciho vySe popsanou vlastnost. Pomoci
magnetického pole jsou vyvoldvany zmény teploty vyméniku. To umoziuje stiidavé
odebirani a dodavani tepla teplonosné latce protékajici timto vyménikem. Pfi spravné
synchronizaci pohybu teplonosné latky a teplotnich zmén ve vyméniku je zajiStén
transport tepla pozadovanym smérem. Mozné uspoiadani takového chladiciho zafizeni
jena Obr.1.

Chlazeny prostor

5

T,

ch

[egne] =
VAVAVAVAVAY |
Vyménik T ———
AV AYAVAVAVAY: | :
e ety |
1 = L

- —

Obr. 1: Schéma uspordadani uvaZovaného chladiciho zavizeni
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Vysledky

Pti ur¢itém zjednodusSeni feseného problému je mozné vyjadiit maximalni pramér ¢astic
tvoticich vyplil regeneracniho vyméniku:

1

B 0.7 713
- o f Cyv * Pu ATM v

g

Protoze tlakové ztraty pii pratoku vyménikem zavisi ,,nepfimoumérné™ na primeéru
¢astic, je maximalni pfipustny primér také optimdlnim primérem z pohledu
hydraulickych ztrat. Pro vypo&et tlakové ztraty lze pouzit naptiklad rovnici™:

=

_ 2
A _d f) P W 1501=% 1401122
L ed Re, Re0

Rovnice (33) je platna v rozsahu Re, =0,5-(1-¢)+40000-(1-¢).
Zavér

Je zjevné, ze vztah pro vypocet maximalni piijatelné velikosti zrn porézni vrstvy ve
vymeéniku, vzhledem k pouzitym zjednoduSenim pfi jeho odvozeni, nemize dat presnou
odpovéd’ v otazce skute€né optimalnich parametrli vyméniku pro poZzadovany pracovni
rezim. Poskytuje vSak kvalitativni pfedstavu o vlivu jednotlivych parametri
zucastnénych v daném problému a jejich vzijemnych vazbach. Pro ziskéni 1
kvantitativné korektniho vysledku bude dile nezbytné¢ hledat korekce, které by
zohlediiovaly realné parametry, jako jsou napiiklad redlné prubéhy teplot a rychlosti
nebo teplotni zavislost magnetokalorického jevu.
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ON NUMERICAL APPROXIMATION OF AN AEROELASTIC PROBLEM

P. Swvacek?!
Czech Technical University, Faculty of Mechanical Engineeng, Department of
Technical Mathematics, Karlovo nameést 13, 121 35 Praha 2

Introduction

The fluid-structure interaction play important role in maaghnical applications. In this pa-
per the numerical approximation of fluid-structure intéi@c(FSI) problems is address. During
last years, significant advances have been made in the geveit and use of computational
methods for fluid flows with structural interactions. Theiadyy Lagrangian-Eulerian (ALE)
formulations are widely used. The application of the ALE hoet is straightforward; however
there are a number of important computational issues whaelsito be properly addressed, cf.
[1]. Here, the conservative ALE formulation of Navier-Sésksystem of equations is employed
(cf. [2]), weakly formulated and discretized by the statatl finite element method (FEM). The
structure model is described by the system of ordinary wfféal equations.

Mathematical model

The flow of incompressible viscous fluid is described by thei&laStokes equations. In
order to treat the moving domain case we use the Navier-S®kstem of equations written in
ALE conservative form, i.e. for = 1,2

1 DA | o | 2
75 (Tv) + v (v = wp)u) —vAu £ 55 =0, divy =0, on0, C R (1)

where A = A(¢,t) is the ALE mapping of € Qg ontox € ), wp denotes the domain
velocity given by
0A .
WD('Tu t) = E (57 t)? with z = A(§7t)7
J denotes the Jacobian of the mappitg7 = i%‘ and D/ Dt denotes the ALE derivative.
The system (1) is equipped with boundary and Initial condsgi Now, we take a test function
z = z(x,t) in the formz = z o A; ! with z € H'(£)) and formulate equations (1) weakly, i.e.

d
7 (V, Z)Qt +c(W;v,z) +v(Vv,Vz)g, — <p7 VTZ)Qt + (V “WpV, z) o " 0 (2
wherew = v — wp, (-,-)q, denotes the dot product ib?(Q;)/L*(€;) and the trilinear form
c(+;-,-) is defined by:(wp; v, z) = [, (Wp - V)v - zdx. The structure model is described by a
system of second order ordinary differential equations

Mii+ Bu+Ku=f, 3)

1This research was supported under grant No. 201/05/000%oBtant Agency of the Czech Republic and
under the Research Plan MSM 6840770003 of the Ministry oftRtian of the Czech Republic.
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whereu = (h, o, ﬁ)T, f= (—L, Ma, Mﬁ)T, K= dian‘hh, kaom k‘ﬁg), D= dianhh, daa, dﬁﬁ),
and
m Sa S@

M=| S, I. ASs+1I |,
Sy ASz+ 1z g
wherem is the mass of the airfoil$,, I, are the static and inertia of the airfollg, /5 are the
static and inertia moment of the control section. Furtheenl denotes the vertical displace-

ments,« denotes the rotation of the airfoil apddenotes the rotation of the control section, see
Figure 1.L, M,,, Mg then denotes the aerodynamical forces,

~

B

Figure 1:The 3dof structure model on the left. On the right the aestiglaespons¢h = 7, «, 3) from
numerical simulation for far field velocity,, = 17m/s.

Space-Time discretization

In order to discretize problem (2) we consider a time step 0, denotet, = k7 and
at every time step, employ the approximation” ~ v(-,t;) andp® ~ p(-,#;). The time
derivative in the weak formulation (2) is approximated atdit = ¢, by the second order
backward difference formula. The time disretized problerthen discretized with the aid of
FEM: we seek for unknown functioris’, p) in the finite element spacesc W, andp € Q,
such that for all test functions€ X, andq € 9, holds

<3v/(27'),z>Q +C(W;V,Z)+V(VV,VZ)Qt—<p,vTZ>Q—|—<(V-W%+1)V,Z> = L(z)/(271)

n+l t Q
whereL(z) = (4v",z)q, — (V"1 2)q, , andv™™! := v, p"*! := p. In the practical imple-
mentation the stabilized finite element method is constlared Taylor-Hood couple of finite
elementsV,, Q,) is employed, which satisfies BabuSka-Brezzi inf-sup cooa
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DYNAMICS RESPONSE OF ELASTIC TUBE ON PULSATILE LOADING

V. Stembera
Ustav termomechaniky AV CR, v. v. i., Praha
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INVESTIGATION OF CHARACTERISTICS OF A BLOWER
USED AS AN AIR SOURCE IN AN EXPERIMENTAL RIG FOR ST UDIES
OF HELICAL INSTABILITIES IN FLOWING FLUIDS

Vaclav Tesd, Libor Kuka ¢ka, Radka Kellnerova
Institute of Thermomechanics of the Academy of Sciees of the Czech Republic v.v.i.

After the initial step, mechanics of fluid flow witrotational motion, teaching engineering
students a course on turbomachines mostly contigugiscussing the details of the fluid flow
in the machines. This flow is complex—three-dimenal and unsteady—and as a result the
course soon reaches a level at which it becomahsirdifficult to follow. Moreover, the details
of the complex flowfield are useful for only an exthely small number of the students, those
who are likely in their career to actually designbbmachines. The largest percentage of
mechanical engineers are just turbomechine usehnat Yiey need to know is mainly how the
machine operates when connected into a fluidiautirdeaching this aspects requires mainly
discussing the characteristics and their use.

Such course oriented towards users was introduced@dT already in 1983 [1]. Behaviour of

a pump or blower and its operation in a system exasained using a "black box" approach.
The machine behaviour was modelled by a simple mtiadmodel, Fig.1, consiting of two
components.

An opportunity to test this model arose recently bmilding a rig for investigations of
aerodynamic properties of helical instabilities.eTlower used as the air source, Fig. 2, was
delivered without loading characteristics. It wasbe operated at very low Reynolds numbers
where one has to expect deviation from characiesisbtained under standard conditions.

Fig. 3 presents an example of the measured chasdiciat a small speed. Apart from
the stalled flow regime at very small flow rates (vhich the blower will be not
operated) the representation by the quadratic mddelussed above is found to be
extremely useful. It is fully characterised by tparameters: the specific woak[J/kg]
transferred to the fluid inside the turbomachineg ¢he dissipanceQ [m?/kg?], which
characterises the hydraulic losses taking plagdartie machine.

Present paper describes the procedure for evaluitese parameters. Then it applies a non-
dimensionalisation — practically equivalent to ghodiscussed in [1] - very useful for
obtaining a universal loading curve, valid for aogational speed.

. Internal :
Ideal QM resstor | Quadratic model

generator ]-—T

& e Ideal generator
qQ |°| + quadratic resistor
al . ae
O

__— Characteristic @ = const
of an ideal source

resistances inside
the turbomachine

'y

Fig. 1 Quadratic model of the blower behaviour. h
Fig. 2 Photograph (taken by Mr. J. Safé) of the rotor of the investigated blower.
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practically,. The paper shows a way of presentiegcharacteristics, Fig. 4, converted
them so that they are fitted by a simple straigi. |

A Ae  Specific energy difference (n =200r.p.m.)
3 [J/ kg 1 | I | |
] ‘ ‘ Rotational speed N = 3.33 1/s ‘
2.5
, | stalled| * OQ%(
[ Tegime]”
g P s\&
15 Qe u\
1 Quadratic models < Mass
05 a= 2.757 m¥s? flow
. Q = 3.97 10° m¥/kg? %{ rae M
0 - {=>
\ [g/s]
-0.5
5 10 15 20 25 30
MC = 343¢g/s ney = 1184 J/kg

Figure 3  An example of blower loading characteristic, euated experimentally at a very
low rotational speed.
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Figure 4  The universal non-dimensional diagram describindghe loading properties of the
investigated blower at any driving speed.
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DESIGN AND TESTS OF THE CRYOSTAT WITH AN EXPERI-
MENTAL CELL FOR TURBULENT THERMAL CONVECTION

Urban P., Hanzelka P., Musilova V., Srnka A., Skrbek L.*

Institute of Scientific Instruments of the ASCR, v.v.i., Kralovopolska 147, Brno
*Faculty of Mathematics and Physics, Charles University, Ke Karlovu 3, Prague

Cryogenic helium gas is a useful working fluid for experimental studies of thermal convection.
Helium properties have strong dependence on pressure and temperature in comparison with
commonly used fluids such as air, water, or Hg. In the vicinity of the critical point of helium
(5.20 K, 2.26 bar) the Rayleigh number, Ra, can be easily varied over a wide range up to very
high values in a relatively small cell. Niemela et al. [1] have reached Ra about 1e17 - value of
the order characteristic for the turbulence in the atmosphere.

We have designed the cryostat equipped with the experimental cell for experimental
investigation of cryogenic turbulent convection at very high Rayleigh numbers (10e6 < Ra <
2e15) with cryogenic 4He gas as a working fluid [1]. The cell is realized as a stainless steel
cylindrical vessel, closed on top and bottom by high conductivity copper plates. The geometry
of the cylindrical cell is characterized by the aspect ratio G = D/L, where D is its inner diameter
and L denotes the distance between plates. We plan to use the cell primarily to investigate the
functional dependence of the Nusselt number, Nu, on Rayleigh number, Prandtl number, Pr, and
geometry of the cell, G, under Boussinesq conditions.

The main goal of our study is to resolve the very important question whether transition to the
so-called ultimate Kraichnan regime within a range of available Ra exists. Kraichnan predicted
that for high Ra numbers the Nusselt number (Nu) should scale according to asymptotic relation
Nu ~ Ra™b Pr"c with b = 1/2 and ¢ = -1/4 with a (log Ra)"(-3/2) correction [2]. In the region of
lower Ra, where Kraichnan regime (Ra scaling 1/2) is not expected, various theories predicted
Nu ~ Ra”b with two different values of the power exponent (b=1/3 or b=2/7), or more
complicated relation for Nu was derived. Nowadays, theoretically acquired dependences
Nu ~ Ra"2/7 and Nu ~ Ra"1/3 as well as the theoretical model by Grossmann and Lohse, who
suggested that Nu(Ra) dependence does not follow any strict power-law, are widely discussed
on the basis of the available experimental data.

Chavanne et al. measured the Nu(Ra) dependence in a cell with G = 1/2 and at Ra ranging from
1e7 up to 6e12 under Boussinesq conditions with constant Pr~ 0.7 [3]. Under these conditions
they obtained exponent » near to 2/7. They achieved the highest Ra up to 1el4 under non-
Boussinesq conditions with P» from 0.65 up to 35. Above about Ra = 3ell they observed a
new regime characterized by Nu ~ Ra™0.38 and different character of temperature fluctuations.
They interpreted this finding as a transition to the Kraichnan regime.

Niemela et al. published another result for the same aspect ratio, but with the convection cell 5
times higher [1]. They obtained the dependence Nu ~ Ra”0.309 for Ra ranging from 1e6 up to
1el7. After application of corrections for parasitic heat conductivity effects of a sidewall and
copper plates the exponent b is closer to 1/3. Later Niemela and Sreenivasan performed
additional experiments to check the dependence Nu(Ra) with the aspect ratios G=1 and 4.
From these measurements, they also obtained a single power law with exponent b close to 1/3.
Experimental data are influenced by various construction details of the cell such as sidewall
thermal conduction, heat capacity and thermal conductivity of the plates and their surface
roughness. In comparison with apparatuses built in other laboratories our cell requires much
lower correction for the sidewall thermal conduction. Schematic representation of the ConEV
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(Convection Experimental Vessel) cryostat and of the cylindrical convection cell is shown in
Fig. 1.

LN2 vessel LHe vessel

Heat exchange
chamber

LHe vessel

Heat exchange chamber

Top Cu plate

|
l.»—/ Exchangeable
< : LX part

Bottom Cu plate

Top Cu plate

1185 mm

Fill tubes Safety and sensing tube

Convection cell

Exchangeable part

300 mm

L

Bottom Cu plate

D =300 mm|

2 600 mm

Fig. 1: Schematic representation of the ConEV Cryostat and detailed view of the convection cell

The cryostat configuration is typical for NMR magnet cryostats. The liquid nitrogen (LN2)
vessel (60 litres) is situated above the liquid helium (LHe) vessel (28 litres) and the convection
cell (21 litres of cold helium gas). Convection cell is thermally connected with LHe vessel by a
heat exchange chamber filled by gaseous He. Radiation heat flux from outer wall to LN2 vessel
is reduced by the thermal shield that is cooled by cold gaseous nitrogen. The convection cell is
shielded by an aluminium shield cooled by liquid He. Evaporation rates of LN2 and LHe are 5 |
and 1.2 litres per day, respectively.
Parameters of the convection cell:
o cylindrical experimental cell 300 mm in diameter and up to 300 mm in height
e Ra up to about 1e15 under Boussinesq condition
e cylindrical cell with the top and bottom made of 28 mm thick high conductivity copper
(residual resistance ratio RRR = 290, i.e. thermal conductivity of about 2kW/mK)
o the cell design allows to change the aspect ratio G = D/L from 1 to 2.5, via exchange of
its middle part
e very thin cylindrical sidewall is not in direct contact with copper plates, this
substantially reduces parasitic sidewall heating effect
e the cell was designed for measurements at pressures from 100 Pato 250 kPa at
temperatures up to about 8 K
Our newly developed cylindrical convection cell with variable aspect ratio G and very thin
stainless steel wall is well suited to elucidate the transition to Kraichnan regime as well as the
controversy about the Nu(Ra,Pr,G) dependence. We have assembled the cell and leak-tested it
both at room and helium temperature. Assembly of the entire cryostat is under progress and we
plan to obtain first scientific data till the end of this year.
This research is supported by GACR under grant 2002/05/0218.
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DYNAMICS OF CONTROLLED BOUNDARY LAYER SEPARATION

Véaclav Uruba, Martin Knob
Institute of Thermomechanics, AS CR, v. v. i., Praha

Abstract:

The results of experimental study on a boundary layer separation control are given in
the paper. The boundary layer on a flat wall is subjected to adverse pressure gradient.
Three control strategies have been chosen for the study, both passive (rough wall,
vortex generator) and active (synthetic jet). The separation process is investigated using
TR-PIV method. Dynamical aspects of the phenomenon are analyzed in details.

Experimental setup

In Fig. 1 the schema of experimental setup is shown. Downstream the starting
section A, the upper wall is inclined with angle « = 16°, while the bottom plane wall is
used to study the boundary layer separation. To prevent separation from the upper wall
is permeable and aspirated. The section B represents the “mean” position of a boundary
layer separation.

The mean flow velocity outside the boundary layer in section A was 12.4 m/s, the
boundary layer was of
turbulent nature, about
5 mm thick.

The TR-PIV
measuring system
DANTEC was used for
experiments. Detailed
description of  the
experimental setup s
given in  URUBA,

KNOB, POPELKA,
Fig. 1 — Schema of the experimental setup 2007.

Three types of flow-
control devices were used — wall roughness, vortex generator and synthetic jet (the first
two passive, the last active). All control devices were placed near the A section. The
wall roughness was simulated by the strip of sand paper, the synthetic jet was fabricated
after the NASA design (see CHEN, 2002) and the vortex generator was of the usual
type with inclined fences.

Results

The local properties of the boundary layer related to its separation was indicated
using the Forward-Flow-Fraction coefficient FFF defined in URUBA, JONAS,
MAZUR, 2007 as a fraction of the time of observation of forward flow direction in a
given point. The mean position of the point of separation could be evaluated in two
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ways as a position in which 1) mean
streamwise velocity U near the wall is C
0; 2) FFF near the wall is 0.5. i

In Fig. 2 the courses of FFF are
shown with dashed limit FFF =0.5.
The mean positions of the point of
separation were evaluated using both
above given definitions for all cases.

Smooth wall
Rough wall
Synthetic jet
Vortex generator

025

Obviously, application of the
synthetic jet shifted the separation point
significantly in the streamwise direction | N T
(compare with the smooth wall case),
however the vortex generator exhibits  Fig. 2 — Forward-Flow-Fraction coefficient
almost the same effect. Surprising is the near the wall
rough wall case, which shows
separation even earlier then the smooth wall case. The reason for this behaviour is the
fact, that the boundary layer is in turbulent state even for the smooth wall and abrupt
perturbations excited by the rough wall promote separation. Extended region of
forward-flow-fraction coefficient values far from both 0 and 1 in Fig. 2 indicates highly
dynamical behaviour in the near-wall region. Much more intensive fluctuation activity
in the separation region has been detected in the cases of smooth and rough wall, than
for control by synthetic jet and vortex generator. These results have been verified using
other methods, namely spectral analysis, histograms and spacio-temporal analysis.

el | A I | |
240 250 260 270 280 280 200 310
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CRITICAL PROBLEMS OF BOUSSINESQ-TYPE TURBULENCE MODEL
APPLICATION IN INTERNAL COMBUSTION ENGINES

0. Vitek and M. Polasek and K. Kozel and J. Macek
Czech Technical University in Prague, Josef Bozek Research Center, Prague

Introduction

Nowadays it is a usual routine to apply two-equation turbulence models for modelling of compressible transient
turbulent flow in internal combustion engine (ICE). No special turbulence models for ICE are developed. Instead,
classical models (developed for the needs of external aerodynamics) are applied (the model constants might be
slightly different). What is missing (or it is unknown to the authors) is that no comprehensive comparison of
measured Reynolds stresses with predicted/calculated ones is carried out. It is a critical question as correlations of
fluctuating terms of Favre averaged mathematical model are the dominant ones in ICE. The presented paper main
target is to stress some problems of turbulence modelling based on Boussinesq hypothesis for the case of ICE.

Theoretical Background

The mathematical model is based on a Favre-averaged integral Navier-Stokes equation set written for arbitrary
movable control volume (Advanced Multizone Eulerian Model). From numerical point of view, the finite volume
cell-centered method is implemented. The numerical solution is performed by means of explicit multi-stage Runge-
Kutta method. As far as modelling of combustion is concerned, the Level Set approach [3] is applied. Mass balance
of each component (air, fuel and burnt gas) is considered, diffusion across the flame front is neglected. Source term
in energy equation due to combustion process corresponds with the amount of burnt fuel. The mathematical model
was applied to create a Fortran code AMEM3D which deals with modelling of in-cylinder phenomena during
compression stroke and expansion stroke of spark ignited (SI) 4-stroke ICE.

Result Discussion

One of the encountered problems was that Reynolds stresses were too small when compared with measurement [1]
regardless of applied turbulence model, initial conditions or other parameters (numerical solution preciseness, mesh
coarseness, etc.). Considering the fact that the engine geometry is very simple, and hence the flow structures are
relatively simple as well, it was a negative surprise. On the other hand, it was proven (e.g. [4,6]) that Boussinesq-
type turbulence models applied for the case of ICE have many of the qualitative properties that are known from
experience. When comparing predicted and measured integral length scale, the measurement [2] confirms the
assumption that turbulent properties are more or less homogeneous, especially near TDC. The theoretical results
basically predicts the same. However, the experimental data suggest that the value of integral length scale is almost
symmetrical with respect to TDC. This was not proven by calculations. If the measured integral length scale
is applied for the case of one-equation turbulence model, there is no improvement of predicted Reynolds stress
tensor components. The AMEM3D code was verified against the commercial CFD code to make sure that there is
no fundamental problem within the developed algorithm. The main result of this comparison was that the results
of both CFD codes are comparable.

It is well know that turbulence properties decrease during compression stroke (unless they are increased by
means of combustion chamber shape) and that turbulence generated during intake stroke is dumped at early com-
pression stroke. Moreover, if there are significant differences of properties at the end of intake stroke, there will
be much smaller at the end of compression stroke. Generally speaking, this empirical knowledge can be confirmed
by computations. Even if different turbulence models are applied, the results satisfy that under the assumption
that there is significant swirling motion at the beginning of compression stroke. On the other hand, if there is
no initial swirl and different turbulence models are applied, the results are significantly different. The differences
among considered turbulence models become more and more significant. The biggest differences occur at the TDC.
More detailed analysis in [4] suggests that the discussed phenomenon is mainly due to non-linearity of dissipation
equation, especially its sink term. It was confirmed that if the considered process is dominated by production of
turbulence specific energy k (k increases in time), the dissipation is not adjusted quickly enough — the differences
are even more significant during the computation. However, if the process is dominated by dissipation of k (k is
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decreased in time), all models predict almost the same results.

Regarding application of simple combustion model based on the Level Set approach, there are two issues.
Firstly, the model should be suitable for SI engine combustion modelling as the mixture is already well mixed and
turbulent transport is the dominant phenomenon — this statement is valid if temperatures are high enough which
is the case when engine load is high. Taking into account this fact, it is a bit surprising that the shape of ROHR
is relatively different when compared with experimentally measured one. Moreover, the ROHR shape cannot be
changed by means of tuning the model constants. The only fact which may change the shape of calculated ROHR
is the chemical dissociation (not taken into account in presented results) — it can work as a capacitor which stores
the energy at very high temperatures and once the temperature decreases, the energy is released back. There seems
to be no other reason that combustion speed should be decreased at the end of combustion process if turbulent
transport is the dominant factor. Secondly, it was proven that combustion model constants should be tuned in such
a way that they compensate for the influence of both applied turbulence model and mesh coarseness. Especially
the latter phenomenon is very significant.

Conclusion

The presented contribution deals with significant problems of Boussinesq-type turbulence model application in
ICE. The paper main target was to stress the important problems of turbulence modelling in ICE.

It seems that Reynolds stress quantitative prediction is important weak point of the considered approach. If
turbulent momentum transport cannot be trusted, temperature turbulent transport is most likely wrong as well. This
conclusion might cast doubts over chemical-kinetics-based simulations for which the proper temperature prediction
is very important. Moreover, it seems that different turbulence models vary significantly in modeling of dissipation.
This causes that the results might be very different. On the other hand, it should be mentioned that two-equation
turbulence models have such properties that qualitative influence of many phenomena is in a good correspondence
with experimental knowledge (detailed description is presented in [4, 6]).

Simple combustion model based on assumption that turbulent transport is the dominant term (which should
be valid for SI engine under high engine load) has many positive properties (more details can be found in [4]).
However, the shape of ROHR and significant influence of applied mesh are the most important weak points.
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INVESTIGATION OF HYSTERESIS OF THE COANDA EFFECT AT THE
FLAT PLATE

Zygmunt Wiercinski*, Aldona Skotnicka
University of Warmia and Mazury, Olsztyn, *also Institute of Fluid-Flow
Machinery, Gdansk

Summary: The hysteresis of the Coanda effect was investigated with the 2D stream coming from the slot
in the neighbourhood of the plate at the experimental rig at the UWM, Olsztyn. The measurements were
made for different Reynolds numbers based on the slot dimension and stream velocity. The measurement
of the free stream, the wall jet velocity profiles and the pressure distribution on the plate were
accomplished. The angles of the plate arrangement (hysteresis angle) according to the stream axis were
measured where the stream separate and attached the plate when the plate was approaching or walking
away the stream axis. The hysteresis angle is equal to the 15 to 20 degrees depending on the Reynolds
number. The visualization of hysteresis of the Coanda effect was also made by means of the smoke.

1. Introduction The Coanda effect is observed as a tendency of the stream coming
from the slot to stay attached to the plate or convex surface. The Coanda effect is well
known in the ventilation as an undesirable phenomenon changing the designed air
distribution in the ventilated room. It also sometimes used to change the air direction at
the outlet of the vent in a well-thought- up way.

It is known that there is the hysteresis of Coanda effect which is rather not well
investigated [1]. The aim of this paper is - to some extent — to fill out this gap. In [1] the
hysteresis is shown as a function of /b, where 1=length of the plate and the width of the
air outlet orifice and for the so called high Reynolds number i.e. Re=50000. In the
ventilation problems the Reynolds number is often much smaller and in our
investigations it is in the range of Re= 7000 till almost 40000. A little more distant
target of our investigation is the application of the hysteresis phenomenon to enhance
the mixing ventilation in a room.

2. Experimental rig The investigation was carried out in the experimental rig in the
lab of the Chair of Environmental Engineering at the UWM in Olsztyn. The stream air
was coming from the twodimensional Witoszynski nozzle of dimensions h*b, where
h=0.6 m = const and b = 5, 10 and 20 mm was changing. The length of the plate of
length 1= 1.0 m was placed at the edge of slot and the plate can be turned of the angle 0
to 90 degrees was, thus investigations were made for three different values of 1/b = 50,
100 and 200.

The velocity range used during the investigation was 5 m/s to 32 m/s so the Reynolds
numbers determined as by Newman was Re= 7000 till almost 40000.

Firstly, the histeresis of the Coanda affect at the plate was investigated by measuring the
limiting angle when the stream is attached and detached [3]. The visualisation of the
hysteresis of the Coamda effect were also made. Than the measurements of the free
stream from the twodimensional slot was made, and next the wall jet for the angle a=0
and the critical maximum angle of attachment and separation [2]. Furthermore the
measurements of static pressure in 50 points at the plate surface were made.
Additionally, the pressure force acting on the plate was calculated by means of the
integration of static pressure. For the critical angle of plate deflection also the separation
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bubble length at the beginning of plate was measured by means of visualisation
(threads).

3. Results of investigation

The limited angles of hysteresis for different Reynolds numbers and 1/b are presented,
Fig.1 and 2.

—e—h= 20 mm attached
40000 —m—h=20 mm, separated
35000 —a—"h= 10 mm attached
30000 —x—h=10 mm, separated
25000 —x— "h=5 mm attached
& 20000 % —e—"h=5 mm separated

15000

10000 f

5000

0

(1] 10 20 30 40 50 60 70 80 90
o, [deg]

Fig.1 Hysteresis limits of the Coanda effect versus Reynolds number

250

150
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Ib[]
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Fig. 2. Hysteresis limits of the Coanda effect versus nondimensional length of plate 1/b

4. Conclusions Results in Fig.1 show that the hysteresis phenomenon is Reynolds
number dependant, while results in the Fig. 2, given as the limited angle for the highest
Reynolds number used in experiment (for each width orifice applied), are very similar
to results given by Newman [1] for the Reynolds number Re>50000.
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LOCAL FRICTION COEFFICIENT VARYING IN TIME IN THE BOUNDARY
LAYER INDUCED BY WAKES

Zygmunt Wiercinski*, Jacek Zabski
Institute of Fluid-Flow Machinery, Gdansk, *also UWM, Olsztyn

Summary: The measurements of the boundary layer on the flat plate induced by wakes were made at the
subsonic wind tunnel. The phase averaging of the velocity signal was accomplished in one period of time
T of the oncoming disturbing wake generated by the single rode in the up and down motion situated
upstream to the plate. The local friction coefficient C; in the period time T was determined using the
phase averaged velocity profile across the boundary layer. The measurements were made for different
angle of incidence of the plate.

1. Introduction The interaction of wakes and boundary layer is the rather complex
phenomenon often encountered in the different energy equipment and especially in
turbomachinery [1]. The aim of the investigation presented in this paper is to determine
the phase averaged characteristics of the boundary like 9, 5 , 5**, H and C; on a plate
as a function of one period of the disturbance 1 i.e. oncoming wake generated by a rode
moved up and down. The measurements of time averaged characteristics of boundary
layer induced by wakes were presented in [2].

Also the velocity distribution in different time of the period was measured. The results
of the measurement can be used for validation of numerical codes simulating the flow
around the blades in turbomachinery.

2. Experimental rig The investigation was carried out in the subsonic wind-tunnel of
small turbulence level at the Institute of Fluid-Flow Machinery in Gdansk. The flow
with wakes is generated by means of single rod in up and down motion of 4 Hz. The flat
plate of dimensions: 0.7 m long, 0.6 m wide and 0.012 m thick was used for the cold
boundary layer investigations. The measurements were carried out for the oncoming
velocity U,=15 m/s and for different angle of inclination of the plate @ = 0 to 2.5°. The
velocity fluctuations across boundary layer are measured by means of the single hot-
wire probe. The special electronic device was used to accomplish the phase (group)
averaging of the velocity signal in the boundary layer.

First the measurement of the boundary layer without outside flow disturbances were
carried out. Next the measurement of boundary with oncoming wakes were made.

3. Results of measurements The local shear coefficient C; was find out by means of
the velocity gradient in the boundary layer after the phase averaged velocity was
determined. Fig.1 shows the C coefficient for the U,=15 m/s at x=165 mm and for
three different Re= (1.68, 368 and 6.57)-10°. In Fig. 2 the Cy as the function of Re and
the disturbances period t is shown. As expected, the decreasing tendency of the Cg
coefficent versus Re is clearly shown. In the region of wakes the increase of the Cr of
about 75% is also shown. Furthermore the time shift of the wake can be observed in the
Fig.1. In Fig. 2 the time variation of the Cr is seen as the double loop, each connected
with the first and second wake, appropriately.
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Fig. 2 Variation of C=f(Re) in period time t for three different Reynolds numbers

4. Conclusions

The results of the measurements of the Cr coefficient as a function of the time period of
disturbance generated by the rode show great changes which lie between the laminar
and turbulent lines. The same great changes are also shown for other characteristics of
boundary layer induced by wakes. This measurements can be used for validation of the
time-averaged calculation of the code based on the Reynolds assumption.
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