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Nomenclature
d = diameter of injector, 7.6 mm
r = radial distance from jet centerline
U = mean axial velocity
u = axial velocity fluctuation
v = radial velocity fluctuation
x = axial distance from injector exit
Subscript
¢ = centerline value

I. Introduction

VER the years, numeroustheoreticaland experimental studies

have been conductedon the subjectof turbulence modification
in particle-ladenjets. There is considerable scatter in experimental
measurements dealing with the direct effects of particles on the tur-
bulenceof the carrier fluid called turbulencemodulation.! Ithas been
hypothesizedthat particles whose diameters d,, are smaller than the
length scale of the energy-containingeddies, /,, resultin areduction
in the fluid turbulence because of the drag force acting on the par-
ticles. Larger particles, on the other hand, create turbulencein their
wakes, thus increasing the turbulence intensity of the carrier fluid.
A compilation of some past experimental measurements’ indicates
that the presenceof particlesresultsin a reductionin the carrier fluid
turbulencefor d,, /I, < 0.1, whereas addition is observed for values
of the critical parameterlarger than 0.1. The amountof changein the
fluid turbulence intensity depends on other parameters, such as par-
ticle concentration,density ratio, flow Reynolds number, etc. A few
recent studies’™> have been aimed at delineating turbulence modu-
lation effects in a variety of configurations. In some of these studies
(involving gas flows) the fluid turbulencein the transverse direction
was attenuated more strongly than the axial turbulence. Measure-
ments highlightingthe effects of small particleson the turbulence of
liquid jets are particularlyimportantbecause such particles are used
as seed particles. The objective of this study was to determine the
effects of small particles (64 and 180 wm in diameter) on fluid tur-
bulencein a round water jet using a two-channel discriminatorlaser
Doppler velocimeter (DLDV). First, a descriptionof the experimen-
tal setup and instrumentationis given. Detailed results are presented
next; the paper ends with the summary and significant conclusions.

II. Experimental Methods

Mixtures of glass beads and water were injected vertically down-
wardin initially still water containedin a tank measuring 0.8 x 0.8 x
2.0 m high. The tank was constructed with glass plates of 9.5-mm
thickness on four sides to provide optical access to the flow. Filtered
water was supplied at known flow rates to the injector by a rotary
gear pump. A bypass valve and a filter accumulator were used to
control and smoothen the flow. A standpipe was used to return the
overflow water to a reservoir at the inlet of the pump. The tank di-
mensions were designed such that the effects of the return flow were
small. The glass beads were fed by a variable-speed screw feeder
(AccuRate Model 302) to a hoppertank and mixed with water before
entering the injector flow through an eductor. The injector nozzle
had an exit diameter of 7.5 mm with a contractionratio of 12:1 and
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was designed to provide a uniform exit velocity profile, which was
verified by LDV measurements® The injector could be traversed
vertically and laterally; lateral motion was achieved with a Unislide
system, and vertical positioning was performed by a twin-screw
mechanism. The test conditions, particle properties, and some flow
properties are summarized in Table 1.

Five flows, including a single-phase (pure water) jet to serve as a
baseline and four particle-laden jets having different particle sizes
and loading, were studied. The flows were reasonably turbulent, all
with an initial jet exit Reynolds number of approximately 9 x 103.
The particles were Microbeads® Engineering Grade Class IV solid
glass spheres supplied by Cataphote, Inc., with a material density
of 2450 kg/m®. The large glass beads (Type 710) were in the range
of 149-210 um with a mean diameter of 180 pum, whereas the
small beads (Type 2027) ranged between 53 and 74 pum with a
mean diameter of 64 um. Both sets contained not more than 15%
irregularly shaped particles, as specified by the manufacturer.

A TSI two-beam frequency-shiftedon-axis forward-scatter LDV
system based on a Lexel (Model 95) 2.5-W argon ion laser was
used to measure the axial and radial velocities of the jet simulta-
neously. The measuring volumes were 0.16 mm in diameter and
2 mm long; the fringe spacings were 3.62 and 3.41 pm for the blue
and green channels, respectively. The signals were processed using
two Model 1980 (TSI, Inc.) burst-countersignal processors. Proper
distinction between fluid and particle signals was achieved using
a discriminator system”® consisting of a laser beam from a 5-mW
helium-neon laser, receiving optics, and an additional photomul-
tiplier. When valid measurements from both channels were within
the specified time window (50 us), they were recorded digitally to-
gether with the discriminatorvoltage on a personal computerusing a
DataLink MultichannelInterface (TSI Model DL 100). During data
analysis, a predetermined cutoff discriminator voltage was used to
eliminate velocity measurementsaccompaniedby a strong discrimi-
nator voltage. The remaining data were then refined (limited to those
falling within 3 standard deviations) and statistically analyzed.

The operation of the LDV system was verified by measuring
the velocity of the edge of a rotating disk and comparing it with
measurements obtained from a stroboscope. Frequency shifting was
used to eliminate errors due to directional ambiguity and bias. Con-
centration bias error was not significant in this study because the
water used was seeded uniformly. The velocity measurements in
the present study were number averaged; based on other studies in
similar configurations, it is assumed that the velocity bias errors
were small. Also, the aim here is to compare the levels of turbu-
lence among the various particle-laden jets; therefore, all of the
measurements were number averaged for consistency. The gradi-
ent bias errors in the mean and fluctuating velocities throughout
the jet were less than 1%. Thus, the overall bias errors in the LDV
measurements of the liquid velocities were small for the present
test conditions. The precision errors were computed using standard
methods. The overall experimental uncertainties, evaluated at 95%
confidence level, were as follows: mean and rms velocities, less than
7%, respectively, and turbulent kinetic energy, less than 13%.

III. Results

Measurements were first made in a water jet with no particles
and were compared with existing single-phase turbulent jets. It
was found that the mean and turbulent velocity statistics compared
favorably with other measurements in turbulent self-similar jets.5
Also, the measured mean velocity profiles for all of the particle-
laden test conditions did not show any significant differences from
the single-phase mean velocity profile, which indicated that the ef-
fects of particles on the mean velocity profile were negligible. Only
the measurements highlighting the turbulence modulation effects of
particles are presented here.

The normalized axial velocity fluctuations are plotted in Fig. 1.
The solid line represents the curve fit of LDV data from Hussein
et al.!” for the fully developed single-phase turbulent jet (air-in-
air) for an x /d range of 30-100 and a jet exit Reynolds number of
9.55 x 10*. The axial turbulence intensity measurements for all the
cases compare well with the measurements of Hussein et al.!” and
the single-phase measurements within experimental uncertainties;
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Table1l Summary of test conditions

Single-phase

Particle-laden jet

Flow water jet Case 1 Case 2 Case 3 Case 4
Particle type e 710 710 2027 2027
Particle size, um —_— 64 64 180 180
Particle terminal velocity, mm/s* —_ 3 3 19 19
Particle time constant, ms® e 0.55 0.55 3.2 3.2
Water flow rate, ml/s 63.08 63.08 63.08 63.08 63.08
Mass loading ratio ¢, %° 0 1.1 2.3 1.1 2.3
Particle volume fraction, % 0 0.46 0.93 0.46 0.93
Initial average velocity, m/s 1.37° 1.34¢ 1.37° 1.43¢ 1.43¢
Jet Reynolds number® 9174 8973 9107 9576 9576
Particle Stokes number® e 0.0014 0.0014 0.008 0.008
Kolmogorov length scale, um’ 150 150 150 150 150
Kolmogorov length scale, mst 22 22 22 22 22

2Computed values.
bMass of particles per unit mass of water.

€ Average injector exit velocity measured by LDV system at a distance of 2 mm (approximate) downstream from exit.

dCalculated from indicated volume flow rate.

©Values computed using injector exit diameter and injector exit velocity.
fProperties estimated based on the centerline values at x /d =60 of the single-phase jet.

—— Hussein et al.(1934)
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Fig. 1 Measured normalized streamwise velocity fluctuation profiles
at 60 injector diameters downstream of the exit.

—— Hussein et al.(1994)
Water jet

§0=2.3% d,=64 pm
%=1.1% d,=64 pm
#0=2.3% dy=180 pm
#=1.1% ¢;=180 pm

e>xpHe

Fig. 2 Measured normalized radial velocity fluctuation profiles at 60
injector diameters downstream of the exit.

thus, it appears that the presence of particles at these loading lev-
els did not affect the axial velocity fluctuations significantly. The
radial turbulence intensity measurements of the particle-laden and
single-phase jets are shown in Fig. 2. The measurements for the
single-phase jet agree well with those of Hussein et al.' The ra-
dial velocity fluctuation measurements in the jets laden with the
64-pm particles are close to the single-phase measurements. How-
ever, the measurements in the 180-um particle-ladenjets display a
significantreduction;the maximumradial turbulenceintensityis ap-
proximately 30% lower than the correspondingsingle-phase value.

The terminal velocity of both particle sizes (3 and 19 mm/s) is
small compared to the mean centerline velocity (140 mm/s); thus,
particles of both sizes have negligible mean slip velocity. Also, the
particle stokes numbers are small (0.0014 and 0.008), indicating

that the particle time constants are small compared to the charac-
teristic eddy timescale. The 64-pum particles are smaller than the
Kolmogorov length scale at the jet centerline with a time constant
of 2.5% of the Kolmogorov timescale. The 180-um particles are
comparable to the Kolmogorv length scale at the centerline; their
time constantis 15% of the Kolmogorov timescale.

Thus, it is seen that the 64-m particles are small enough to fol-
low both the high and low frequencies of the velocity fluctuations;
these particles can be used as tracer particles that follow the fluid
motion faithfully. The time constant of the 180-um glass beads
corresponds to a frequency of 300 Hz. These particles are, there-
fore, not responsive to all of the frequencies of the liquid turbulent
velocity fluctuations. They are able to follow the low frequencies
that dominate the streamwise velocity fluctuations, but not the high
frequencies associated with the radial velocity fluctuations. As a
result, extra dissipation of the radial velocity fluctuations occurs,
and the radial velocity fluctuation levels are lowered. A similar re-
duction in the transverse velocity fluctuations has been observedin
wall-bounded turbulent flows.*3

There are a number of implications to the present measurements.
First, any theoreticalmodel of turbulence modulation must take into
accountthe spectral response of the particlesto realistically capture
the attenuation effects. Second, seed particles used for LDV and
particleimage velocimetry applications need to be chosen carefully
so that turbulencemodulationeffects are minimal. Third, the present
measurements, although consistent with the findings of Gore and
Crowe,? indicate the inadequacy of one parameter, the length scale
ratio, to solely describe turbulence modulation effects. This length
scale ratio is 0.005 and 0.0036 for the 64-m particles and 0.01 and
0.015 for the 180-um particles at x/d =60 and 40, respectively,
for present measurements. All of these values are less than 0.1,
indicating a decrease in the fluid turbulence due to the particles
according to the Gore and Crowe? criterion. However, the 64-um
particles did not cause any turbulence attenuation at all. Therefore,
other parameters, such as the ratio of the particle time constant to
the timescale corresponding to the peak energy in the fluid velocity
fluctuation spectrum, might be neededin addition to the length scale
ratio to describe the effects of particles on fluid turbulence.

IV. Conclusions

In summary, the turbulence modulation effects of particles of two
sizes (64 and 180 um) and initial mass loadings (1.1 and 2.3%) in an
axisymmetric jet were investigatedusing DLDV. Experiments were
conducted using a single-phase and four particle-laden turbulent
jets. Results from the single-phase jet agreed well with the existing
experimental data for air-in-air turbulent jets. The turbulence inten-
sities of the 64-um particle-ladenjets were comparable to those of
the single-phasejet. Thus, the 64-um particlesat low loadings could
be used as tracer particles. Effects of turbulence modulation by the
particles were observed in the jets laden with the 180-pum parti-
cles. The axial velocity fluctuations were not affected significantly;



ATAA JOURNAL, VOL. 39,NO. 3: TECHNICAL NOTES 537

the radial velocity fluctuations were considerably attenuated be-
cause the 180-um particles could not follow the high frequencies
involved in the radial velocity fluctuations.
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Introduction

N evolutionary algorithm is implemented in a realistic auto-

mated design cycle of turbine blade film cooling. This design
cycle involvesthe use of empirical formulas for the flow calculation
and the use of a commercial software package for the simulation
of the heat transfer problem. The overall process consists of an en-
gineering multiobjective optimization problem with constraints. In
this work we consider the solution of this problem in the context
of an automated optimization cycle using evolution strategies. Evo-
lution strategies' are robust, highly parallelizable, and suitable for
optimizing multimodal functions without requiring gradient infor-
mation. An evolutionstrategy with derandomizedcovariance matrix
adaptation of the mutation distributionis chosen that acceleratesthe
convergencerate of the scheme by adaptively incorporating earlier
information? It is shown to be advantageousin this problem when
compared with an evolution strategy with isotropic mutation distri-
bution and cumulative global step size adaptation. In film cooling,
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impingement
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Fig.1 Three cooling mechanisms and the initial (0) and final (O) row
positions from the optimization with the CMA-ES.

the coolant leaves the blade through rows of holes, forming a pro-
tective film on the outer surface of the blade, separating the hot
gas from the metal. The design of the cooling configuration aims at
both minimizing the coolantsupply and achievingoptimum cooling,
while obeying certain engineering constraints. For the simulation of
the cooling configuration, we compute the mass flow of the coolant
and the surface temperature of the blade based on given external
aerodynamic and thermal conditions for a two-dimensional blade
geometry.

Description of a Blade Cooling Configuration

A typical vane cooling configuration is shown in Fig. 1. It con-
sists of three components: 1) an insert for impingement cooling, 2)
the trailing-edge geometry for convection cooling, and 3) coolant
air leaving the inside of the blade through holes and keeping at-
tached as a film, thereby cooling the outer surface. The coolant flow
is described by three different cooling mechanisms based on em-
pirical correlations that compute the heat transfer coefficient and
the temperature in the boundary layer.3~> The geometry and the
external aerodynamic and thermal conditions are considered two
dimensional, and the shape of the blade is fixed.

Blade Cooling Optimization
Optimization Algorithm and Parameters

The two chosen optimization techniques® are evolutionstrategies
with intermediate recombination of all of the parents and with a
population of 3 parents and 12 children, using strategy parameters
according to Ref. 2. The first method is an evolution strategy with
derandomized covariance matrix adaptation (CMA-ES), whereas
the second method is an evolution strategy with isotropic mutation
distribution and cumulative global step size adaptation (ES).

The optimization parameters are the number of film cooling rows
R ;; the positionof film coolingrows s,,,(1- R ;); the injectionangles
of the holes, measured from the hole axis to the surface o(1-R;);
the number of holes perrow N, (1-R ;); the number of impingement
holes N;; and the loss parameter that is a function of the pressure
loss in the trailing edge Ajqs;s.

The only integer parameter in the blade cooling optimization is
the number of rows. Note that optimizing integer variables with an
ES only makes sense if the number of possibilities to adjust the
variables is large enough. Because of manufacturing requirements,
the number of rows should not exceed about 10. With respectto this
small number, this parameter is not included in the optimization
process, but rather is changed manually for different optimization
runs. First tries with R, =4 showed that the constraints for max-
imum and minimum temperature cannot be met. To homogenize
the temperature distribution, we increased the number of rows to
R, ="7. This number was found to be sufficient for achieving the
optimization goals and is used in this study.

All of the other parameters are real valued. For each film row
j=1,..., Rs, the position sy, the angle «, and the number of
holes per row N, can be chosen. The other two parameters are the



