
AIAA JOURNAL

Vol. 38, No. 6, June 2000

Interwake Turbulence Properties of Homogeneous
Dilute Particle-Laden Flows

J.-H. Chen¤ and G. M. Faeth†
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The properties of turbulence generated by uniform � uxes of monodisperse spherical particles moving through a
uniform � owing gas were studied experimentally, emphasizing the properties of the region surrounding individual
wake disturbances, i.e., the turbulent interwake region. Mean and � uctuating values, probabilitydensity functions,
and energy spectra of streamwise and cross-stream velocities were measured within a counter� owing particle/air
wind tunnel using particle wake discriminating laser velocimetry. Test conditions included nearly monodisperse
glass spheres having diameters of 0.5–2.2 mm, particle Reynolds numbers of 106–990, mean particle spacings of
13–208 mm, particle volume fractions less than 0.003%, direct rates of dissipation of turbulence by particles less
than 4%, and turbulence generation rates suf� cient to yield streamwise relative turbulence intensities in the range
0.2–1.5%.The turbulent interwake region was homogeneousandnearly isotropicwith probabilitydensity functions
that are well approximatedby Gaussian functions. Relative turbulence intensities were correlated effectively based
on an analogy to the properties of isotropic grid-generated turbulence by scaling with the mean particle spacing
normalized by the particle wake momentum diameter. For present turbulence generation conditions the turbulent
interwake region had turbulence Reynolds numbers of 0.4–3.5 and was in the � nal decay period where vortical
regions � ll the turbulent interwake region but are sparse. This implies enhanced rates of dissipation of turbulent
kinetic energy and decreasing macroscale/microscale ratios of the turbulence with increasing Reynolds numbers,
as opposed to increasing ratios with increasing Reynolds numbers typical of conventional fully developed isotropic
turbulence.

Nomenclature
A = dimensionless integral length scale; Eq. (10)
Cd = particle drag coef� cient
D = dissipation factor; Eq. (7)
DP = Parthasarathy dissipation factor; Eq. (8)
dp = particle diameter
Eu (k) = streamwise energy spectrum
f = frequency
K = kurtosis of probability density function (PDF)
k = wave number, 2p /s
Lu = streamwise integral length scale

K̀ = Kolmogorov length scale, (m 3 / e )1/ 4

p̀ = mean particle spacing; Eq. (1)
M = mesh size of a grid
n = power in turbulencedecay law; Eq. (4)
n 0 0 = particle number � ux
Re = particle Reynolds number, dpUp / m
Re k = turbulence Reynolds number, Re k = k ū 0 / m
S = skewness of PDF
s = distance
tK = Kolmogorov time scale, (m / e )1/ 2

Up = mean streamwise relative velocity of a particle
u = streamwise gas velocity
uK = Kolmogorov velocity scale, (e m )1/4

v = cross-streamgas velocity
x = streamwise distance
xo = streamwise virtual origin location
b = empirical factor; Eqs. (4) and (5)
e = rate of dissipation of turbulence kinetic energy
h = wake momentum diameter, (Cd d2

p / 8)1/ 2

k = Taylor length scale; Eq. (3)
m = molecular kinematic viscosity of air
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Superscripts

(¯) = mean value
(¯) 0 = rms � uctuating value
(¯) 0 2 = mean-square � uctuating value

Introduction

T URBULENCE generation is the direct disturbance of the
continuous-phase velocity � eld by the wakes of dispersed-

phase objects in dispersed multiphase � ows. Turbulence generation
supplements the conventional production of turbulence caused by
mean velocity gradients in the continuous phase. Turbulence gen-
eration is most important when the dispersed-phase objects have
large relative velocities (large Reynolds numbers) and relatively
large relaxation times compared to characteristic turbulence times.
Such conditions are typical of many practical dispersed multiphase
� ows havingsigni� cant separated-�ow effects,e.g., sprays,particle-
laden jets, bubbly jets, rainstorms, etc. In spite of its importance,
however, turbulence generation has not received much attention so
that current understandingand capabilitiesfor predicting its proper-
ties are very limited. Motivated by these observations,the objective
of the present investigation was to extend past studies of turbu-
lence generation in this laboratory1– 3 to consider the properties of
the continuous-phaseregion surrounding individual particle (drop)
wake disturbances, i.e., the turbulent interwake region.

Earlierobservationsof � ows resultingfrom turbulencegeneration
in this laboratory have involved uniform � uxes of nearly monodis-
perse spherical particles moving at near terminal velocities in still
water,1 still air,2 and up� owing air.3 The resulting� ows are homoge-
neous and stationary with turbulenceproductionentirely caused by
turbulence generation. An interesting feature of these � ows is that
the local rate of dissipationof turbulencekinetic energymainly con-
trols continuous-phaseturbulencepropertiesand that this parameter
is readily foundas the local rateof lossof particlemechanicalenergy
per unit volume (the particle dissipationrate). All other continuous-
phasepropertiesof the � ow [moments, probabilitydensityfunctions
(PDFs), spectra, etc.], however, are not known and must be related
to particle properties and particle dissipation rates.

The most recent study in this laboratory, involving particles
in up� owing air,3 avoided earlier problems of measurements in
still environments that yielded � ows having very large turbulence
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intensities.1 , 2 It was found that relative turbulence intensities were
proportional to the square root of the rate of dissipation in ac-
cord with a simpli� ed stochastic theory of turbulence generation
described in Refs. 1 and 2. Other properties, however, were not ex-
plained by the simpli� ed stochastic theory and exhibited features
not seen in conventionalhomogeneousturbulence:PDFs of stream-
wise velocities were not Gaussian, whereas PDFs of cross-stream
velocities were Gaussian, and the energy spectra of both velocity
components exhibited prominent ¡ 1 power decay regions in addi-
tion to the usual ¡ 5

3
power decay inertial region. These differences

from conventional turbulence properties were attributed to effects
of particle wakes that cannot be separated from other � ow prop-
erties by conventionalphase-discriminatingvelocity measurements
because the arrival of particle wakes in these � ows is random. De-
tailed observations, however, showed that particle wake properties
approximated the properties of the laminarlike turbulent wakes ob-
served for particle wakes at intermediateReynolds numbers in con-
ventional turbulentenvironments,described in Refs. 4–6, in spite of
the unusual features of continuous-phaseturbulence resulting from
turbulencegeneration.Givenestimatesof thewakeproperties,it was
subsequently shown that most practical turbulence generation pro-
cesses involveparticlewake disturbancessurroundedby a relatively
large turbulent interwake region.7

Stochastic analysis to estimate the overall properties of � ows
dominated by turbulence generation involves straightforward con-
ditional averaging of the properties of the wake disturbances and
the turbulent interwake region. At the present time information is
availableconcerningthe laminarlike turbulentwake behaviorof the
wake disturbances5 , 6 and the overall properties of � ows dominated
by turbulence generation.1 – 3 The missing element for predictions
of the overall � ow properties of turbulence generation involves in-
formation about the properties of the turbulent interwake region.
Thus, the objectives of the present investigation were to complete
conditional measurements of the properties of the turbulent inter-
wake region for the range of conditions considered in Ref. 3 and to
exploit existingmethods in the turbulence literature to interpret and
correlate the measurements.

Present measurements were carried out in a counter� ow parti-
cle/air wind tunnel considering nearly monodisperse glass spheres
having particle � uxes suf� cient to yield relative turbulence inten-
sities of 0.2–1.5%. Measurements were made using particle wake
discriminatinglaservelocimetryto� ndmomentsandPDFs of veloc-
ities, energy spectra of streamwise velocity � uctuations, and char-
acteristic time and length scales. These results were interpretedand
correlated by studying potential analogies between the turbulent
interwake region of turbulence generation processes and homoge-
neous grid-generatedturbulence, e.g., the studies of grid-generated
turbulence of Refs. 8–12 and references cited therein. The present
descriptionof the study is brief; more details and a tabulationof the
data can be found in Chen et al.3

Experimental Methods
The apparatus consisted of a vertical counter� ow wind tunnel

with up� owing air moving toward the suction side of the blower
and freely falling nearly monodisperse spherical glass particles that
were introducedat the top of the wind tunnel using a particle feeder
(see Ref. 3 for a complete description). The air � owpath consisted
of a rounded inlet, a � ow straightener,and a 16:1 contractionratio to
the 305 £ 305 mm cross-sectionwindowed test section.The particle
� owpath consistedof a variable-speedparticle feeder, a screen array
particle dispersion section, a honeycomb particle � ow straightener,
and a particle acceleration section to yield near terminal velocity
particles at the test section.The particleswere collected in a � exible
plastic funnel below the air inlet.

Measurements included particle number � uxes by sampling and
particle and gas velocities by a traversible laser velocimetry (LV)
system. The particle measurements are described in Ref. 3; there-
fore, the following discussion will be limited to the gas veloc-
ity measurements. A single-channel, dual-beam, forward-scatter,
frequency-shifted LV was used, based on the 5l4.5-nm line of an
argon-ion laser. Streamwise and cross-streamvelocitieswere found
by rotating the optics accordingly. A beam expander was used to
yield a measuring volume diameter and length of 55 and 425 l m,

respectively.The air� ow entering the wind tunnel was seeded with
oil drops having a 1- l m nominal diameter for the air velocity mea-
surements. Velocities were found from the low-pass � ltered analog
output of a burst counter signal processor. The combination of fre-
quencyshiftingplus a constantsamplingrate of the analog outputof
the signal processor eliminated effects of directional bias and am-
biguity and velocity bias. The glass particles were inspected with
a microscope after they were collected, which showed that the par-
ticles did not collect seeding particles and were not damaged dur-
ing passage through the test apparatus; therefore, they were reused.
Heavy seeding levels were used so that effects of LV step noise
were deferred to scales roughly an order of magnitude larger than
the Kolmogorov scales. In spite of the heavy seeding, however, ef-
fects of turbulence modulation by LV seeding particles were small.
For example, the seeding particles had good response for present
test conditions so that effects of slip were small. For such condi-
tions the locally homogeneous � ow approximation is acceptable,
and effects of turbulence modulation by seeding particles are re-
� ected by the increased apparent density of the continuous phase
caused by the presence of the seeding particles. With seeding par-
ticle volume fractions smaller than 2 £ 10 ¡ 7 , however, the density
increase was less than 0.02% with correspondinglysmall effects of
turbulencemodulation.

Conditional sampling was carried out by installing a particle de-
tector so that disturbances from particle wakes could be deleted
from the velocity record. The particle detectionsystem consistedof
a He–Ne laser sheet whose width was controlled by an adjustable
slot. The sheet was observed through a laser line � lter from a direc-
tion nearly normal to the path of the sheet, using another adjustable
slot to control the length of the sheet that was observed. The LV
measuring volume was positioned just below the He–Ne laser sheet
at the center of the region observed.The required dimensions of the
region of the laser sheet that was observedwere estimatedaccording
to the laminarlike turbulent wake correlationsof Refs. 5 and 6. The
region includedhad a radius larger than twice the characteristiclam-
inarlike wake radius (as de� ned in Refs. 5 and 6) from the particle
wake axis.When strong scatteringfrom a glass spherewas detected,
velocity signals were not processed to contribute to the conditional
properties of the turbulent interwake region for the time required
for the particlewake to pass through the measuringplane. This time
was selected so that the maximum mean velocitydefect of the wake
disturbance at the plane of the measurements was smaller than the
velocity � uctuation level of the turbulent interwake region. Satura-
tion of the particle detectoroccasionallyallowed wake disturbances
from a nearby particle to be recorded; such conditionswere treated
using velocity amplitude discrimination as discussed in Ref. 3. Fi-
nally, PDFs of streamwise and cross-streamvelocities were used to
access the effectivenessof the particle wake discrimination system
as discussed later.

Velocity records having drop-out periods that resulted when dis-
turbances caused by particle wakes were removed were analyzed
directly by correcting the sampling time for most velocity statis-
tics, e.g., moments and other PDF properties. In contrast, obtaining
correct temporalpower spectrain thepresenceof dropoutperiodsre-
quires special treatment as described by Buchhave13 and Buchhave
et al.14 (see Ref. 3 for the present application of these methods).
Up� ow velocities in the wind tunnel were set to provide absolute
turbulence intensities less than 15% so that LV measuring condi-
tionswere excellent.Therefore,useofTaylor’s hypothesisto convert
measured temporal power spectra and scales to spatial spectra and
scales is appropriate.10 Sampling periods were adjusted to provide
experimentaluncertainties(95% con� dence) less than 5% for mean
velocities, less than 10% for rms velocity � uctuations, less than
10% for PDFs within one standard deviation of the most probable
velocity and less than 20% for temporal power spectra at frequen-
cies smaller than the reciprocal of the temporal integral scale with
uncertaintiessmaller elsewhere.

Test conditions are summarized in Table 1. Particle properties
were measured as described in Ref. 3. The particles were nearly
monodisperse with standard deviations of particle diameters less
than 10% of the mean particle diameters (Table 1). The parti-
cles approached terminal velocity conditions so that wake prop-
erties were quasisteadyand the multiphase � ow was approximately
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Table 1 Summary of test conditionsa

Nominal particle diameter (mm)b

Parameter 0.5 (0.047) 1.1 (0.109) 2.2 (0.126)

Up , mm/s 3370 5530 7000
Re 106 373 990
Cd 1.22 0.79 0.54
(dUp /dx) / Up , %/m 2 11 14
h , mm 0.183 0.299 0.519
n 0 0 , kpart/m2s 71–950 4–56 0.5–10

p̀ , mm 13–32 41–97 77–208
e , m2/s3 0.088–1.17 0.041–0.54 0.012–2.3

K̀ , mm 0.2–0.5 0.3–0.6 0.4–0.7
tK , ms 4–14 5–16 8–37
uK , mm/s 34–60 31–54 21–44
ū 0 / Up , % 0.5–1.5 0.2–0.6 0.2–0.6
k , mm 0.7–0.9 0.6–0.8 1.2–1.8
Rek 0.7–2.5 0.4–1.5 1.4–3.5
Lu , mm 11–35 42–178 23–156

aRoundglass beads (densityof 2500kg/m3 ) falling in up� owingair at standard temper-
ature and pressure (air density of 1.16 kg/m3 and kinematic viscosity of 15.9 mm2/s)
having a mean velocity of 1.1 m/s. Parameter ranges for each particle size given in
order of lowest-highest particle number � uxes, respectively.
bStandard deviations given in parentheses.

homogeneous (e.g., rates of particle acceleration at the measuring
location were in the range 2–14% of the mean particle velocity per
meter); nevertheless, measured particle velocities at the measuring
location were used to � nd other particle properties rather than as-
suming terminalvelocityconditions.Assuming that the particlesare
falling randomly, the mean particle spacing is given by

p̀ = [(Up ¡ ū) / n 0 0 ]
1
3 (1)

which yields values of 13–208 mm with correspondingparticle vol-
ume fractions less than 0.003%.

The direct dissipation of turbulence kinetic energy (dissipation)
by particles was less than 4%; see Chen7 for a discussion of this
estimate. In addition, dissipation within the wake disturbanceswas
also small compared to the turbulent interwake region. This can
be seen by noting that dissipation from mean velocities in the wake
disturbances is small because of the small Mach numbers of these
� ows so that the ratio of the dissipationin the interwakeregion to the
� ow as a whole can be estimated by the corresponding estimate of
the ratio of the turbulencekineticenergiesof these two regions.This
latter ratio is best estimated by the ratio of the square of the cross-
stream velocities of these two regions (to avoid bias of the overall
� uctuationsby mean velocities in the wake disturbances) yieldinga
value of 88% (Ref. 7). This implies that dissipationwithin the wake
disturbances is only roughly 12% of the total dissipation, which
is smaller than the experimental uncertainties of turbulence kinetic
energies(mean squarevelocity� uctuations); therefore,a reasonable
approximation for the rate of dissipation in the turbulent interwake
region can be found from the rate of turbulence generation by the
particles, as follows:

e = p n 0 0 d2
pCdU 2

P
ê 8 (2)

Given e , the Kolmogorov scales can be computed from their def-
initions. For these dissipation rates relative turbulence intensities
caused by turbulencegeneration were in the range 0.2–1.5%. Mea-
surements to be discussed later will show that interwake turbulence
is similar to homogeneous isotropic turbulence so that Taylor’s dis-
sipation length scale can be estimated from the following equation:

k = (15m ū 0 2 / e )
1
2 (3)

Present values of k are somewhat larger but comparable to
Kolmogorovlengthscales (i.e., k / K̀ =1.3–3.5), which is not unex-
pected in view of the relatively small turbulenceReynolds numbers
0.4–3.5 of the present turbulent interwake regions. Finally, stream-
wise integral length scales were obtained from energy spectra as
discussed later, yielding values comparable to mean particle spac-
ings, i.e., 11–178 mm.

Evaluation of the apparatus is discussed by Chen et al.3 and
Chen.7 Measurements of particle number � uxes and phase veloc-
ities showed that they varied less than experimental uncertainties

over the central 205 £ 205 mm cross section of the � ow, extending
200 mm in the streamwise direction,which surroundedthe location
where measurements were made. Similar measurements showed
that � ow properties varied less than experimental uncertaintiesas a
function of time. Thus, present � ows were properly homogeneous
and stationarywith turbulencewithin the turbulentinterwake region
produced by turbulence generation.

Results and Discussion
Relative Turbulence Intensities

Correlations of the properties of the turbulent interwake region
were sought by drawing analogies between the turbulent interwake
region and grid-generated turbulence. Past experimental observa-
tions show that turbulencedownstream of grids can be divided into
three regions:1) a developingregion near the grids,where the wakes
from grid elements are merging and the turbulent � ow is inhomoge-
neousand anisotropic;2) an initial-decayregionwhere the turbulent
� ow is nearly homogeneous and is locally isotropic; and 3) a � nal-
decay region, where viscous effects dominate, regions containing
vorticitybecome sparse (giving the appearanceof isolated turbulent
spots from single-point measurements), and the turbulence decays
more rapidly than in the initial decay region. Thus, comparing the
turbulent interwake region with grid-generatedturbulence suggests
that the wake disturbances of turbulence generation correspond to
the developing region of grid-generatedturbulenceand that the tur-
bulent interwake region of turbulencegeneration corresponds to ei-
ther the initial- or � nal-decay regions of grid-generatedturbulence.
Batchelor and Townsend11 , 12 suggest a value of Rek ¼ 5 as the con-
dition for the onset of the � nal-decay region for grid-generatedtur-
bulence;therefore,the presentturbulentinterwakeregionsinvolving
Re k ¼ 0.4–3.5 (see Table 1) have signi� cant potential for behavior
analogous to the � nal decay region.

The analogy between the present turbulent interwake region and
grid-generated turbulence was based on an expression for grid-
generatedturbulencefromBatchelorand Townsend,11 , 12 as follows:

(ū 0 or v̄ 0 ) / ū = b [Cd M / (x ¡ xo)]n (4)

where b is an empirical factor and they propose n = 1
2 and 5

4 in
the initial- and � nal-decay periods, respectively.For present condi-
tions the turbulent interwake region was homogeneous;therefore, a
reasonable analogy to the distance from the grid for grid-generated
turbulence is a distance on the order of the mean particle spacing.
The length corresponding to the product of mesh size and drag co-
ef� cient for grid-generated turbulence was taken to be the particle
wake momentum diameter h , which similarly involves the product
of the particle diameter and drag coef� cient. Given these analogies,
the expression corresponding to Eq. (4) for the turbulent interwake
region becomes

(ū 0 or v̄ 0 ) / Up = b ( h / p̀)n (5)

where b may not necessarily be the same for ū 0 and v̄ 0 . Introducing
expressions for h in terms of Cd and dp , Eq. (1) for p̀ , and elim-
inating n 0 0 from the resulting expression using Eq. (2) yields the
followingpotential correlationfor the relative turbulenceintensities
of the turbulent interwake region:

(ū 0 or v̄ 0 ) / Up = b Dn /3 (6)

where D is a dimensionless dissipation factor de� ned as follows:

D = ( h / p̀)3 =
e dp (Cd /8)

1
2

p U 2
p (Up ¡ ū)

(7)

During the earlier turbulencegeneration studies of Refs. 1 and 2,
expressions very similar to Eqs. (6) and (7) were developed that
proved to be reasonably effective for correlating their relative tur-
bulence intensity measurements. Their expression was developed
using a simple stochastic analysis to synthesize the properties of
particle wake disturbances alone (with no considerationof a turbu-
lent interwake region) based on Campbell’s theorem, similar to the
analysis of electrical noise from Rice.15 The resulting correlation
was identical to Eq. (6) except that D was replacedby an alternative
dimensionless dissipation factor DP , de� ned as follows:

DP = e dp (Cd /8)
1
3 ê U 3

p (8)
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Fig. 1 Streamwise and cross-stream relative turbulence intensities as
a function of the dissipation factor for various particle sizes.

The dimensionlessdissipationfactors D and DP are closely related
for the stagnant � ow conditions considered in Refs. 1 and 2 where
ū =0, noting that the effect of the differentpowers of Cd in Eqs. (7)
and (8) is small becauseCd is on the orderof unity for the conditions
of all of these experiments(seeTable 1). Based on the measurements
of Refs. 1 and 2, this correspondencebetween the two correlations
suggests that n = 3

2 . This estimate is reasonably close to the value
n = 5

4 suggested by Batchelor and Townsend,11 , 12 where Eq. (4) is
used to correlate turbulence intensities in the � nal-decay period of
grid-generatedturbulence,which is also consistentwith the present
relatively small values of Rek noted earlier.

Present measurements of streamwise and cross-stream relative
turbulence intensities, within the turbulent interwake region for all
three particle sizes, are plotted in Fig. 1 as a functionof D according
to Eq. (6). The correlation is seen to be remarkably good, over the
two-order-of-magnituderange of D considered during the present
experiments. Best-� t correlations of the measurements found by
linear regressionhad powers of 0.48 and 0.56 (with standard devia-
tions of both these powers of 0.03) for streamwise and cross-stream
relative turbulence intensities, respectively. As a result, there is no
statistical signi� cance for the differences between the powers of
these � ts and the value of n = 3

2 found in Refs. 1 and 2. Thus, for
consistency with this earlier work, the measurements were corre-
lated as shown in Fig. 1 using the earlier value of n to yield

ū 0 / Up = 9.2D
1
2 , v̄ 0 / Up = 7.9D

1
2 (9)

The standard deviation of the coef� cients of Eqs. (9) are 1.5 and
1.6, respectively, and the correlation coef� cients of both these � ts
are 0.98, which is excellent.

The difference between the coef� cients of the streamwise and
the cross-stream relative turbulence intensities is not statistically
signi� cant. Thus, the turbulent interwake region is isotropic within
present capabilities to evaluate this behavior. Slight anisotropy fa-
voring the streamwise direction, however, is not unexpected. In
particular, the present wake discrimination system was not totally
effective as discussed later, which introduces some streamwise ve-
locity bias because of uneliminated streamwise mean velocity dis-
turbances from wakes. In addition, past studies of grid-generated
turbulence at small turbulence Reynolds numbers [Re k of 36–72,
which is somewhat larger than the present range (see Table 1)] from
BennettandCorrsin16 yieldedvaluesof ū 0 / v̄ 0 in the range1.09–1.22,
which is similar to thepresentmeanvalueof ū 0 / v̄ 0 =1.16 foundfrom
Eqs. (9). Thus, potential for a small fundamental level of anisotropy
for the turbulent interwake region cannot be ruled out.

The correspondencebetween the correlationsof Eq. (6) involving
D, based on sole consideration of the turbulent interwake region,
and involvingDP , basedon soleconsiderationofwakedisturbances,
helps explain the effectivenessof DP for consideration the relative
turbulence intensities observed in Refs. 1 and 2, even though the

Fig. 2 Typical PDFs of streamwise velocities for various particle sizes
and number � uxes.

wake disturbances did not contribute signi� cantly to these mea-
surements (i.e., wake disturbanceswere largely eliminated by their
phase-discriminationsystems). Thus, the nearlyidenticalde� nitions
of D and DP suggest that either approach is fortuitously appropri-
ate for both the turbulent interwake and wake disturbance regions
of � ows caused by turbulence generation (even though the detailed
properties of these two � ow regions differ considerably).

PDFs
Potential departures of the turbulent interwake region from the

behavior of isotropic turbulence were studied further by consider-
ing the PDFs and the higher-order (skewness and kurtosis) statis-
tical moments of streamwise and cross-stream velocities. Typical
measured streamwise and cross-stream PDFs of velocities for var-
ious particle sizes and loadings are plotted in Figs. 2 and 3. Fits
of the measurements are also shown on the plots, corresponding to
best Gaussian � ts based on rms velocity � uctuations. These PDFs
are plotted using logarithmic scales to highlight potential effects of
wake disturbancesand the performanceof the � ts at the extremities
of the distributionswhere the PDFs become small.

PDFs of cross-stream velocities illustrated in Fig. 3 are sym-
metric, which is consistent with absence of any preferred direction
for cross-stream velocities because of contributionsfrom either the
turbulent interwake region or from wake disturbances that were not
completelyeliminatedby the wake discriminationsystem of the LV.
The cross-stream PDFs are also in generally good agreement with
the Gaussian � ts. The main exceptionsare slightupward biasesnear
both edges of the distributions, which are thought to be caused by
increasedexperimentaluncertaintiesnear the extremitiesof the dis-
tributions because of sampling limitations (e.g., normalized PDFs
at these locations are very small, on the order of 10 ¡ 3).

In contrast to the symmetric PDFs of cross-streamvelocities, the
PDFs of streamwise velocities illustrated in Fig. 2 exhibit a distinct
asymmetry.This involvesan upwardbias of the measurements from
the Gaussian distribution near ¡ 2.5 standard deviations, whereas
the positive sides of the distributionsagree quite well with Gaussian
distributions. This behavior, however, no doubt results from small
disturbances caused by mean streamwise velocities in the particle
wakes that were not eliminated by the present particle wake dis-
crimination system.
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Fig. 3 Typical PDFs of cross-stream velocities for variousparticle sizes
and number � uxes.

Higher moments of the PDFs averaged over all of the measure-
ments in the turbulent interwake region, can be summarized as fol-
lows: values of S(u) and S(v) are ¡ 0.5 and 0.0, with standard
deviations of 0.4 and 0.1, respectively; and values of K (u) and
K (v) are 7 and 8, both with standard deviations of 2. The depar-
tures of measured values of skewness from the Gaussian value of
S =0 are not statisticallysigni� cant, althoughthe measurementsdo
suggest a contributionof wake disturbances to the somewhat larger
negative skewness of the PDF of streamwise velocities. The depar-
tures of the measured values of kurtosis from the Gaussian value of
K =3 also borders on the limit of statistical signi� cance, particu-
larly in view of the larger experimental uncertainties of this high-
order moment caused by sampling limitations. Thus, the present
PDF measurements within the turbulent interwake region are ad-
equately described by Gaussian functions, similar to conventional
isotropic turbulence.

Energy Spectra
Streamwise energy spectra within the turbulent interwake region

were obtained using Taylor’s hypothesis to transform measured
temporal spectra to spatial spectra as already described. The cor-
responding integral length scales were found by noting that the
normalized amplitude of the energy spectra plots 2 p Eu (k) / (ū 0 2 Lu )
approaches the value of four as the normalized wave number of
these plots kLu / (2 p ) becomes small, analogous to temporal spec-
tra as discussed by Hinze.10 The resulting normalized energy spec-
tra of streamwise velocity � uctuations are illustrated in Fig. 4 for
various particle sizes and loadings. Correlations of energy spectra
for approximate isotropic turbulence are also shown on the plot for
comparisonwith the measurements.The approximatespectra repre-
sent the simpli� cation of isotropic turbulencediscussedby Hinze,10

where correlationsof velocity� uctuationsare assumed to satisfyex-
ponential functions. This simpli� cation implies that the ¡ 5

3 power
decayof theenergyspectrawithin the inertialsubrangeof turbulence
is approximated by a ¡ 2 power decay.

Although the energy spectra illustrated in Fig. 4 are separated
by particle sizes to help readability, the spectra are independent
of both particle size and loading and agree reasonably well with
the isotropic turbulenceapproximationdescribed by Hinze.10 Thus,
the prominent ¡ 1 power decay region of the spectra of the over-

Fig. 4 Energy spectra of streamwise velocity � uctuations for various
particle sizes and number � uxes.

all � ow (wake disturbances plus the turbulent interwake region) of
continuous-phase turbulence resulting from turbulence generation,
seen in Refs. 1–3, disappears when the particle wake disturbances
are removed. This � nding implies that the ¡ 1 power decay region
seen for the overall � ow is caused by wake disturbances.Finally, the
present spectra are truncated at large wave numbers to avoid step
noise caused by sampling limitations, with full spectra expected to
reach wave numbers characteristic of Kolmogorov scales at values
of kLu / (2 p ) on the order of 100. Thus, the present interwake tur-
bulence exhibits a substantial range of scales, roughly 1000:1, even
though turbulenceReynolds numbersare small, less than 4. Consid-
eration of length scales in the present turbulent interwake regions,
however, will show that the present large range of scales represent
reasonable behavior for turbulence in the � nal decay period, which
is characteristic of the turbulent interwake region for present test
conditions. These same considerations of length scales will also
show that the present large rangeof scalesappears for very different
reasons than in high-Reynolds-number isotropic turbulence. This
behavior will be discussed next.

Length Scales
Numerous studies of isotropic turbulence at large turbulence

Reynolds numbers show that the rate of dissipation of turbulence
kinetic energy can be estimated from values of velocity � uctuations
and integral length scales using the following equation10:

A = e Lu / (ū 0 )3 (10)

where A, the dimensionless integral length scale, is believed to be a
constant on the order of unity. All properties on the right-hand side
of Eq. (10) have been measured during the present investigation so
that values of A can be found at much smaller Re k than considered
in the past.

The resulting values of A from the present investigation are
plotted as a function of Re k in Fig. 5, providing results at small
Reynolds numbers Rek =0.4–3.5. Results for isotropic turbulence
from several past experiments,17 – 21 from direct numerical simu-
lations (DNS),22 – 25 and from a DNS data � t from Sreenivasan26

are plotted along with the present measurements. The earlier
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Fig. 5 Normalized integral length scales as a function of turbulence
Reynolds number for both grid-generated and particle-generated tur-
bulence. Measurements of Kistler and Vrebalovich,17 Comte-Bellot and
Corrsin,18 Mohamed and LaRue,19 Tong and Warhaft,20 Mydlarski
and Warhaft,21 and the present investigation; predictions of Jiminez
et al.,22 Wang et al.,23 Yeung and Zhou,24 and Cao et al.25; DNS data � t
of Sreenivasan.26

determinations of A involve relatively large turbulence Reynolds
numbers, 20 ·Rek ·800, which places these � ows in the initial
decay period of isotropic turbulence where the turbulence is fully
developed and acts over the entire � ow region similar to conven-
tional turbulence.In contrast, presentmeasurements at small values
of Re k exhibit very enhanced rates of dissipation, which is typical
of behavior in the � nal-decay period where the vorticity is sparse
and turbulence appears to involve disconnected spots when single-
point measurements are observed.4, 11, 12 , 27, 28 This behavior is also
consistent with earlier indications that interwake turbulencewas in
the � nal-decay period, based on relative turbulence intensities as
discussed in connection with Fig. 1.

The measurementand predictionsat largeRe k yield scatteredval-
ues of A in the range 0.3–2.0, which is on the order of unity and
independent of Re k , as expected. Sreenivasan26 suggests that these
variations of A are caused by different initial conditions or grid
geometries of the � ows that were considered. In contrast, present
values within the � nal-decay period indicate strongly enhanced dis-
sipation as Re k decreases (indicated by increasing values of A),
analogous to strongly enhanced dissipation as Re k decreases (in-
dicated by decreasing values of the turbulence intensity) along the
axis of turbulent wakes in the � nal-decay period (see Ref. 4). The
present measurements of A within the � nal-decay period yield a
best � t correlation as follows:

A = 1130Re ¡ 2.33
k , 0.4 · Rek · 3.5 (11)

where the experimental uncertaintyof the power of Rek is 0.16 and
the correlation coef� cient of the � t is 0.96. Combining all of the
observations of A illustrated in Fig. 5, it is evident that A exhibits
three regimes: 1) a large Rek regime (the initial-decayperiod) with
Re k > 100, which corresponds to classical homogeneous isotropic
turbulence at large Reynolds numbers; 2) a small Re k regime (the

� nal-decay period) where Re k < 10, which corresponds to present
turbulent interwake conditions; and 3) a transition regime with
10 < Re k < 100 between the two outer limiting regimes.

It is interesting to consider the variation of the length scale ratio
Lu / k as a function of Re k , in the three regimes of A that were just
de� ned. This ratio assumes the following forms.

Final-decay period:

Lu / k = 75Re ¡ 1.33
k , 0.4 · Rek · 3.5 (12)

Initial-decayperiod:

Lu / k = ARe k /15, 20 · Re k (13)

Finally, in the transition region, Ling and Huang27 � nd A » Re ¡ 1
k ,

which implies the following.
Transition period:

Lu / k = 2.2, 4 · Re k · 20 (14)

The correlationsof Eqs. (12–14) are illustratedin Fig. 6, along with
results from available measurements and DNS simulations. Taken
together, the various correlations provide reasonably good � ts of
results in the � nal-decay, transition, and initial-decayperiods.

The nature and location of transition to the � nal-decay period
seen in Fig. 6 seems quite reasonable. In particular, the variation of
Lu / k with decreasingRe k for fully developed turbulent � ows must
change as Re k becomes small because realizable � ow properties
cannot involve a Taylor length scale (a microscale) larger than the
integralscale (a macroscale), or conditionswhere Lu / k < 1. Thus, it
is not surprising that the transition to the � nal-decay period, where
Lu / k increases with decreasing Re k , occurs when Lu / k reaches
values on the order of unity.

Increasingvaluesof Lu / k with increasingRe k in the initial-decay
period is well understood8, 10 as a result of the relatively invis-
cid large-scale features (on the scale of integral scales) combined

Fig.6 Ratiosof integral and Taylor length scales as a function of turbu-
lence Reynolds number for both grid-generated and particle-generated
turbulence. Measurements of Kistler and Vrebalovich,17 Comte-Bellot
and Corrsin,18 Mohamedand LaRue,19 Tong and Warhaft,20 Mydlarski
and Warhaft,21 and the present investigation; predictions of Jiminez
et al.22 and Wang et al.23; correlation of Ling and Huang.27
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with progressively smaller microscales of turbulence as turbulence
Reynolds numbers increase. The corresponding increasing values
of Lu / k with decreasing values of Re k in in the � nal-decay period
occurs for very different reasons. In this case vortical regions are
sparse although they still spread throughout the entire � ow, yield-
ing large integral scales in the presence of small dissipation scales,
i.e., the dimensions of turbulent spots become small in comparison
to the dimensions of the � ow as a whole when the vortical regions
of the � ow become more sparse as turbulence decay proceeds.

Conclusions
This investigationconsidered the properties of turbulence gener-

ated by uniform � uxes of monodisperse spherical particles moving
through air at standard temperature and pressure, emphasizing
the properties of the turbulent interwake region. Test conditions
included nearly monodisperse glass beads having diameters of
0.5–2.2 mm, particle Reynolds numbers of 106–990, mean particle
spacingsof 13–208 mm, particlevolume fractionsless than 0.003%,
direct rates of dissipation of turbulence by particles less than 4%,
and turbulence generation rates suf� cient to yield streamwise rel-
ative turbulence intensities of 0.2–1.5%. The major conclusions of
the study are as follows:

1) The turbulent interwake region is homogeneous and nearly
isotropic with PDFs of streamwise and cross-streamvelocities well
approximated by Gaussian functions.

2) Relative turbulence intensities in the turbulent interwake re-
gion were correlated effectively by analogy to the known prop-
erties of isotropic grid-generated turbulence, e.g., Batchelor and
Townsend,11, 12 by scaling these properties with the mean particle
spacing normalized by the particle wake momentum diameter to
yield a dimensionless dissipation factor.

3) The present dimensionlessdissipation factor, based on consid-
eration of interwake turbulence alone, is nearly identical to an ear-
lier dimensionless dissipation factor found in Refs. 1 and 2, based
on consideration of particle wake properties alone. This fortuitous
agreement of correlations for the turbulent interwake region and
for wake disturbances is no doubt responsible for the simple cor-
relations of overall relative turbulence intensities (involving both
regions) as a function of dimensionless dissipation factor observed
during earlier work.1– 3

4) For present turbulencegenerationconditions and probably for
most practical dispersed � ows, the turbulent interwake region ex-
hibited very small turbulenceReynolds numbers (Re k < 4) and was
in the � nal-decay period where vortical regions � ll the entire inter-
wake region but are sparse, i.e., where turbulenceappears to involve
disconnected turbulent spots when single-point measurements are
observed.

5) Within the � nal-decay period macroscale/microscale ratios
(e.g., Lu / k ) decrease with increasing turbulence Reynolds num-
bers as opposed to increasing similar to fully developed isotropic
turbulence at large turbulence Reynolds numbers. Quite plausibly,
the transition from the � nal-decay region to the fully developed
turbulence region occurs when Lu / k is on the order of unity; this
condition corresponds to a turbulence Reynolds number on the or-
der of 10, which is similar to conditionsat the transitionof turbulent
wakes in nonturbulent environments to the � nal decay period (see
Ref. 4).
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