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Influence of turbulence intensity on particle drag coefficients
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bstract

The effect of turbulent eddies on the motion of the dispersed phase is often ignored by assuming a standard drag coefficient as applied to quiescent
ow. Such an assumption can lead to large errors when predicting the dispersed phase concentration profile of an industrial flow under turbulent
onditions. Recently, [G.L. Lane, M.P. Schwarz, G.M. Evans, Numerical modelling of gas-liquid flow in stirred tanks, Chem. Eng. Sci. 60 (2005)
203–2214] developed a model relating the drag coefficient to fluid turbulence characteristics through the dimensionless group Stokes number.
heir model has been successfully applied to predict gas holdups of a mechanically stirred tank over the range of St < 0.7.
The present study focused on broadening the analysis by Lane et al. Specifically, the aim was to examine the effects of dispersed phase density

nd size on the applied drag force under turbulent conditions and to extend the much needed experimental data on particle drag coefficients in
ree-stream turbulence, as a function of solid particles characteristics. This was achieved by a systematic experimental approach using particles of
ifferent sizes and densities in two distinct turbulent flow fields generated by oscillating grids. The results indicated that the reduction in settling

elocity is a function of both particle size and density and turbulent characteristics with maximum interaction between the continuous and dispersed
hases occurring at low ratios of particle density to liquid density and high turbulence intensities. Richardson number, a dimensionless group, was
mployed to capture the effects of these parameters on the drag coefficient.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Multiphase flows involving suspensions of (solid, liquid and
aseous) particles in liquids are frequently encountered in many
ndustrial processes, such as leaching, flotation, polymerization
nd crystallization [1]. Typically, these multiphase operations
re carried out under turbulent conditions of varying intensity in
rocessing vessels, such as bubble columns, loop reactors and
echanically agitated vessels. In these processes often a uniform

ispersion of particles is achieved due to the interaction between
urbulent eddies and the dispersed phase. A better understand-
ng of such interaction is fundamental to the effective design,

odelling and operation of multiphase systems.
In simulations of multiphase processes using computational
uid dynamics (CFD), the interaction between continuous and
ispersed phases is usually taken into account in the correla-
ion for the particle drag coefficient. The majority of (standard)
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rag coefficient correlations is developed based on the motion
f particles in stagnant fluid. While the standard relationships
re successfully employed to model the motion of particles in
aminar flow, their use for simulation of particle motion under
ree-stream turbulence conditions (i.e. turbulence generated by
xternal sources) may result in large errors, especially when
redicting the dispersed phase concentration profile [2].

As the literature indicates, the modification of the drag coeffi-
ient by turbulence has been a subject of investigations for many
ears. The studies carried out by Schwartzberg and Treybal [3]
nd Nouri and Whitelaw [4] indicated a significant reduction
n particle settling velocities, with the velocity measurements
eing as low as 30% of those in a stagnant liquid. That in turn
mplies an increase in drag coefficients under free-stream turbu-
ence conditions. Their experimental results, however, suffered
rom a degree of uncertainty since the slip velocity was obtained
s a small difference between the particle and liquid velocities,

hich are both typically much larger than the slip velocity, and
ence the measured slip velocity was subjected to a large error.
n a later study, Brucato et al. [1] reported settling velocities as
ow as 15% of the particle terminal velocity in a quiescent liq-
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Nomenclature

CA added mass coefficient
CD effective drag coefficient in turbulence
CD,0 particle drag coefficient in stagnant liquid
d particle diameter (m)
L turbulent integral length scale (m)
Ri Richardson number
St stokes number
TL turbulent integral time scale (s)
u0 r.m.s. velocity of turbulence (m s−1)
US Slip velocity (m s−1)
UT particle terminal velocity (m s−1)

Greek letters
λ Kolmogoroff length scale (m)
ρ fluid density (kg m−3)
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ρP particle density (kg m )
τP particle relaxation time (s)

id, while performing experiments using a Taylor–Couette type
essel. Brucato’s experimental data were found to be consistent
ith those of Magelli et al. [5] when plotted as US/UT versus
/d, where Us is the slip velocity, UT is the terminal velocity, and
is the Kolmogoroff scale of turbulence. A correlation for the

atio of the effective drag coefficient ensemble-averaged over
urbulent fluctuations to that of a single particle settling through
stagnant liquid, CD/CD,0, was proposed by Brucato et al. [1]1:

D/CD,o = 1 + 8.76 × 10−4(d/λ)3 (1)

Although, the above correlation provides a good description
f the experimental data of both Brucato et al. [1] and Magelli
t al. [5], care must be taken when applied to particles with
ifferent densities as the correlation does not provide allowances
or changes in particle density.

More recently, Lane et al. [2] have proposed a drag coefficient
orrelation using available literature data. In the model, the effect
f turbulence on the drag coefficient was correlated in terms of
dimensionless group known as Stokes number:

S/UT = 1 − 1.4St0.7 exp(−0.6St) (2)

he Stokes number, St, is a measure of the time taken for a
article to respond to an interacting turbulent eddy, and hence
efined as:

t = τP

TL
(3)
here τP is the particle relaxation time and TL is the turbu-
ent integral time scale. In an isotropic turbulence, in which the
ow characteristics are statistically independent of direction, the

ntegral time scale can be defined as: TL = L/u0 where L is the

1 Under steady-state conditions, the slip velocity and drag coefficient are
elated through a simple force balance between the buoyancy force and drag
orce: CD/CD,0 = 1/(US/UT)2.
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ntegral length scale and u0 is the r.m.s. velocity of turbulence.
he relaxation time of a particle can be calculated according to
el F’dhila and Simonin [6]:

P = ρP/ρ + CA

(3/4)(CD/d)UT
(4)

here CD is the drag coefficient in stagnant liquid, ρP is the
article density, ρ is the fluid density, d is the particle size and
A = 0.5 is the added mass coefficient [7].

The model by Lane et al. [2] captured the continual decrease
n settling velocity of both solid and gaseous particles as the
tokes number increased, providing especially a good fit to
ata for bubbles. This model has been successfully applied to
imulate the gas bubble distribution within a stirred tank [2].
owever, the model application over the range of St > 0.7 is

ubjected to experimental verification. In the absence of exper-
mental data, the authors suggested the following explanations
n how the relationship extrapolates to higher values of Stokes
umber when either the particle has a large relaxation time or
he time scale of turbulence is much shorter than that of the par-
icle. Since, in either case, the effect of turbulence is considered
o be negligible (i.e. as τP/TL → ∞, US/UT ratio reaches unity),
t was suggested that the plot of US/UT versus Stokes number
ust have a minimum where the maximum interaction between

urbulence and particles occurs.
The experimental investigations on turbulence have been con-

ucted in either a decaying homogeneous turbulence with a mean
ow, such as water tunnels, or in a stationary homogeneous

urbulence field with no mean flow, such as those generated
y oscillating grids [8]. The former generators, however, have
imited application range especially since increasing the fluid
elocity is the only means to increase the intensity of the turbu-
ence. Further, the particle settling velocity measurements can
e influenced by the mean flow, making accurate determination
f the velocities very difficult [9]. The stationary turbulence gen-
rators are hence often the preferred option as the measurement
rrors are minimised in the absence of a mean flow.

The review of the work to date on how turbulence influences
he drag on bubbles and particles, has highlighted two main
oints. Firstly, there is a clear advantage of using a stationary
urbulence generator to eliminate any net mean flow effects. Sec-
ndly, the dimensionless drag-turbulence relationship proposed
y Lane et al. [2] requires experimental confirmation at higher
tokes numbers. The aim of this study, therefore, was to extend

he much needed experimental data on particle drag coefficients
n free-stream turbulence, as a function of solid particles char-
cteristics (including size, density and terminal velocity), and to
ompare the data with the proposed model by Lane et al. [2].

. Experimental methods

In the present study, an oscillating turbulence generator sim-
lar to that of Yang and Shy [9] was employed to produce

tationary near isotropic turbulent flow fields. In such devices,
he oscillating grids generate a system of wakes and jets that

erge with each other to produce a sustained turbulence with
ero mean flow [10]. The turbulent intensity can be varied sim-
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the turbulent generator, (b) the grid geometry.
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Table 1
Turbulent flow characteristics [10]

Grid frequency
(Hz)

r.m.s. turbulent
velocity (mm/s)

Integral length
scale (mm)

3 7.2 3
4 9.6 3
5 12.0 3
6 14.4 3
7
8

t
w

F
q
w
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a
in y direction as a function of time). Each run was repeated a
number of times with the velocity being reported as the average
value. In the present study, the particle slip velocity is equal to

Table 2
Physical characteristics of particles

Particle Particle size (mm) Specific gravity Particle Reynolds
number

Nylon 2.38 1.14 183
3.18 1.14 325
4.76 1.14 605
7.94 1.14 1299
Fig. 1. (a) A schematic representation of

ly by changing the vibration frequency, the size of the strokes
nd/or the separation distance between the grids. A relationship
etween these operational parameters and the characteristics of
he resultant turbulent field has been already established [8].

A schematic representation of the generator used here is
hown in Fig. 1a. The device consisted of a rectangular per-
pex tank with a width of 300 mm containing a pair of vertically
riented grids of size 150 mm × 150 mm. The grids were made
f 6 mm thick aluminium sheets with a mesh size of 30 mm
i.e. the distance between centres of two successive openings
as 30 mm) and an overall opening of 64% (Fig. 1b). Perfect
orizontal and vertical alignments of the square-openings were
chieved using a high precision laser cutting technique. The
bovementioned design specifications were set according to the
iterature to prevent formation of unstable flow structures [9].

Connecting rods supported by linear bearings were then used
o connect the grids to stepper motors through eccentric cams. To

inimise the possibility of transmitting vibration from motors
o the flow field, the tank was installed on a separate supporting
ench [11].

Generally, the system was designed to operate at different
requencies and strokes of up to 10 Hz and 50 mm, respectively.
esign considerations allowing for adjustment of the separation
istance between the grids were also made. For the purpose of
his study however, the stroke was fixed at 20 mm while the mean
eparation distance between the grids was set at 110 mm. The
otors were setup so that the grids moved in-and-out together,

ather than side-to-side. The flow characteristics of turbulence
nder these conditions for particular frequencies have already
een determined by Yang and Shy [9] for a similar system. Since
he same design principles as those of Yang and Shy [9] are used
o fabricate our turbulent generator, it is reasonable to assume
hat identical flow fields are formed under the same operational
onditions. Data analysis was hence performed according to this
ssumption. Yang and Shy [9] measured the mean fluctuation
elocity of the turbulence using a Laser Doppler Velocimetry
LDV) system while the length scale of the turbulence was esti-
ated to be about 3 mm for frequencies varying from 3 to 8 Hz.
summary of the flow characteristics is presented in Table 1.

The experimental studies were carried out using precision

pherical particles made of Nylon and Teflon. The physical char-
cteristics of the particles are given in Table 2. The particle
eynolds numbers presented in Table 2 were calculated using

T

16.8 3
19.2 3

he particle terminal velocity in a quiescent liquid, UT, which
as obtained experimentally.
A systematic approach was adopted in the experimental work.

irst, the operational parameters including the vibration fre-
uency, the size of the stroke and the distance between the grids
ere set. A turbulent flow field was then established by out-
f-phase oscillation of the grids. A test particle was carefully
eleased at the top section of the vessel while maintaining a zero
elocity at the time of the discharge. The particle descent was
aptured using a high speed video camera. Phantom5 software
as used to analyse the data obtained in the near isotropic tur-
ulent region, which has a width of approximately 40 mm and
eight of about 100 mm located in the centre between the grids
9]. The settling velocity for each particle was determined from
plot of vertical distance versus time (i.e. the particle trajectory
eflon 2.38 2.30 662
3.18 2.30 986
4.76 2.30 1869
7.94 2.30 4108
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ig. 2. Effect of turbulence on the settling velocity of Nylon and Teflon particl
o r.m.s. turbulence velocities of 19.2 and 14.4 mm/s, respectively.

ts settling velocity since the liquid mean velocity relative to the
all is zero.

. Results and discussion

The motion of different size particles made of Nylon and
eflon were examined in two different turbulent flow fields
enerated by oscillating grids as outlined in the experimental
ection. The results of these studies are presented in Figs. 2–5.
he experimental uncertainty was generally less than 5% of the
article terminal velocity value.

Fig. 2a and b illustrate plots of velocity ratio, denoted by
S/UT, as a function of Stokes number for frequencies of 8 and
Hz, respectively. It is generally understood that free-stream

urbulence in a liquid media may lead to a significant reduction in
ettling velocity of a solid particle. The reduction is considered to

e a function of turbulence and particle characteristics including
article size and density. For the case shown in Fig. 2a under set
urbulent conditions the reduction in velocity ratio for Nylon
articles is as high as 25%.

ig. 3. Comparing the experimental data for settling velocity of solid particles
n turbulent flows with the model predictions of Lane et al. [2]. The results are
resented as a function of Stokes and Richardson numbers.

r
t
t
t

F
o

erated at oscillating frequencies of (a) 8 Hz and (b) 6 Hz which corresponded

As can be seen from Fig. 2a, generally an increase in Stokes
umber, through increasing the particle diameter, reduced the
S/UT ratio. The velocity ratio, however, reached a minimum
alue at a particular Stokes number for which the effect of turbu-
ence was at its maximum. At higher Stokes numbers, where the
article diameter is much greater than the integral length scale
f turbulence, the velocity ratio increased returning to values
round unity for both Nylon and Teflon particles. This is because,
hen d/L � 1, there are no turbulent eddies of sufficient size or

nergy to deflect the particle from its path.
Similar behaviour was exhibited by the Nylon and Teflon

articles at lower turbulence intensities as shown in Fig. 2b for
he case of 6 Hz frequency. However, the increase in the velocity
atio beyond the minimum value of US/UT (i.e. US/UT,min) is
ot as steep as that observed in Fig. 2a for the 8 Hz frequency.
ndeed, for the range of Stokes numbers studied, the velocity
atios corresponding to Nylon and Teflon particles do not return

o values around one. Consequently, shapes of the plots appear
o be different when one compares Fig. 2a and b. Clearly, the
urbulence intensity plays a key role in defining the shape of the

ig. 4. The effect of particle size relative to the integral length scale of turbulence
n the particle settling velocity.
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ig. 5. The maximum interaction between solid particles and turbulent eddies
s a function of Richardson number.

urve with steeper slopes being observed at the higher turbulence
ntensity associated with the 8 Hz oscillation frequency.

The analysis of multiphase turbulent flows involving bubbles
y Lane et al. [2] suggests that there is a unique correlation
etween the velocity ratio and Stokes number allowing all rel-
vant experimental data to collapse onto a single curve. This
lot is reported to have a minimum at St = 1. The correlation
as been verified using limited literature data for St < 0.7 with
article sizes being smaller than the integral length scale (i.e.
/L < 0.3).

However, as is evident in Fig. 3, there seems to be a con-
iderable discrepancy between Lane’s correlation [2] and the
xperimental data obtained in this study. Here, the data were col-
ected over the range of 0.35 < St < 1.6 employing test particles
f size 2–8 mm in a turbulent flow field with integral length scale
f 3 mm (i.e. 0.6 < d/L < 2.7) and velocity ratios of u0/UT < 0.3,
here Lane’s correlation [2] has been developed based on exper-

mental data collected over St < 0.3 for small d/L and large u0/UT
atios (i.e. d/L < 0.3 and u0/UT > 1). Under the former condi-
ions, a minimum interaction between dispersed and continuous
hases is expected as the turbulent eddies lack sufficient size
r energy to deflect the particle from its path and hence lead to
significant reduction in the particle settling velocity. That, in

urn, could explain the observed discrepancy between the data
ollected in the present study and the correlation by Lane et al.
2]. The presented results hence suggests that besides St num-
er, both d/L and u0/UT ratios need to be considered as separate
ntities in developing a correlation for particle drag coefficient
n turbulent flows.

In addition, the relationship between the velocity ratio and
tokes number for solid particles does not appear to be unique
or the range of experimental conditions studied in this project.
nstead, a family of curves were obtained, to the suggestion by
ane et al. [2], that result for both bubbles and particles could
e fitted by a single curve. The work presented here, with the

dditional experimental data, suggests that a family of curves
s required, and that the original correlation by Lane et al. [2]
epresents just one of those curves. While our experimental data
re not enough to clearly demonstrate the existence of a family

R
t
i
∼
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f distinct curves in a plot of US/UT versus St number, they
learly do not support the existence of a unique relationship as
roposed by Lane et al. [2]. However, it is our intention to carry
ut a series of experiments in near future to establish the exact
elationship between the particle slip velocity and parameters
ncluding St number, d/L and u0/UT ratios.

In Fig. 4, US/UT has been plotted as a function of d/L. It can be
een that the velocity curve starts to flatten as d/L approaches 1.
his behaviour was found to be irrespective of the particle den-
ity or turbulence intensity. Moreover, it seems that a minimum
alue, (US/UT),min, for US/UT occurred at around d/L = 1 for all
xperimental runs. The most likely reason for this is that max-
mum interaction between the particle and the turbulent eddies
ccurs when the particle size is approximately the same as the
urbulence integral length scale.

Fig. 4 also shows that the numerical value of (US/UT),min is a
unction of both the particle/liquid density ratio and turbulence
ntensity. This suggests that the maximum reduction in settling
elocity is a function of the inertial forces, due to turbulence,
nd the net effective weight of the particle, due to gravity. The
atio of these forces is known as the Richardson number, and is
efined as:

i = g|ρP − ρ|
ρ

L

u2
0

(5)

enerally, high values of Ri number are obtained when the force
f gravity is dominant (i.e. at high ratios of |ρP − ρ|/ρ). A low
alue of Ri number reflects the dominance of turbulence, com-
only achieved at high turbulence intensities or low integral

ength scales. Fig. 4 shows Richardson number plotted as a func-
ion of the minimum US/UT ratio, (US/UT),min, for each of the
urves given in Fig. 3. It can be seen that as Ri was increased
he effect of turbulence on the settling velocity of particles was
educed to negligible levels, i.e. (US/UT),min → 1. At Ri = 184,
he reduction in (US/UT),min was only about 5 percent. Con-
ersely, there appears to be a major effect on (US/UT),min below
i of approximately 20.

. Conclusions

Solid particles of different sizes and densities were used to
nvestigate the interaction between the continuous and dispersed
hases for values of the Stokes number ranging from 0.35 to 1.6.
s the Stokes number was increased, through an increase in par-

icle diameter, the US/UT ratio decreased reaching a minimum
alue at d/L of about 1. At this value, there is maximum inter-
ction between the turbulence and the particle. The US/UT ratio
egan to increase as the Stokes number was further increased
eturning to a value of 1 at d/L ratios of more than 2.5. This trend
as similar to that proposed by Lane et al. [2], except that a fam-

ly of curves was obtained rather than a single unifying curve.
article density and turbulence intensity were found to be the
ey parameters affecting the settling velocity, and from this the

ichardson number was used to correlate the minimum reduc-

ion in the velocity ratio, (US/UT),min. Also, negligible reduction
n the settling velocity was observed for Ri values greater than

200.
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