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Fluid–Solid Interaction in Particle-Laden Flows
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Abstract: Using a laser-Doppler split-phase measuring technique, the rates of fluctuation in horizontal and vertical direction
flow containing solid particles were observed. Employing these observations the effect of particles on flow turbulence was an
a formula for determining the initial condition of particles restraining the flow turbulence in the mainstream region was develo
mechanisms affecting the energy loss of flow were then analyzed.
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Introduction

Sediment-laden water flow is a special case of two-phase
One of the basic problems in two-phase flow is the interac
between particles and water, which has been a subject of
interest during the past half century(Bagnold 1962; Monte an
Arthur 1973; Lee and Durst 1982; Hetsroni 1989; Lyn 1992; L
al. 1996; Nguyen and Fletcher 1999; Ooms and Jansen 2000
et al. 2002; Cao et al. 2003). The motion of particles is induced
the flow of water and inversely influences the structure of fl
The flow turbulence, fluctuations of water and particles, and
loss of flow energy caused by particles are related to the int
tion between water and particles. Qian and Wan(1986) summa
rized investigations before the 1980s.

The last two decades have witnessed remarkable advan
the two-phase flow theory, partly due to the considerable pro
achieved in measurement techniques, especially in the use
sers to evaluate the component velocities of the two phases.
technology has facilitated acquisition of experimental data wh
in turn, have helped develop a better understanding of
mechanisms(Ohba and Yuhara 1979; Lee and Durst 1982; T
and Morikawa 1982; Lu et al. 1988; Nino and Garcia 1996;
1998; Sommerfeld and Huber 1999; Aísa et al. 2002). Neverthe
less, the results of various investigations were significantly d
ent owing to the limitations of measurement technology. A
result, there has been much controversy over the effects o
ticles on turbulent flows. Among them, two major controver
are turbulence modulation(enhancement or attenuation) and flow
energy loss(increase or decrease).

Different experimental observations have, sometimes,
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tained different results. For example, Elata and Ippen’s(1961)
measurements for nearly neutrally buoyant particle-laden
with high particle concentrations showed an increase in the
turbulence intensity. Muller(1973) also suggested increased fl
turbulence intensity based on the LDV(laser Doppler velocime
ter) measurements for coarse sand-laden flows. Van Ingen(1981)
and Lyn (1992) reported that no appreciable change occurre
turbulence intensity for fine sand-laden flow, whereas Xin
and Ning’s (1989) experiments for both natural sands and n
trally buoyant plastic particles indicated an appreciable dec
in turbulence intensity. These results have shown that unde
ferent conditions the influence of particles on turbulence is d
ent.

Based on experimental data, Gore and Crower(1989) con-
cluded that the influence of particles on turbulence was depe
on the particle diameter. They useddp/ le=0.1 (dp5diameter o
particle andle5characteristic length of flow) as a critical charac
teristic value to evaluate the increase or decrease of the int
of flow turbulence due to solid particles. It has been found
turbulence may be enhanced when suspended particles are
than the turbulence length scale, or suppressed as they are
as to be enclosed within turbulent eddies. Hetsroni(1989, 1993)
further concluded that the grain Reynolds number determine
weakening or strengthening of the flow turbulence inten
When the grain Reynolds number exceeded a certain
s.400d, trailing vortices would divorce from particles, result
in increased turbulence intensity. On the contrary, when the
Reynolds number was smalls,100d, the trailing vortices woul
not divorce from particles and the turbulence intensity would
increase.

Using a hydrogen bubble as an indicator to observe the
layer bursts of flow, Rashidi et al.(1990) found that smaller pa
ticles reduced the number of bursts of the sublayer in the
and consequently the turbulence intensity and Reynolds
stress were weakened. Likewise, coarser particles increas
number of bursts to increase the turbulence intensity and the
nolds shear stress. The experiments of Best et al.(1997), using
phase Doppler anemometry, showed that both enhanceme
attenuation of turbulence intensity depended on the distance
the bed with differing values of the particle Stokes number
ratio of particle size to turbulence length scale, and sediment
centration. All these investigations emphasize the importan
the interaction between solid and fluid phases on turbulenc
the energy interchange between the two phases.
As to the loss of flow energy caused by the existence of par-
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ticles, there seem to be three viewpoints(Liu et al. 1996): (1) the
existence of particles increases the loss of flow energy;(2) the
existence of particles decreases the loss of flow energy; an(3)
the loss of flow energy may both be increased or decreased
particles. Thus the mechanism affecting the loss of flow en
due to particles is not yet completely clear.

The difference between the motion of particles and tha
water is rather small but the particle–water interaction is q
complex. As a result, our understanding of the interactio
fluid–solid flow is still limited and far from complete, as co
pared with gas–solid flow. Thus the objective of this study i
further investigate the particle–water interaction in fluid–s
flow, which includes the following four aspects:(1) evaluate th
difference between flow turbulence and particle fluctuation b
on experimental observations, especially in the region close
wall where there are significant effects on the motions of
phases;(2) analyze the influence of particles on flow turbule
from the point of view of changing the source of disturbance
the stability of flow;(3) derive a condition for particles restra
ing the flow turbulence in the main region of the stream; and(4)
determine the mechanism and two aspects of particles affe
the loss of flow energy from two basic points: the mechanis
particles suspension in horizontal water flow and the process
transmission and loss of flow energy.

Experiment Setup and Measurement Method

Experiment Setup

Experiments were conducted in both horizontal and vertical t
parent pipes as shown in Fig. 1. Pipes were 100 cm long, w
rectangular section 1.5 cm33.0 cm. A small water tank was fitte
with a small pump. The speed and the rate of flow were adju
through a variable voltage. During the liquid–solid flow exp
ments, particles were directly placed in the water tank and m
with water, forming a self-circulatory flow. In the experiments
both vertical and horizontal pipe flows, the measurement se
was 67.5 cm away from the inlet where the flow was relati
stable. The coordinate system of the measurement sect
shown in Fig. 2.

Measurement Method

The laser-Doppler split-phase velocity measurement system
used in the experiments. It was comprised of a 1D laser and
of two-phase data split-phase collecting and processing sy
(including a two-phase signal phase splitter, time-sharer, dat
nal processor, and computer) (Lu et al. 1988; Liu 1998). The lase
was a one-dimensional fringe type system, working in a forw
diffusive model and straightforward acceptance. The power o
He–Ne laser was 12 MW. After expanding 2.2 times, the lau
ing angle of the laser beam in the air was 8.36°. The rel
receiving aperture F/No=16, the spin hole diameter
0.15 mm, and the speed-frequency conversion factoK
=230.2 kHz/sm/sd.

The time-averaged velocity, turbulent(fluctuation) intensity on
any point in the selected section can be measured. The num
particles passing through this point during a certain time ca
also obtained and can be regarded as a relative concentratio
concentration in this section was measured by the sam
method, which was used for reference and contrast.
Owing to the limitations of the light permeability of the laser-
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Doppler velocimeter, the maximum volume concentration of
ticles in the flow must be less than 0.005. According to the
cipal of phases splitting, only the particle phase and the
phase can be differentiated, and the accurate size of particle
not be determined. In general, particles larger than 50mm in di-
ameter are regarded as constituting the particle phase, an
ticles smaller than 6mm in diameter are regarded as constitu
the fluid phase. The particles with a diameter between 6
50 mm will not be differentiated to maintain the reliability of t
separation of the two phases.

Fig. 1. Schematic view of experimental setup: 1. Experimental p
2. up pipe; 3. down pipe; 4. control valve; 5.pump; 6. fluid vesse
water flow; 8. particle; 9. laser beam; and 10. measurement po

Fig. 2. Schematic diagram of the coordinate system of the mea
ment sections
OF ENGINEERING MECHANICS © ASCE / DECEMBER 2004 / 1477
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In the experiments, a moderate amount of silica gel part
with 3 mm diameter were added to the filtered water which
used to represent the fluid phase, and the Reynolds number
flow was controlled between 53103–23104. In order to elimi-
nate the influence caused by the particle tail separation, the
ticle Reynolds number was generally less than 110. In prac
applications the particle Reynolds number can be chosen
less than 400.

The longitudinal velocity fluctuation(along the flow direction)
was directly measured. However, the transverse velocity flu
tion (perpendicular to the flow direction) was not directly mea
sured but was obtained by combining velocity fluctuations in
directions with an angle ofu and −u to the main flow with the
results in the mainstream(Liu and Lu 1993).

As shown in Fig. 3, ignoring the transverse time-averaged
locity, one has

v82 =
1

2 sin2 u
swa8

2 + wb8
2 − 2u82 cos2 ud s1d

wherev85transverse velocity fluctuation,u85longitudinal veloc
ity fluctuation, andwa8,wb85velocity fluctuation components in t
directions with an angle ofu and −u to the mainstream, respe
tively. In the experiments, we choseu=60°.

Because of the limitations of the laser system, the trans
velocity fluctuation was not directly measured but was obta
with the aid of the results obtained in the direction with an a
of u and −u to the main flow. The laser beam was required to
by an angleu (or −u) in the measurements, but this made
difficult to observe the transverse velocity fluctuation very c
to the wall. Therefore the data on the transverse flow turb
velocity very near the wall could only be inferred. In additi
since the optical conditions of observation at different points
the circular pipe are different, in the experiments we used ins
the rectangular pipe to ensure the same optical conditions o
servations at different measurement points along the trans
axis.

Experimentation

Experiment 1

Using the laser-Doppler split-phase measurement techniqu
periments were conducted on particle-laden pipe flows in
zontal and vertical tubes, respectively. Glass part
0.145–0.175 mm in diameter were used in the experiments
longitudinal (flow direction, i.e.,x direction in Fig. 2) and trans

Fig. 3. Coordinate system for deriving the transverse turbulen
locity
verse(perpendicular to flow direction, i.e.,y direction in Fig. 2)
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velocity fluctuations of both the particle-phase and the w
phase were observed along the center line of the measur
section. In experiments, the longitudinal velocity fluctuation
both phases were observed at first. Then, keeping the sam
condition, the velocity fluctuations in both phases in the direc
with an angle of 60° and −60° to the main flow were obser
respectively. Finally, the transverse velocity fluctuations were
tained by using Eq.(1) su=60°d. The experimental results of t
horizontal and the vertical pipe flows are shown in Figs. 4 an
respectively.

Experiment 2

In the horizontal pipe flow, the turbulence intensity(flow direc-
tion) of clear water in the center point of the measurement se
was observed at first under the flow condition of having the
Reynolds number(R f =UR/n, U5cross-section-averaged vel
ity of pipe flow; R5hydraulic radius of pipe flow; an
n5kinematic viscosity of water) of 14,700. Then, keeping th
same flow conditionsR f =14,700d and adding the polystyre
particles with a diameter of 0.15–0.20 mm to the flow, the
turbulence intensities(flow direction) at the same point for diffe
ent particle concentrations were observed for comparing with
of clear water flow. The results of statistical analysis of a l
amount of sampling data showed that the measured value o
bulence intensity of particle-laden flow was lower than tha
clear water. Therefore the decrementsDEd of flow turbulence in
tensitysEd was examined, and the values ofDE/Es%d for differ-
ent particle concentrations are shown
Fig. 6.

Experiment 3

For the horizontal pipe system, two kinds of polystyrene part
of dp=0.45–0.50 mm anddp=0.17–0.20 mm were added to
flow, respectively. Then, keeping other conditions constant
only changing the flow rate(flow Reynolds number), the flow
turbulence intensity at the center point of the measuremen
tion was observed by the laser-Doppler velocimeter. Simila
Experiment 2, the decrementsDEd of flow turbulence intensity
comparing with clear water flow, was examined, and the valu
DE/Es%d for different flow Reynolds numbers are shown in F
7.

Experimental Results

Velocity Fluctuations of Solid and Liquid Phases

Experimental results of vertical and horizontal pipe flows, plo
in Figs. 4 and 5, respectively, show that longitudinal and tr
verse velocity fluctuation profiles of both phases along the t
verse axis are similar, and exhibit similar characteristics. Ex
for a thin region near the wall, the velocity fluctuations of b
phases in both directions decrease first, reach a smallest va
the pipe center, and then begin to increase. Regardless
phase, the transverse velocity fluctuation is generally less tha
longitudinal velocity fluctuation. The difference between the
phases becomes larger close to the wall. In the mainstream
away from the wall, both gradually become equal and the
can be regarded as homogeneous turbulent.

Comparing the results of horizontal pipe flow and vertical

flow, there exist small differences, especially in the thin region

004



s of
the
enter

ow-
icle
eases
the
o be
ce of
on,
n the
e up

e wall
n-

tion
ob-

rectan
and

uld
that

rical

one
e
than
ll,

ad it
he
ally
gion
ticle
rtical

par-
arger
par-

ave
tur-
rent

used
of

ua-
tur-
bu-

nten-

ow
near the wall. These may be caused by different distribution
particle concentrations in both flows. In the vertical flow,
maximum value of the particle concentration occurs at the c
of pipe and decreases gradually from the center to the wall. H
ever, in the horizontal flow the maximum value of the part
concentration occurs at the bottom wall of the pipe and decr
gradually from the bottom wall to the top wall. This may be
main reason causing the distribution of velocity fluctuations t
unsymmetrical, especially for the particle phase. The influen
the bottom wall is more than that of the top wall. In additi
because the condition for observation very near the top wall i
horizontal pipe was not very favorable, the data very near th
wall were not observed. This was perhaps the reason that th
effect near they/D=1 did not appear distinctly in the experime
tal results.

In the experiments, only one transverse velocity fluctua
and its distribution along with one transverse direction were
served. Indeed, because the cross section of the tube was
gular, the wall effects in both transverse dimensions existed
were different due to different dimensions. The wall effect wo
be higher along the small dimension. However, it is surmised
the qualitative laws should be similar, although the nume
values may be different.

Comparing the velocity fluctuations of particles and water,
may note three main differences:(1) in the near-wall region, th
velocity fluctuation of the particle-phase is generally larger
that of the liquid phase;(2) because of the influence of the wa

Fig. 4. Longitudinal and transverse velocity fluctuations o
the turbulent flow velocity of the liquid phase decreases rapidly

JOURNAL
-

near the wall, but this is not true for the particle phase; inste
increases near the wall; and(3) in the mainstream region, t
velocity fluctuation of the particle phase is, in general, margin
smaller than that of the fluid phase. However, in a small re
around the pipe center, the velocity fluctuation of the par
phase is slightly more than that of the fluid phase in the ve
pipe flow.

The longitudinal and transverse velocity fluctuations of
ticles near the wall and around the vertical pipe center are l
than those of the liquid, which cannot be explained by the
ticles following flow turbulence. According to Liu and Lu(1993),
the irregular motion of particles in the solid–fluid flow may h
various forms. Besides turbulent fluctuations caused by flow
bulence, there are yet other fluctuation forms which are diffe
from turbulence. It is surmised that the irregular pulsation ca
by collision between particles, or particle and wall, is a form
fluctuation which is different from turbulence. The total fluct
tion of particlessvp8

2d can be regarded as a superposition of
bulent motionfsvp8

2dTg caused by flow turbulence and nontur
lent motionfsvp8

2dNg not caused by flow turbulence(Liu and Lu
1993; Liu 1997), i.e.

vp8
2 = svp8

2dT + svp8
2dN s2d

This is the reason that the particles have larger fluctuation i

phases distributed along transverse axis in the vertical pipe fl
f both
sity than the does the liquid.

OF ENGINEERING MECHANICS © ASCE / DECEMBER 2004 / 1479
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Likewise, according to different fluctuation forms, the fluct
tion stress of particlessPd can be divided into turbulence stre
sPTd and nonturbulence stresssPNd, that is

P = PT + PN s3d

Therefore a mechanism for the particle movement in the
close to the wall is that particles have an intense nonturb
fluctuation, resulting in the intense fluctuation stress w
greatly influences the particle movement in the flow, especia
horizontal flow because of the higher particle concentration
the bottom wall. Bagnold(1954) pointed out that there exist i
tense discrete force and shear force near the bed in open c
flows. Indeed this is just the result of the nonturbulence stres
to particles near the bottom wall.

Fig. 5. Longitudinal and transverse velocity fluctuations of b
phases distributed in the transverse axis in the horizontal pipe

Fig. 6. Variation of DE/E with particles concentration in th
horizontal pipe flow(C5particle concentration by volume)
1480 / JOURNAL OF ENGINEERING MECHANICS © ASCE / DECEMBER 2
l

Influence of Particles on Flow Turbulence in Horizontal
Flows

The flow turbulence is the result of flow instability and exte
disturbance, and the particles carried by flow can chang
source of disturbance and the stability of flow. The ways in w
particles affect turbulent flow can be divided into two types:
is to change the stability of flow, and the other is to change
source of external disturbance. The flow stability is influence
increasing flow viscosity, extra effective gravity, and buoya
caused by the particle concentration gradient, relative motio
tween particles and fluid, and increment of the fluid inertia ca
by the increment of the mean specific gravity.

The source of external disturbance is influenced as follows(1)
the shear force is not totally transmitted to the wall to gene
vortices anymore because of the existence of particles;(2) a large
amount of particles concentrate in the vicinity of the bottom
horizontal flows where the vortices are continually generated(3)
there is a shielding effect of particles on the bottom; and(4) there
is collision between particles or between particles and wall.
doubtedly, all these factors affect the flow turbulence in diffe
ways. The mechanism and the main factors, such as particle
centration, particle diameter, and flow Reynolds number are
analyzed.

Influence of Particle Concentration

The variation of particle concentration influences flow turbule
in various ways. In general, the increment of particle conce
tion may increase the viscosity of flow, and more particles
gregate near the bottom which strengthens the motion of par
on the bottom. At the same time, the impact of more part
intensifies the fluid disturbance. However, for particles of di
ent diameters, the particle concentration has a different influ
on the flow turbulence.

Fig. 6 illustrates the decrement of flow turbulent inten
changing with particle concentration. At the beginning, the in
ment ofDE is evident as the concentration increases to an av
value. Then the increment ofDE gradually decreases to a ve
small value. This is due to the effect of the particle concentra
affecting the deposition velocity of particles. For particle-la
flows, it is generally accepted that the suspension of partic
sustained by the vertical flow turbulence. Following the ana
of horizontal fluid–solid flow by Azbel(1981), the turbulenc
energy dissipated on suspension particles, that is, suspensi
ergy, can be expressed asB<sg−1dgvf, wherev5deposition

Fig. 7. Variation of DE/E with flow Reynolds number in th
horizontal pipe flow
velocity of particles, andf5volumetric particle concentration.
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Whenf increases, the viscosity of the medium will increase
v will decrease. Hence B increases asf will mitigate in high
particle concentration.

Our experiments show that particles weaken the flow tu
lence. However, the results of experiments, conducted in
Laboratory of High Speed Hydraulics, Chengdu Science
Technology University in China, using coarse sand ofdmax

=4 mm,d50.1 mm, shown in Fig. 8, are opposite. These res
show that the intensity of flow turbulence intensified due to
ticles, and the degree of influence on turbulence became
intense as the particle concentration grew higher.

The difference in the results of the two sets of experim
indicates that the effect of variation in the concentration of di
ent particles on the flow turbulence is different. This can be
plained as follows:(1) The effect on the viscosity of fluid
different. Fine particles enhance the viscosity more rapidly
do coarse particles:(2) The influence on the vortex generat
field near the bottom is different. Because of larger adhesion,
particles easily conglomerate and may form flocculent struc
which lead to vortex generation and mixing becomes difficult
the other hand, coarse particles have no such effects.(3) The
effect on the source of disturbance is different. In one way
relative motion between particles and fluid can cause a d
bance. The increment of coarse particles largely intensifie
source of disturbance, but such an effect of fine particles is m
weaker. In another respect, the compaction between particle
gives rise to the disturbance. The compaction between sm
particles perhaps forms floccus, while the collision betw
coarse particles generates a large disturbance in the flow.(4) The
motion of particles on the bottom intensifies the disturbanc
general, coarse particles moving in the form of bed load are m
more than fine particles. Thus the enhancement of bed load
tion is mainly due to coarse particles. A large amount of co
particles roll, skid, and skip on the bed, which is sure to dis
the flow in the near-bed region.

The above analysis shows that the increment of fine par
will suppress the flow turbulence; while the augmentation
coarse particles will give rise to the source of larger disturb
and intensify the flow turbulence. The results also show tha
ferent particle concentrations have different influences on the
turbulence, but the diameter of particles is more important.

Influence of Particle Diameter

Comparison of experimental results shown in Figs. 6 and 8 s
that particles of different diameters have a different influenc
the flow turbulence. The above analysis indirectly discusse

Fig. 8. The flow turbulent intensity profiles for different sedim
transport rates in horizontal flow(Gs5sediment transport rate)
results on the influence of particle diameter on flow turbulence.

JOURNAL
Here, the effect of particle diameter on the source of disturb
and the stability of flow is further analyzed now.
1. The smaller the particle diameter is, the lesser the re

motion between particles and fluid is, and the more diffi
it is for the energy carrying vortices to divorce from p
ticles. If the particle diameter becomes larger, the rela
motion will increase, which is easy to separate fluid and
ticles and generate a source of larger disturbance, tog
with extra turbulence vortices.

2. The smaller the particle diameter is, the stronger the con
ing effect on the bottom is, so that the bottom becomes r
smooth, which decreases the disturbance and gen
weakens the flow turbulence. If the particles are coarse,
is no concealing effect. Conversely they will enhance
roughness of the bottom resulting in a rougher bed, w
largely increases the disturbance and generally intensifie
flow turbulence.

3. In the particle-laden flow, there exists a particle–bottom
lision. For small particles, such an effect is quite weak,
for coarse particles, its collision with bottom, its roll and s
on the bottom are strong, and largely intensify the flow
turbance. To summarize, small particles suppress the t
lence but coarse particles intensify it, as shown
Figs. 6 and 8.

Influence of Particles because of Different Flow
Reynolds Number

From the experiments shown in Fig. 7, it was also found tha
effect of particles on the flow turbulence intensity was diffe
for flows of different Reynolds numbers. For the particles use
the experiments, the measurements showed that the turb
intensity of particle laden flow was suppressed, compared
that of clear water. As flow Reynolds numberR f decreased, th
relative weakening effect of particles on the flow turbulence
creased. According to Newitt’s semiempirical formula(Govier
and Aziz 1972), two kinds of particle-laden flows are in susp
sion flow with low Reynolds number. WhenR f changes, th
variation of particle concentration in the mainstream is little.
suspension energyBf<sg−1dgvfg changes a little or does n
change at all. But ifR f decreases the turbulence energyPe de-
creases correspondingly, so the relatively weakened value
turbulence intensityB/Pe increases.

Condition for Particles Restraining Turbulence in the
Main Stream Region

In the mainstream region far away from the wall, the increas
decrease of the flow turbulence intensity by particles mainly
pends on whether the tail vortices separate from par
(Hetsroni 1989, 1993). Theoretically, the condition that partic
can only weaken the turbulence and do not cause the tail v
separation is

Rp =
Vrdp

v f
, 100 s4d

where Rp5particle Reynolds number,v f5viscosity of fluid,
Vr5relative velocity between particles and fluid, anddp repre-
sents the particle diameter.

In Eq. (4) Vr is the key parameter. It is generally assumed
the horizontal relative velocity of particles is zero and the per
dicular relative velocity is equal to the falling velocity,v. But

there exist relative turbulent flow velocities in horizontal and per-
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pendicular directions. Therefore in 2D horizontal flo
Vr5composition of longitudinal relative velocityVrl and perpen
dicular relative velocityVrp. The particle Reynolds number can
expressed as

Rp = sRpl
2 + Rpp

2 d1/2 s5d

whereRpl=Vrldp/v f, Rpp=Vrpdp/v f.
Usually it is not easy to expressRpl. Levich (1962) investi-

gated the motion of particles larger than the smallest vortex. F
the homogeneous turbulence theory, he derived a formula fo
maximum relative velocity in gas–solid flow under the condi
that the apparent body force and the gravity are neglected an
resistance coefficient remains constant. In the present stud
apparent body force was added to this formula to evaluat

maximum relative velocityṼr of particles in the solid–liquid flow

The particle Reynolds numberR̃p corresponding toṼr can be
expressed as

R̃p < 0.504S rp − r f

rp + 1
2r f

D1/2Srp + 1
2r f

r f
D1/3S 4

Cd
D1/3S dp

De
D4/3

R f s6d

where Cd5resistant coefficient,De5flow scale, r f5density of
fluid, andrp5density of particles. Here turbulence in the ma

stream region is assumed to be homogeneous, soR̃p is the maxi-
mum of longitudinal particle Reynolds numbersRpl. It is also the
maximum turbulent part of the perpendicular particle Reyn
numberRpp. Hence the composite Reynolds number can be
ten as

Rpc = sRpv
2 + 2R̃p

2d1/2 s7d

whereRpv denotes the particle Reynolds number correspon
to the gravitational fall velocity. Because the interrelation of
pendicular turbulent motion in homogeneous turbulence is

the term 2R̃p
2 is a conservative value. In the range 0.4,Rp,500,

the particle gravitational deposition velocity can be expresse
(Qian and Wan 1986)

v = S 4

225
D1/3Srp − r f

r f
D1/3

g2/3v f
−1/2dp s8d

The corresponding particle Reynolds number is

Rpv =
vdp

v f
< 0.261Srp

r f
− 1D2/3Sgdp

3

v f
2 D2/3

s9d

It is seen from Eqs.(6) and(9) that parameterdp is expresse
in dimensionless forms:dp/De and gdp

3/v f
2. It has a significan

effect on the condition that the tail vortex does not separate. O
parameters, such asR f which has a large range andrp/r f, are also
important. Eqs.(6) and (9) are applicable to gas–solid flow a
vertical flow. This explains why the method introduced by G
and Crower(1989), in which only a parameterdp/ le (proportiona
to dp/De) is used to determine whether the turbulence wil
weakened or intensified, can be applied to most but not al
perimental data. According to Eq.(7), the condition for restrain
ing turbulence is

Rpc = sRpv
2 + 2R̃p

2d1/2 , 110 s10d

On the other hand, particles should be carried by large
vortices, so partial turbulence energy can be dissipated. The
tex corresponding to Prandtl’s mixing length is the large s
vortex carrying energy with the characteristic time(Davies l972),

Tp, as
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Tp < 0.4De
2R f

−7/8v f
−1 s11d

The condition that particles respond to the vortex motio
that the characteristic time of the vortex is several times th
laxation time of particlest* . Supposing it be two times

R= Tp/t
* . 2 s12d

t* =
dp

2

18v f k
Srp + 0.5r f

r f
D s13d

wherek5revised coefficient of resistance function in the Sto
formula. In the range of 1,Rp,200,k<Rp

0.34. For heavy coars
particles,Rp is replaced byRpv. Substituting these into Eq.(12),
one obtains

R<
4.56

Rf
7/8Srp − r f

r f
D0.227S r f

rp + 0.5r f
DSDe

dp
D2Sgdp

3

v f
2 D0.227

s14d

HereDe/dp is the key parameter. In the experiments, it was fo
that Rpc,110 andR.3.0. This explains why the particles us
in the experiments suppressed the flow turbulence.

To summarize, in the mainstream region of horizontal flo
Eqs. (10) and (12) are satisfied, the particles will suppress
flow turbulence. Both equations have several parameters
scale ratio of the fluid and particleDe/dp is the most importan
The flow Reynolds numberR f and the density ratio of particl
and fluidrp/r f are also important. In addition, parametergdp

3/v f
2

has a strong influence on the separation of vortices, but
secondary effect on the dissipation of turbulence energy by
ticles. The flow satisfying Eq.(12) may not necessarily satisfy E
(10); thus the increase or decrease of turbulence depends
comparison of both aspects.

Effect of Particles on the Loss of Flow Energy in
Horizontal Flows

Mechanism of Particle Suspension

In order to clarify how the suspended particles act on the en
loss of water flow, it is first necessary to expound how part
are suspended in the flow. The past investigations discusse
suspension of particles by analyzing the action forces on a s
particle. However, the motion of particles in water flow is a k
of group motion. Therefore suspension of particles from the p
of view of the momentum equilibrium of group particle mot
will be analyzed here. For steady flow, the equation of motio
particles in the vertical direction can be expressed as

] sapupvpd
] x

+
] sapvpvpd

] y
= − apgp −

ap

rp

] p

] y
+

fy

rp
+

FL

rp
s15d

whereup andvp5particle velocities in the horizontal and verti
directions, respectively;rp5density of particles;fy5vertical re-
sistance of the water flow on particles;ap5fractional number o
volume of particles;p5pressure of water flow; andFL5uplift
force of flow acting on particles.

Taking time-averaging of Eq.(15) and neglecting high ord
small quantities, one obtains

] sapvp8vp8d
] y

= − apgy −
ap

rp

] p

]y
+

fy

rp
+

FL

rp
s16d

whereap=mpnp/rp, mp5mass of particles,np5number density o

particles;]p/]y=−r fg, r f5water density. AssumingFL=npmpa
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(a5acceleration velocity due to by the uplift forceFL), Eq. (16)
can be transformed into the following form:

]

] y
smpnpvp8

2d = − mpnpgS1 −
r f

rp
D + fy + mpnpa s17d

On the right side of Eq.(17), mpnpgs1−r f /rpd expresses th
gravity force of particles under water. The left term of this eq
tion expresses the momentum transport rate of particle flu
tions in the vertical direction. Eq.(17) shows that the gravity an
buoyancy forces acting on the particles can be balanced by
the momentum of the fluctuations of the moving particles and
uplift force with which the water flow acts on the particles. T
it can be concluded that the vertical fluctuation of particles is
of the most important mechanisms raising the particles from
bottom.

The fluctuation of particles may have various forms, suc
heat motion, and the fluctuation of particles induced by turbu
flow. Besides these, there is still some random motion takin
other forms. The saltation of particles and their impact on
bottom can also lead to the fluctuation of particles(Liu and Lu
1993).

Influence of the Existence of Particles

It was concluded that suspension of particles depends main
the momentum of particle fluctuation in the vertical direction.
particle fluctuation is caused partly by the flow turbulence. Th
fore a part of the turbulent kinetics energy of the flow is use
support the suspension of particles. However, it does not dir
consume the effective mechanical energy. From this viewp
the existence of sediment particles does not affect the loss o
energy.

While the random motion of particles occurs near the bot
except for the fluctuation of particles induced by turbulent fl
there is a more important factor, i.e., the saltation of sedim
particles and the impact of particles on the bottom. In o
words, if there exists the suspension of particles, there must
the saltation and impingement of particles on the bottom.
impossible to imagine the existence of particle suspension
out particle contact on the bottom. The saltation of particles
the impact on the bottom transmit part of the energy and mo
tum to the bottom and consume energy. Hence, in order to
particles in equilibrium(statistically averaged), the effective en
ergy must be continually extracted from the flow. From this vi
point, the existence of particles greatly increases the loss of
energy.

On the other hand, particles affect the loss of flow en
through their influence on the flow turbulence. The existenc
particles in accordance with different conditions of flow and
properties of particles may have differing influence on turbule
intensity, i.e., the existence of particles may both weaken
increase the turbulence intensity and consequently its effe
the loss of flow energy varies. To that end, consider the eq
rium equation of the flow energy

− u
dt

dy
= t

du

dy
−

d

dy
stud s18d

where u5longitudinal velocity of particle-laden flow aty, and
t5shear stress aty. In Eq. (18) the left-hand side is the ener
provided by flow. The first term on the right-hand side is the

of energy to overcome the resistance. The second term on the

JOURNAL
right-hand side is the energy aty in a unit water body to b
transmitted downward.

Since the mechanical energy provided by the flow is not e
to the energy loss due to the local resistance, energy c
mainly from the main flow region, while the energy loss is
cused in the flow region near the boundary. This reveals that
is an energy transition and a relevant process in certain str
the flow. The energy deficit in the lower layers may be supp
from the excessive energy in the upper layers. Combining
the turbulent flow configuration, one can visualize that the e
tive potential energy can be transmitted to the boundary and
duce turbulent vortices, which will be defused into the main
region and will gradually break down into small-sized ones
finally be transformed through viscosity as heat is consu
Thus the kinetic energy of turbulence comes from the effe
potential energy and is finally transformed into heat. It must, h
ever, be emphasized that the kinetic energy of turbulence is
nally a medium of the energy transformation process. To tak
part of the kinetic energy of turbulence to support the suspe
of sediment does not mean an increase of the loss of effe
potential energy. Therefore the existence of suspended pa
weakening or increasing the intensity of turbulence does no
rectly translate into the decrease or increase of energy loss

Nevertheless, the change of turbulence intensity can affe
variation of the local loss of flow energy. The weakening of
bulence intensity(if the dimensional size is not changed) means
the decrease of effective viscosity. When the shear stress re
unchanged, it means the velocity gradient will increase an
local dissipation of mechanical energy will increase. When
velocity gradient is unchanged, the shear stress and local di
tion of mechanical energy decrease. In other words, under c
conditions the weakening or increasing of turbulence inte
will lead to the local decrease or increase of the energy
However, considering the total energy loss(not equivalent to th
local mechanical dissipation), it is possible that the energy loss
particle-laden flow is greater, equivalent to, or smaller than
energy loss of clear water flow. It depends on the final resu
the resultant action. Generally speaking, the weakening of t
lence intensity mostly leads to the decrease of the loss of
energy, while the enhancement of turbulence intensity m
leads to the increase of the loss of flow energy.

It is seen that there exist diversified complicated interac
between particles and flow, and all of these interactions influ
the loss of the flow energy in different ways. Therefore, whe
the existence of particles will increase or decrease the energ
of flow depends on the final result of the resultant action. In o
words, the effect of particles on the loss of flow energy may
in accordance with the difference of particles and flow conditi

Conclusions

1. There is a difference between fluctuation intensities
forms of particles and liquid. Except for the fluctuat
caused by the flow turbulence, the particle phase has
nonturbulent fluctuations. Especially in the thin region n
the wall, the particle phase has intense nonturbulent flu
tion, resulting in the fluctuation stress, which greatly in
ences the particle movement.

2. The factors affecting the flow turbulence vary with the c
ditions of flow and particles(concentration and diameter). In
general, fine particles weaken the flow turbulence, and c

particles increase the flow turbulence.
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3. The effect of particles on the flow turbulence depends o
particle diameter, particle concentration, and flow Reyn
number. An initial condition of particles restraining flow t
bulence in the mainstream region is derived.

4. The vertical fluctuation of particles near the bottom is on
the main mechanisms that generates particle suspens
flow, which leads to the loss of flow energy. At the sa
time, the existence of particles also influences the energy
by changing the flow turbulence. Although the increas
decrease of flow turbulence intensity is not equal to the
crease or decrease of the loss of flow energy, the variati
flow turbulent intensity indeed influences the variation
local flow energy loss. Generally, the decrease of turbul
intensity leads to the decrease of flow energy loss, an
increase of turbulence intensity increases the loss of
energy. For the total loss of flow energy, both increase
decrease of the flow energy loss due to particles may o
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Notation

The following symbols are used in this paper:
a 5 acceleration velocity due to by the uplift forceFL;
B 5 turbulence energy dissipated on suspension particl

Cd 5 resistant coefficient;
D 5 diameter of pipe;

De 5 flow scale;
dmax 5 maximum diameter of particles;

dp 5 diameter of particle;
d50 5 median grain size of particles;

E 5 flow turbulence intensity;
FL 5 uplift force of flow acting on particles;
fy 5 vertical resistance of the particles to water flow;
g 5 gravitational acceleration;

gy 5 gravitational acceleration exponent in they direction;
k 5 revised coefficient of resistance function in the

Stokes formula;
le 5 characteristic length of flow;

mp 5 the mass of particles;
np 5 number density of particles;
P 5 fluctuation stress of particles;

PN 5 nonturbulence stress of particles;
PT 5 turbulence stress of particles;
Pe 5 turbulence energy;
p 5 pressure of water flow;
R 5 parameter defined by Eqs.(14) and (16) as well;

R f 5 flow Reynolds number;
Rp 5 particle Reynolds number;

R̃p 5 particle Reynolds number corresponding toṼr;
Rpc 5 sRpw

2 +2R̃p
2d1/2;

Rpl 5 particle Reynolds number corresponding toVrl ;
Rpp 5 particle Reynolds number corresponding toVrp;
Rpw 5 particle Reynolds number corresponding to the

deposition velocity of particles;
Tp 5 characteristic time of large scale vortex carrying
energy;
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u 5 flow velocity in the horizontal(or longitudinal)
direction;

u8 5 turbulent flow velocity in the horizontal(or
longitudinal) direction;

up 5 particle velocity in the horizontal(or longitudinal)
direction;

up8 5 particle velocity fluctuation in the horizontal(or
longitudinal) direction;

Vr 5 relative velocity of particles;
v 5 flow velocity in the vertical(or transverse) direction);

v8 5 turbulent flow velocity in the vertical(or transverse)
direction;

vp 5 particle velocity in the vertical(or transverse)
direction;

vp8 5 particle velocity fluctuation in the vertical(or
transverse) direction;

Ṽr 5 maximum relative velocity of particles;
Vrl 5 composition of longitudinal relative velocity of

particles;
Vrp 5 composition of perpendicular relative velocity of

particles;
wa8 5 turbulent flow velocity components in the directions

with an angle ofu;
wb8 5 turbulent flow velocity components in the directions

with an angle of −u;
x 5 the coordinate along in the horizontal(or longitudinal)

direction;
y 5 the coordinate along in the vertical(or transverse)

direction;
as 5 fractional number of volume;
g 5 specific weight of particles;

DE 5 decrement of flow turbulence intensity;
v f 5 viscosity of fluid;
r f 5 density of fluid;
rp 5 density of particles;
t 5 shear stress aty;

t* 5 relaxation time of particles;
f 5 volumetric particle concentration; and
v 5 deposition velocity of particles.
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