Fluid—=Solid Interaction in Particle-Laden Flows

Q. Q. Liu* and V. P. Singh, FASCE?

Abstract: Using a laser-Doppler split-phase measuring technique, the rates of fluctuation in horizontal and vertical directions of pipe
flow containing solid particles were observed. Employing these observations the effect of particles on flow turbulence was analyzed an
a formula for determining the initial condition of particles restraining the flow turbulence in the mainstream region was developed. The
mechanisms affecting the energy loss of flow were then analyzed.
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Introduction tained different results. For example, Elata and Ipp&h%61)
measurements for nearly neutrally buoyant particle-laden flows

Sediment-laden water flow is a special case of two-phase flow. with high particle concentrations showed an increase in the flow
One of the basic problems in two-phase flow is the interaction turbulence intensity. Mullef1973 also suggested increased flow
between particles and water, which has been a subject of muchturbulence intensity based on the LO\ser Doppler velocime-
interest during the past half centufBagnold 1962; Monte and  ter) measurements for coarse sand-laden flows. Van Ing@81)
Arthur 1973; Lee and Durst 1982; Hetsroni 1989; Lyn 1992; Lu et and Lyn(1992 reported that no appreciable change occurred in
al. 19961 Nguyen and Fletcher 19991 Ooms and Jansen 2000’ Ljuéurbulence intensity for fine sand-laden ﬂOW, whereas XlngkL”
et al. 2002; Cao et al. 2003The motion of particles is induced by ~ and Ning's (1989 experiments for both natural sands and neu-
the flow of water and inversely influences the structure of flow. trally buoyant plastic particles indicated an appreciable decrease
The flow turbulence, fluctuations of water and particles, and the in turbulence intensity. These results have shown that under dif-
loss of flow energy caused by particles are related to the interac-ferent conditions the influence of particles on turbulence is differ-
tion between water and particles. Qian and Wa886 summa- ent.

rized investigations before the 1980s. Based on experimental data, Gore and Cro489 con-

The last two decades have witnessed remarkable advances |ﬁluded that the influence of particles on turbulence was dependent
the two-phase flow theory, partly due to the considerable progresson the particle diameter. They uselg/le=0.1 (d,=diameter of
achieved in measurement techniques, especially in the use of laParticle ande=characteristic length of floyas a critical charac-
sers to evaluate the component velocities of the two phases. Laseteristic value to evaluate the increase or decrease of the intensity
technology has facilitated acquisition of experimental data which, Of flow turbulence due to solid particles. It has been found that
in turn, have helped develop a better understanding of flow turbulence may be enhanced when suspended particles are larger
mechanismgOhba and Yuhara 1979; Lee and Durst 1982; Tsuji than the turbulence length scale, or suppressed as they are so fine
and Morikawa 1982; Lu et al. 1988; Nino and Garcia 1996; Liu as to be enclosed within turbulent eddies. Hetsd8i89, 1993
1998; Sommerfeld and Huber 1999; Aisa et al. 200&verthe- further concluded that the grain Reynolds number determined the
less, the results of various investigations were significantly differ- Weakening or strengthening of the flow turbulence intensity.
ent owing to the limitations of measurement technology. As a When the grain Reynolds number exceeded a certain value
result, there has been much controversy over the effects of par{>400), trailing vortices would divorce from particles, resulting
ticles on turbulent flows. Among them, two major controversies in increased turbulence intensity. On the contrary, when the grain
are turbulence modulatiafenhancement or attenuatjosnd flow Reynolds number was smdk<100), the trailing vortices would
energy losgincrease or decrease not divorce from particles and the turbulence intensity would not

Different experimental observations have, sometimes, ob- increase.

Using a hydrogen bubble as an indicator to observe the sub-
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ticles, there seem to be three viewpoigiai et al. 1996: (1) the
existence of particles increases the loss of flow enegythe
existence of particles decreases the loss of flow energy(3nd
the loss of flow energy may both be increased or decreased by the
particles. Thus the mechanism affecting the loss of flow energy
due to particles is not yet completely clear.

The difference between the motion of particles and that of
water is rather small but the particle—water interaction is quite
complex. As a result, our understanding of the interaction in
fluid—solid flow is still limited and far from complete, as com-
pared with gas—solid flow. Thus the objective of this study is to
further investigate the particle—water interaction in fluid—solid
flow, which includes the following four aspectd) evaluate the
difference between flow turbulence and particle fluctuation based
on experimental observations, especially in the region close to a
wall where there are significant effects on the motions of two
phases(2) analyze the influence of particles on flow turbulence
from the point of view of changing the source of disturbance and
the stability of flow;(3) derive a condition for particles restrain-
ing the flow turbulence in the main region of the stream; &hd
determine the mechanism and two aspects of particles affecting
the loss of flow energy from two basic points: the mechanism of
particles suspension in horizontal water flow and the processes of
transmission and loss of flow energy.

Experiment Setup and Measurement Method

Experiment Setup

Experiments were conducted in both horizontal and vertical trans-

parent pipes as shown in Fig. 1. Pipes were 100 cm long, with a

rectangular section 1.5 c#3.0 cm. A small water tank was fitted (b) horizontal pipe system

with a small pump. The speed and the rate of flow were adjusted

through a variable voltage. During the liquid—solid flow experi- Fig. 1. Schematic view of experimental setup: 1. Experimental pipe;
ments, particles were directly placed in the water tank and mixed 2. up pipe; 3. down pipe; 4. control valve; 5.pump; 6. fluid vessel; 7.
with water, forming a self-circulatory flow. In the experiments on water flow; 8. particle; 9. laser beam; and 10. measurement point
both vertical and horizontal pipe flows, the measurement section

was 67.5 cm away from the inlet where the flow was relatively

stable. The coordinate system of the measurement section ISDoppler velocimeter, the maximum volume concentration of par-

shown in Fig. 2. ticles in the flow must be less than 0.005. According to the prin-
cipal of phases splitting, only the particle phase and the fluid
Measurement Method phase can be differentiated, and the accurate size of particles can-

) . not be determined. In general, particles larger thaquB0in di-
The laser-Doppler split-phase velocity measurement system was, oter are regarded as constituting the particle phase, and par-

used in the experiments. It was comprised of a 1D laser and a Sef;cje5 smaller than Gum in diameter are regarded as constituting
of two-phase data split-phase collecting and processing systemy,s g phase. The particles with a diameter between 6 and

(including a two-phase signal phase splitter, time-sharer, data sig-5q , 1y will not be differentiated to maintain the reliability of the
nal processor, and compuxéku et al. 1988; Liu 1998 The laser separation of the two phases.

was a one-dimensional fringe type system, working in a forward
diffusive model and straightforward acceptance. The power of the
He—Ne laser was 12 MW. After expanding 2.2 times, the launch-
ing angle of the laser beam in the air was 8.36°. The relative * rsmm
receiving aperture F/No=16, the spin hole diameter was 24/
0.15mm, and the speed-frequency conversion fackor
=230.2 kHz{m/s).

The time-averaged velocity, turbulgffiiuctuation intensity on

- 30mm

I

Src———+-

any point in the selected section can be measured. The number of 4
particles passing through this point during a certain time can be o . .
also obtained and can be regarded as a relative concentration. The (a) vertical pipe  (b) horizontal pipe

concentration in this section was measured by the sampling o )
method, which was used for reference and contrast. Fig. 2. Schematic diagram of the coordinate system of the measure-

Owing to the limitations of the light permeability of the laser- Ment sections
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velocity fluctuations of both the particle-phase and the water-
phase were observed along the center line of the measurement
section. In experiments, the longitudinal velocity fluctuations of
both phases were observed at first. Then, keeping the same flow
condition, the velocity fluctuations in both phases in the direction
with an angle of 60° and -60° to the main flow were observed;
respectively. Finally, the transverse velocity fluctuations were ob-
tained by using Eq(1) (6=60°). The experimental results of the
horizontal and the vertical pipe flows are shown in Figs. 4 and 5,
(a) For vertical pipe (b) For horizontal pipe respectively.

Fig. 3. Coordinate system for deriving the transverse turbulent ve-

locity Experiment 2

In the horizontal pipe flow, the turbulence intensjfiow direc-
tion) of clear water in the center point of the measurement section

_In the experiments, a moderate amount of silica gel particles yas observed at first under the flow condition of having the flow
with 3 um diameter were added to the filtered water which was Reynolds numbetR;=UR/v, U=cross-section-averaged veloc-

used to represent the fluid phase, and the Reynolds number of theyy of pipe flow; R=hydraulic radius of pipe flow; and

flow was controlled between>610°~2x 10% In order to elimi- v=kinematic viscosity of waterof 14,700. Then, keeping the
nate the influence caused by the particle tail separation, the parsgme flow condition(R{=14,700 and adding the polystyrene
ticle Reynolds number was generally less than 110. In practical particles with a diameter of 0.15—0.20 mm to the flow, the flow
applications the particle Reynolds number can be chosen to beyrhulence intensitiegflow direction at the same point for differ-
less than 400. ent particle concentrations were observed for comparing with that
The longitudinal velocity fluctuatiotelong the flow direction  of clear water flow. The results of statistical analysis of a large
was directly measured. However, the transverse velocity fluctua- gmount of sampling data showed that the measured value of tur-
tion (perpendicular to the flow directigrwas not directly mea-  pylence intensity of particle-laden flow was lower than that of
sured but was obtained by combining velocity fluctuations in the clear water. Therefore the decrem¢a€) of flow turbulence in-

results in the mainstreaiiu and Lu 1993. _ ent particle concentrations are shown in
As shown in Fig. 3, ignoring the transverse time-averaged ve- Fig, 6,

locity, one has

S 1 — — — Experiment 3
0= o W W= 207 cog o) @ P
2 sirr 6 For the horizontal pipe system, two kinds of polystyrene particles
wherev’ =transverse velocity fluctuation! =longitudinal veloc-  ©f d,=0.45-0.50 mm and,=0.17-0.20 mm were added to the

ity fluctuation, andw/,w,=velocity fluctuation components in the flow, respegtlvely. Then, keeping other conditions constant and
directions with an angle of and -9 to the mainstream, respec- ONly changing the flow ratgflow Reynolds numbgy the flow
tively. In the experiments, we cho$e=60°. tyrbulence intensity at the center point of the measuremept sec-
Because of the limitations of the laser system, the transverselion was observed by the laser-Doppler velocimeter. Similar to
velocity fluctuation was not directly measured but was obtained EXperiment 2, the decremefdE) of flow turbulence intensity,
with the aid of the results obtained in the direction with an angle comparing with clear water flow, was examined, and the values of
of & and - to the main flow. The laser beam was required to turn AE/E(%) for different flow Reynolds numbers are shown in Fig.
by an angled (or —6) in the measurements, but this made it
difficult to observe the transverse velocity fluctuation very close
to the wall. Therefore the data on the transverse flow turbulent
velocity very near the wall could only be inferred. In addition, Experimental Results
since the optical conditions of observation at different points for
the circular pipe are different, in the experiments we used instead
the rectangular pipe to ensure the same optical conditions of ob-
servations at different measurement points along the transverséexperimental results of vertical and horizontal pipe flows, plotted
axis. in Figs. 4 and 5, respectively, show that longitudinal and trans-
verse velocity fluctuation profiles of both phases along the trans-
verse axis are similar, and exhibit similar characteristics. Except
Experimentation for a thin region near the wall, the velocity fluctuations of both
phases in both directions decrease first, reach a smallest value at
the pipe center, and then begin to increase. Regardless of the
phase, the transverse velocity fluctuation is generally less than the
Using the laser-Doppler split-phase measurement technique, exfongitudinal velocity fluctuation. The difference between the two
periments were conducted on particle-laden pipe flows in hori- phases becomes larger close to the wall. In the mainstream region
zontal and vertical tubes, respectively. Glass particles away from the wall, both gradually become equal and the flow
0.145-0.175 mm in diameter were used in the experiments. Thecan be regarded as homogeneous turbulent.
longitudinal (flow direction, i.e. x direction in Fig. 3 and trans- Comparing the results of horizontal pipe flow and vertical pipe
verse(perpendicular to flow direction, i.ey, direction in Fig. 2 flow, there exist small differences, especially in the thin region

Velocity Fluctuations of Solid and Liquid Phases

Experiment 1
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(2) The longitudinal velocity fluctuation (flow direction)
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(b) The transverse velocity fluctuation (perpendicular to flow direction)

Fig. 4. Longitudinal and transverse velocity fluctuations of both phases distributed along transverse axis in the vertical pipe flow

near the wall. These may be caused by different distributions of near the wall, but this is not true for the particle phase; instead it
particle concentrations in both flows. In the vertical flow, the increases near the wall; an@®) in the mainstream region, the
maximum value of the particle concentration occurs at the centervelocity fluctuation of the particle phase is, in general, marginally
of pipe and decreases gradually from the center to the wall. How- smaller than that of the fluid phase. However, in a small region
ever, in the horizontal flow the maximum value of the particle around the pipe center, the velocity fluctuation of the particle
concentration occurs at the bottom wall of the pipe and decreaseghase is slightly more than that of the fluid phase in the vertical
gradually from the bottom wall to the top wall. This may be the pipe flow.
main reason causing the distribution of velocity fluctuations to be ~ The longitudinal and transverse velocity fluctuations of par-
unsymmetrical, especially for the particle phase. The influence of ticles near the wall and around the vertical pipe center are larger
the bottom wall is more than that of the top wall. In addition, than those of the liquid, which cannot be explained by the par-
because the condition for observation very near the top wall in the ticles following flow turbulence. According to Liu and Ld993,
horizontal pipe was not very favorable, the data very near the upthe irregular motion of particles in the solid—fluid flow may have
wall were not observed. This was perhaps the reason that the wallvarious forms. Besides turbulent fluctuations caused by flow tur-
effect near the//D=1 did not appear distinctly in the experimen- bulence, there are yet other fluctuation forms which are different
tal results. from turbulence. It is surmised that the irregular pulsation caused
In the experiments, only one transverse velocity fluctuation by collision between particles, or particle and wall, is a form of
and its distribution along with one transverse direction were ob- fluctuation which is different from turbulence. The total fluctua-
served. Indeed, because the cross section of the tube was rectanion of particles(v/?) can be regarded as a superposition of tur-
gular, the wall effects in both transverse dimensions existed andpylent motion[(vg )] caused by flow turbulence and nonturbu-
were different due to different dimensions. The wall effect would |gnt motion[(u_",z)N] not caused by flow turbulenggiu and Lu
be higher along the small dimension. However, it is surmised that 1993; Liu 1997, i.e.
the qualitative laws should be similar, although the numerical
values may be different.
Comparing the velocity fluctuations of particles and water, one U_F’)Z = (U_';Z)T + (U_;;Z)N 2
may note three main difference®) in the near-wall region, the
velocity fluctuation of the particle-phase is generally larger than
that of the liquid phase;2) because of the influence of the wall, This is the reason that the particles have larger fluctuation inten-
the turbulent flow velocity of the liquid phase decreases rapidly sity than the does the liquid.
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E e - water Influence of Particles on Flow Turbulence in Horizontal
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E é The flow turbulence is the result of flow instability and external
0.4 }% disturbance, and the particles carried by flow can change the

] R source of disturbance and the stability of flow. The ways in which
0.2 ] %qn\ particles affect turbulent flow can be divided into two types: one

- is to change the stability of flow, and the other is to change the
0‘% 00 002 004 006 008 \/=,—2— source of external disturbance. The flow stability is influenced by

. X X . . v

increasing flow viscosity, extra effective gravity, and buoyancy
caused by the particle concentration gradient, relative motion be-
tween particles and fluid, and increment of the fluid inertia caused
by the increment of the mean specific gravity.

The source of external disturbance is influenced as folloWs:
Fig. 5. Longitudinal and transverse velocity fluctuations of both the shear force is not totally transmitted to the wall to generate

phases distributed in the transverse axis in the horizontal pipe flow Vortices anymore because of the existence of particBs large
amount of particles concentrate in the vicinity of the bottom in

horizontal flows where the vortices are continually generat&d;
Likewise, according to different fluctuation forms, the fluctua- there is a shielding effect of particles on the bottom; ef)dhere
tion stress of particle$P) can be divided into turbulence stress is collision between particles or between particles and wall. Un-

(b) Transverse velocity fluctuation (perpendicular to flow direction)

(PT) and nonturbulence stre$BN), that is doubtedly, all these factors affect the flow turbulence in different
ways. The mechanism and the main factors, such as particle con-
P=PT+pP" 3 centration, particle diameter, and flow Reynolds number are now
analyzed.

Therefore a mechanism for the particle movement in the layer
close to the wall is that particles have an intense nonturbulent
fluctuation, resulting in the intense fluctuation stress which Influence of Particle Concentration
greatly influences the particle movement in the flow, especially in _ . L
horizontal flow because of the higher particle concentration near.The V?‘“a“°” of particle concentrgtlon influences ﬂ.OW turbulence
the bottom wall. Bagnold1954) pointed out that there exist in- In various ways. In gengral, t_he increment of particle concentra-
tense discrete force and shear force near the bed in open channé\on may increase the wscqsny of flow, and more partlcles con-
flows. Indeed this is just the result of the nonturbulence stress duegregate hear the bottom Wh'Ch. strengthgns the motion of par_tlcles
to particles near the bottom wall, on thg .bottom. At thg same time, the impact of more parfucles

intensifies the fluid disturbance. However, for particles of differ-
ent diameters, the particle concentration has a different influence

on the flow turbulence.

8.0 Fig. 6 illustrates the decrement of flow turbulent intensity
] changing with particle concentration. At the beginning, the incre-
~60 1 ‘--——’Q—" . . . .
I e ment of AE is evident as the concentration increases to an average
~40F o/ value. Then the increment &E gradually decreases to a very
§ - / small value. This is due to the effect of the particle concentration
201 / affecting the deposition velocity of particles. For particle-laden
0.0 [ [ . ' \ . flows, it is generally accepted that the suspension of particles is
L fo5.0 10 15 20 25 sustained by the vertical flow turbulence. Following the analysis
-2.0 cx10® of horizontal fluid—solid flow by Azbe(1981), the turbulence

) o ) ) o energy dissipated on suspension patrticles, that is, suspension en-
Fig. 6. Variation of AE/E with particles concentration in the ergy, can be expressed Bs=(y-1)gwd, whereo=deposition
horizontal pipe flow(C=particle concentration by volume velocity of particles, andh=volumetric particle concentration.
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Here, the effect of particle diameter on the source of disturbance
yH Clear Water Gs=0.022 kgfs and the stability of flow is further analyzed now.
08 - Gs=0.033 kg/s | 1. The smaller the particle diameter is, the lesser the relative
Gs=0.044 kg/s motion between particles and fluid is, and the more difficult
0.6 - it is for the energy carrying vortices to divorce from par-
0.4 L ticles. If the particle diameter becomes larger, the relative
motion will increase, which is easy to separate fluid and par-
02 | ticles and generate a source of larger disturbance, together
e with extra turbulence vortices.
00 04 08 12 1.6 2.0 24 28./u’/u, 2. The smaller the particle diameter is, the stronger the conceal-
ing effect on the bottom is, so that the bottom becomes rather
Fig. 8. The flow turbulent intensity profiles for different sediment smooth, which decreases the disturbance and generally
transport rates in horizontal flopGs=sediment transport rate weakens the flow turbulence. If the particles are coarse, there
is no concealing effect. Conversely they will enhance the
roughness of the bottom resulting in a rougher bed, which
Whend increases, the viscosity of the medium will increase and largely increases the disturbance and generally intensifies the
» will decrease. Hence B increases @swill mitigate in high flow trbulence. . .
3. In the particle-laden flow, there exists a particle—bottom col-

particle concentration. o ! X X
Our experiments show that particles weaken the flow turbu- lision. For small particles, such an effect is quite weak, but
lence. However, the results of experiments, conducted in the for coarse particles, its collision with bo_ttom, |_ts roll and skl_p
Laboratory of High Speed Hydraulics, Chengdu Science and  ©n the bottom are strong, and largely intensify the flow dis-
Technology University in China, using coarse sand dyf,, turbance. To summarize, small particles suppress the turbu-

=4 mm,dg,>1 mm, shown in Fig. 8, are opposite. These results lence but coarse particles intensify it, as shown in
show that the intensity of flow turbulence intensified due to par- Figs. 6 and 8.

ticles, and the degree of influence on turbulence became more

intense as the particle concentration grew higher. Influence of Particles because of Different Flow

The difference in the results of the two sets of experiments reynolds Number
indicates that the effect of variation in the concentration of differ-
ent particles on the flow turbulence is different. This can be ex-
plained as follows:(1) The effect on the viscosity of fluid is
different. Fine particles enhance the viscosity more rapidly than
do coarse particles2) The influence on the vortex generating
field near the bottom is different. Because of larger adhesion, finer
particles easily conglomerate and may form flocculent structures
which lead to vortex generation and mixing becomes difficult. On
the other hand, coarse particles have no such eff¢8jsThe
effect on the source of disturbance is different. In one way, the < k
relative motion between particles and fluid can cause a distur-SioN flow with low Reynolds number. WheR; changes, the
bance. The increment of coarse particles largely intensifies thevarlatlon_ of particle concentration in the mams_tream is little. The
source of disturbance, but such an effect of fine particles is muchSUspension energg[~(y-1)gwd] changes a little or does not
weaker. In another respect, the compaction between particles als§hange at all. But ifR; decreases the turbulence enefgyde-
gives rise to the disturbance. The compaction between smallerCréases correspo_ndlngly_, so the relatively weakened value of the
particles perhaps forms floccus, while the collision between turbulence intensit/Pe increases.
coarse particles generates a large disturbance in the (@#yvhe
motion of particles on the bottom intensifies the disturbance. In Condition for Particles Restraining Turbulence in the
general, coarse particles moving in the form of bed load are much pMain Stream Region
more than fine particles. Thus the enhancement of bed load mo-
tion is mainly due to coarse particles. A large amount of coarse
particles roll, skid, and skip on the bed, which is sure to disturb
the flow in the near-bed region.

The above analysis shows that the increment of fine particles
will suppress the flow turbulence; while the augmentation of
coarse particles will give rise to the source of larger disturbance
and intensify the flow turbulence. The results also show that dif-
ferent particle concentrations have different influences on the flow R,=—2 <100 4
turbulence, but the diameter of particles is more important. vt

From the experiments shown in Fig. 7, it was also found that the
effect of particles on the flow turbulence intensity was different
for flows of different Reynolds numbers. For the particles used in
the experiments, the measurements showed that the turbulence
intensity of particle laden flow was suppressed, compared with
that of clear water. As flow Reynolds numbRf decreased, the
relative weakening effect of particles on the flow turbulence in-
creased. According to Newitt's semiempirical formul@ovier

and Aziz 1972, two kinds of particle-laden flows are in suspen-

In the mainstream region far away from the wall, the increase or
decrease of the flow turbulence intensity by particles mainly de-
pends on whether the tail vortices separate from particles
(Hetsroni 1989, 1993 Theoretically, the condition that particles
can only weaken the turbulence and do not cause the tail vortex
separation is

where R,=particle Reynolds numbery;=viscosity of fluid,
V,=relative velocity between particles and fluid, adg repre-
sents the particle diameter.

Comparison of experimental results shown in Figs. 6 and 8 shows In Eq. (4) V, is the key parameter. It is generally assumed that
that particles of different diameters have a different influence on the horizontal relative velocity of particles is zero and the perpen-
the flow turbulence. The above analysis indirectly discusses thedicular relative velocity is equal to the falling velocity,. But
results on the influence of particle diameter on flow turbulence. there exist relative turbulent flow velocities in horizontal and per-

Influence of Particle Diameter
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pendicular 'qlirections. . Th'erefore .in 2D .horizontal flows, szo_ngf—W%f—l (12)
V,=composition of longitudinal relative velocity,, and perpen-
dicular relative velocity/,,. The particle Reynolds number can be
expressed as

The condition that particles respond to the vortex motion is
that the characteristic time of the vortex is several times the re-
laxation time of particles”. Supposing it be two times

R. = (R2 + R2 )2 5 )
p= (Roi * Rpy) ®) R=T/r >2 (12)
whereRp =V, dy/vs, Ryp=V,pdy/vs.
Usually it is not easy to expred’,,. Levich (1962 investi- d? +0.
gated the motion of particles larger than the smallest vortex. From T = Ep_k(gpp—a)f> (13
f f

the homogeneous turbulence theory, he derived a formula for the
maximum relative velocity in gas—solid flow under the condition wherek=revised coefficient of resistance function in the Stokes
that the apparent body force and the gravity are neglected and théormula. In the range of £ R,<200,k~ R3'34. For heavy coarse
resistance coefficient remains constant. In the present study, theparticles,R, is replaced byR,,,. Substituting these into E¢12),
apparent body force was added to this formula to evaluate theone obtains

maximum relative veloci'[9~</r of particles in the solid—liquid flow. _\0.227 2/ g\ 0227
: = N _ 456 po=pr Pr De|"( 9%
The particle Reynolds numbeR, corresponding tov, can be R~ —7s 2 14
r Rf o pp+ OEpf dp Us

expressed as
1 \1/3 HereD./d, is the key parameter. In the experiments, it was found
= < Pp ~ P )1/2( Ppt Epf> ( 4 )l/?’(Ee)m that R, <110 andR>3.0. This explains why the particles used
R, =~ 0.50 - R¢ (6) . pe :
P ppt %pf Pt Cq De in the experiments suppressed the flow turbulence.

. . ) To summarize, in the mainstream region of horizontal flow if
where Cy=resistant coefficientb.=flow scale, p;=density of  gq5 (10) and (12) are satisfied, the particles will suppress the
fluid, andp,=density of particles. Here turbulence in the main- {5,y yrbulence. Both equations have several parameters, the
stream region is assumed to be homogeneouRse the maxi- scale ratio of the fluid and particB./d, is the most important.
mum of longitudinal particle Reynolds numbedRg,. It is also the The flow Reynolds numbeR; and the density ratio of particles
maximum turbulent part of the perpendicular particle Reynolds and fluidp,/p; are also important. In addition, paramegﬂg/v?
numberR,,. Hence the composite Reynolds number can be writ- has a strong influence on the separation of vortices, but has a
ten as secondary effect on the dissipation of turbulence energy by par-

o, o ticles. The flow satisfying Eq12) may not necessarily satisfy Eq.
Rpc= (Rp, + 2Ry) (7 (10); thus the increase or decrease of turbulence depends on the

whereR,,,, denotes the particle Reynolds number corresponding €OmMparison of both aspects.
to the gravitational fall velocity. Because the interrelation of per-
pendicular turbulent motion in homogeneous turbulence is zero,
the term R2 is a conservative value. In the range 4.R,<500,

the particle gravitational deposition velocity can be expressed as
(Qian and Wan 1986

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

Mechanism of Particle Suspension

4 \13 _
o= (E) (Bppf—pf> 9?7V, (8 In order to clarify how the suspended particles act on the energy
loss of water flow, it is first necessary to expound how particles
The corresponding particle Reynolds number is are suspended in the flow. The past investigations discussed the
d 23/ g\ 23 suspension of particles by analyzing the action forces on a single
Ry, = 2% _o.261 2o - 1) (9_29> 9) particle. However, the motion of particles in water flow is a kind
Ut Pt Ut of group motion. Therefore suspension of particles from the point

It is seen from Eqs(6) and (9) that parameted, is expressed of view of the momentum equilibrium of group particle mption
in dimensionless formsd,/D, and gd5/vf. It has a significant W;:tieleasn_?]lﬁgd thrgél':grr:éiigycg?]wl’)éhg e?g:stg)(;l ;); motion for
effect on the condition that the tail vortex does not separate. OtherParticies | vertical directi xp
parameters, such & which has a large range apg/p;, are also 3 (apUgup) @ (apvpvp) a,dp f, F_
important. Eqs(6) and (9) are applicable to gas—solid flow and peuml b~ - - _Ea_y +2+—= (15
vertical flow. This explains why the method introduced by Gore Pp Pp Pp
and Crower(1989, in which only a parametet,/le (proportional whereu, andv,=particle velocities in the horizontal and vertical
to d,/D,) is used to determine whether the turbulence will be directions, respectivelyp,=density of particlesf,=vertical re-
weakened or intensified, can be applied to most but not all ex- sistance of the water flow on particles,=fractional number of
perimental data. According to E¢7), the condition for restrain-  volume of particles;p=pressure of water flow; an& =uplift

X ay pdp

ing turbulence is force of flow acting on particles.
- Taking time-averaging of Eq15) and neglecting high order
Rpe= (R3, + 2R%)M2 < 110 (10 small quantities, one obtains
On the other hand, particles should be carried by large scale Ilav'v.
vortices, so partial turbulence energy can be dissipated. The vor- Lgﬂﬁ'ﬁ =T o0y~ ggo;_p + Yy + o (16)
tex corresponding to Prandtl’s mixing length is the large scale y Pp %  Pp Pp
vortex carrying energy with the characteristic tiizavies 1973, wherea,=mgn,/p,, my=mass of particlesy,=number density of
Tp, as particles; dp/ dy=—-pg, ps=water density. Assumindr_ =n,m,a
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(a=acceleration velocity due to by the uplift forég), Eq. (16) right-hand side is the energy &tin a unit water body to be
can be transformed into the following form: transmitted downward.
Since the mechanical energy provided by the flow is not equal
9 — of to the energy loss due to the local resistance, energy comes
E/(mpnpvp )=- mpnpg(l —p—) +f,+myna (17 mainly from the main flow region, while the energy loss is fo-
P cused in the flow region near the boundary. This reveals that there
On the right side of Eq(17), myn,g(1-p¢/p,) expresses the is an energy transition and a relevant process in certain strata of
gravity force of particles under water. The left term of this equa- the flow. The energy deficit in the lower layers may be supplied
tion expresses the momentum transport rate of particle fluctua-from the excessive energy in the upper layers. Combining with
tions in the vertical direction. Eq17) shows that the gravity and  the turbulent flow configuration, one can visualize that the effec-
buoyancy forces acting on the particles can be balanced by bothtive potential energy can be transmitted to the boundary and pro-
the momentum of the fluctuations of the moving particles and the duce turbulent vortices, which will be defused into the main flow
uplift force with which the water flow acts on the particles. Thus region and will gradually break down into small-sized ones and
it can be concluded that the vertical fluctuation of particles is one finally be transformed through viscosity as heat is consumed.
of the most important mechanisms raising the particles from the Thus the kinetic energy of turbulence comes from the effective
bottom. potential energy and is finally transformed into heat. It must, how-
The fluctuation of particles may have various forms, such as ever, be emphasized that the kinetic energy of turbulence is origi-
heat motion, and the fluctuation of particles induced by turbulent nally a medium of the energy transformation process. To take out
flow. Besides these, there is still some random motion taking on part of the kinetic energy of turbulence to support the suspension
other forms. The saltation of particles and their impact on the of sediment does not mean an increase of the loss of effective
bottom can also lead to the fluctuation of particiess and Lu potential energy. Therefore the existence of suspended particles
1993. weakening or increasing the intensity of turbulence does not di-
rectly translate into the decrease or increase of energy loss.
Nevertheless, the change of turbulence intensity can affect the
variation of the local loss of flow energy. The weakening of tur-
It was concluded that suspension of particles depends mainly onbulence intensityif the dimensional size is not changeaieans
the momentum of particle fluctuation in the vertical direction. The the decrease of effective viscosity. When the shear stress remains
particle fluctuation is caused partly by the flow turbulence. There- unchanged, it means the velocity gradient will increase and the
fore a part of the turbulent kinetics energy of the flow is used to local dissipation of mechanical energy will increase. When the
support the suspension of particles. However, it does not directly velocity gradient is unchanged, the shear stress and local dissipa-
consume the effective mechanical energy. From this viewpoint, tion of mechanical energy decrease. In other words, under certain
the existence of sediment particles does not affect the loss of flowconditions the weakening or increasing of turbulence intensity
energy. will lead to the local decrease or increase of the energy loss.
While the random motion of particles occurs near the bottom, However, considering the total energy las®t equivalent to the
except for the fluctuation of particles induced by turbulent flow, local mechanical dissipationit is possible that the energy loss of
there is a more important factor, i.e., the saltation of sediment particle-laden flow is greater, equivalent to, or smaller than the
particles and the impact of particles on the bottom. In other energy loss of clear water flow. It depends on the final results of
words, if there exists the suspension of particles, there must existthe resultant action. Generally speaking, the weakening of turbu-
the saltation and impingement of particles on the bottom. It is lence intensity mostly leads to the decrease of the loss of flow
impossible to imagine the existence of particle suspension with- energy, while the enhancement of turbulence intensity mostly
out particle contact on the bottom. The saltation of particles and leads to the increase of the loss of flow energy.
the impact on the bottom transmit part of the energy and momen- It is seen that there exist diversified complicated interactions
tum to the bottom and consume energy. Hence, in order to keepbetween particles and flow, and all of these interactions influence
particles in equilibrium(statistically averagedthe effective en-  the loss of the flow energy in different ways. Therefore, whether
ergy must be continually extracted from the flow. From this view- the existence of particles will increase or decrease the energy loss
point, the existence of particles greatly increases the loss of flow of flow depends on the final result of the resultant action. In other
energy. words, the effect of particles on the loss of flow energy may vary
On the other hand, particles affect the loss of flow energy in accordance with the difference of particles and flow conditions.
through their influence on the flow turbulence. The existence of
particles in accordance with different conditions of flow and the
properties of particles may have differing influence on turbulence ~gnciusions
intensity, i.e., the existence of particles may both weaken and

increase the turbulence intensity and consequently its effect ony  Tnhere is a difference between fluctuation intensities and

Influence of the Existence of Particles

the loss of_flow energy varies. To that end, consider the equilib- forms of particles and liquid. Except for the fluctuation
rium equation of the flow energy caused by the flow turbulence, the particle phase has other
nonturbulent fluctuations. Especially in the thin region near
dr _du d the wall, the particle phase has intense nonturbulent fluctua-
-u—=7—-—(1U) (18 . T . . .
dy dy dy tion, resulting in the fluctuation stress, which greatly influ-
ences the particle movement.
where u=longitudinal velocity of particle-laden flow at, and 2. The factors affecting the flow turbulence vary with the con-
T=shear stress at. In Eq. (18) the left-hand side is the energy ditions of flow and particlegsconcentration and diamejein
provided by flow. The first term on the right-hand side is the loss general, fine particles weaken the flow turbulence, and coarse

of energy to overcome the resistance. The second term on the  particles increase the flow turbulence.
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3. The effect of particles on the flow turbulence depends on the
particle diameter, particle concentration, and flow Reynolds
number. An initial condition of particles restraining flow tur-
bulence in the mainstream region is derived.

4. The vertical fluctuation of particles near the bottom is one of
the main mechanisms that generates particle suspension in
flow, which leads to the loss of flow energy. At the same
time, the existence of particles also influences the energy loss
by changing the flow turbulence. Although the increase or
decrease of flow turbulence intensity is not equal to the in-
crease or decrease of the loss of flow energy, the variation of
flow turbulent intensity indeed influences the variation of
local flow energy loss. Generally, the decrease of turbulence
intensity leads to the decrease of flow energy loss, and the
increase of turbulence intensity increases the loss of flow
energy. For the total loss of flow energy, both increase and
decrease of the flow energy loss due to particles may occur.
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Notation

The following symbols are used in this paper:
a = acceleration velocity due to by the uplift forég;
B = turbulence energy dissipated on suspension particles;
Cy4 = resistant coefficient;
D = diameter of pipe;
D. = flow scale;
dmax = mMaximum diameter of particles;
dp = diameter of particle;
dsp = median grain size of particles;
E = flow turbulence intensity;
F. = uplift force of flow acting on patrticles;
f, = vertical resistance of the particles to water flow;
g = gravitational acceleration;
g, = gravitational acceleration exponent in thelirection;

u = flow velocity in the horizonta(or longitudina)
direction;

u’ = turbulent flow velocity in the horizontglr
longitudina) direction;

u, = particle velocity in the horizontglor longitudina)
direction;

u;, = particle velocity fluctuation in the horizontébr
longitudina) direction;

V, = relative velocity of particles;

v = flow velocity in the verticaor transversgdirection);

v’ = turbulent flow velocity in the verticalor transversge
direction;

v, = particle velocity in the verticalor transversp
direction;

v,’, = particle velocity fluctuation in the verticgbr

transversgdirection;

V, = maximum relative velocity of particles;

V, = composition of longitudinal relative velocity of
particles;

V,, = composition of perpendicular relative velocity of

particles;

w, = turbulent flow velocity components in the directions
with an angle ofo;

w; = turbulent flow velocity components in the directions
with an angle of 9;

x = the coordinate along in the horizontak longitudina)
direction;

y = the coordinate along in the vertic@r transversg
direction;

as = fractional number of volume;

v = specific weight of particles;

AE = decrement of flow turbulence intensity;

vs = viscosity of fluid;

p; = density of fluid,;

pp = density of particles;

T = shear stress af,

= relaxation time of particles;

¢ = volumetric particle concentration; and
o = deposition velocity of particles.

k = revised coefficient of resistance function in the References
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