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1. I N T R O D U C T I O N  

A key issue in the development of models for fluid-particle flows is the turbulence of  the carrier 
phase. Increased turbulence leads to higher Reynolds stresses, increased heat transfer and enhanced 
particle dispersion and mixing. There is no general consensus on the effect of particles on carrier 
phase turbulence. Some experimental data suggest an increase in turbulence with the addition of 
particles (Tsuji and Morikawa 1982; Lee and Durst 1982; Parthasarathy and Faeth 1990; Yokuda 
1990) while other data imply that turbulence is decreased (Modarress et al. 1984a, b; Schreck and 
Kleis 1993). Some researchers have seen both increases and decreases in turbulence with the 
addition of  particles (Levy and Lockwood 1981; Tsuji et al. 1984). Gore and Crowe (1989) gathered 
data from a variety of researchers in order to generalize a trend for turbulence attenuation or 
augmentation and found that the ratio of particle diameter to integral length scale of the fluid ( D / L )  

was important. When this ratio is less than 0.1 the data show that the turbulence level decreases 
with the addition of  particles while an increase is observed for ratios greater than 0.1. No conclusion 
could be made about the magnitude of the increase or decrease based on the length scale ratio. 
Hetsroni (1989) performed an order of magnitude analysis and stated that particles with Reynolds 
numbers greater than 400 would augment the turbulence due to vortex shedding from the particles 
and those with Reynolds numbers less than 400 would attenuate it. Yuan and Michaelides (1992) 
proposed a mechanistic model based on wake shedding for turbulence generation. Squires and 
Eaton (1990), and Elghobashi and Truesdell (1993) have applied direct numerical simulation with 
'point'  particles and predicted turbulence modulation for certain situations but the results have not 
been conclusive. Yarin and Hetsroni (1994) developed a theory which accounted for both 
production due to velocity gradients in the carrier fluid and turbulent wakes behind the particles. 
There have been numerous other numerical models (A1 Taweel and Landau 1977; Elghobashi and 
Abou-Arab 1983; Kataoka and Serizawa 1989; Hwang and Shen 1993; Liljegren and Fosslein 1994) 
developed for multiphase flows. Various numerical models for multiphase turbulent flows are 
summarized in Crowe et al. (1996). 

The purpose of this note is to present a new idea on modulation of carrier phase turbulence based 
on a simple physical model for turbulence generation and dissipation by the particles. In the present 
work, an effort is made to predict the turbulence level in a gas-solid flow and to determine a 
parameter which will capture the general trend of the experimental data. 

2. P H Y S I C A L  M O D E L  

An energy balance is formulated to calculate the level of turbulence resulting from the 
introduction of the particles, as shown in figure 1. The turbulence of the fluid in the absence of 
particles, P~, is referred to as the 'inherent' turbulence. A source term must appear in the model 
to account for production of  this inherent turbulence. Production of turbulence due to the presence 
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of the dispersed phase, P~, is an additional source of turbulence energy. The possible losses of 
turbulence energy are viscous dissipation, E, and retransmission of energy to the motion of the solid 
particles, Ed. 

The inherent production represents the rate of turbulence production that is necessary to offset 
the viscous dissipation and maintain a stationary level of turbulence in the absence of particles. 
Thus, P. is given by: 

P~ = Ei = -E, I l l  

where k~ is the inherent turbulence kinetic energy and L~ is the dissipation length scale of the flow 
without particles. 

Considering the components of velocity along the main flow direction, the average energy 
produced by the fluid per unit mass of particles per unit time due to the velocity difference between 
the particles and the fluid is given by 

Pd = f [(a -- ~)2 + (u' - v') 2] [21 
~'d 

where ff and f represent the mean velocities of the fluid and particles, respectively, u' and v' are 
the fluctuating fluid and particle velocities, za is the particle aerodynamic response time and the 
factor f is the ratio of  particle drag to Stokes drag. Turbulence production terms involving the 
velocity difference between the particle and the carrier fluid have been derived by Kataoka and 
Serizawa (1989), Hwang and Shen (1993), Liljegren and Fosslein (1994) and Kenning (1996). 
However, for the application considered here, (ff - t~) 2>> (u' - v') 2, so the production term reduces 
t o  

P~ = f [(a - ~)q.  [3] 
Td 

A source of  energy loss in the carrier phase is the rate of work done by the carrier phase to 
oscillate the dispersed phase. The energy lost by the carrier phase per unit mass per unit time is 
given by 

Ed =j(U'--v')t , ," [4] 
k rd / 

The dissipation due to the particles, [~, is small relative to the production term derived above and 
is negligible for gas-particle flows addressed here. This result makes sense intuitively since the 
particles are too heavy to be oscillated significantly by the fluid, so they absorb little energy from 
the flow. The general derivation of the dissipation term may be found in Kenning (1996). 

The rate of dissipation of turbulent kinetic energy is represented by 

k 32 

= -L-  [5] 

where L is the dissipation length scale. The choice of a length scale to be used in the current 
situation requires some consideration. 

Inherent Dissipation due 
pr°ductl°n'Pi I _  turbulenCeenergy ~rticleS,£d 

Production due ] Viscous to particles, Pd dissipation, 
Figure 1. Schematic of turbulence model. 
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Figure 2. Illustration of interparticle spacing superseding dissipation length scale. 

In single phase flows, various length scales are used to characterize a turbulent flow. These 
include the integral (dissipation) length scale which is a measure of the largest scales of  the flow 
and would be taken in general to be proportional to the pipe diameter or the jet diameter depending 
on the flow configuration. The smallest scale is the Kolmogorov length scale which is independent 
of the large scales and is defined using the energy dissipation rate and the fluid viscosity. Between 
these two extremes, other length scales such as the Taylor microscale can also be defined. When 
particles are introduced into a flow, further complexities are introduced in that additional length 
scales may need to be considered. Some obvious examples are the diameter of the particles (or 
perhaps more than one particle length scale for oddly shaped particles) and the average interparticle 
spacing. The wakes produced by particles yield a length scale on the order of the particle size. If 
the particle size is smaller than the Kolmogorov scale, the particle diameter is probably not a 
significant length scale affecting dissipation. If  the concentration of particles introduced into a flow 
yields an average interparticle spacing smaller than the inherent dissipation length scale, the 
particles may interfere with the existing eddies breaking them up so that the new dissipation length 
scale is proportional to the average interparticle spacing rather than the geometry of  the pipe or 
jet. This is illustrated schematically in figure 2. Experimental studies by Kenning (1966) on 
turbulence generation by particles falling in an initially quiescent fluid show that the turbulence 
intensity based on the particle terminal velocity correlated with the particle volume fraction and 
the interparticle spacing. 

For  the current analysis, a hybrid length scale dependent on both the inherent dissipation length 
scale, L ,  and the average interparticle spacing, 2/D ~ (Tr/6Q) ~3 - 1, is used where D is the sphere 
equivalent diameter of a particle and Ed is the volume fraction of particle phase. This hybrid scale 
is defined as 

2L~2 
Lh -- L +~"  [6] 

In the limit of the two scales, L~ and 2, being equal, there is no change in length scale. If the length 
scales are not equal, the hybrid scale will fall between them, but closer to the smaller of the two 
scales. Obviously this is a very simplistic assumption but it does capture the anticipated trends in 
length scale. The viscous dissipation then takes the form 

k3/2 

E -  Lh" [7] 

If a steady state has been reached after the addition of the particles, the energy balance takes 
the form 

_ f)2f~ rid_ k 3'2 + k•": = 0 [8] (a 
p6 Lh 
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where/5~ and rio are the bulk densities of the particle and gas phases, respectively. This equation 
can be rearranged to yield the ratio of the turbulence energy to the inherent turbulence energy in 
the form 

k 3/2 ki  1'2 - -  ki 1:2 (ff  - -  iS) 2 /gd 
+ - -  [91 k, 32 Lh Li rdki ~G' 

Recognizing that the ratio of turbulence energies can be expressed as the turbulence intensity ratio 

k ff 2 
k, 6? [10] 

the expression for the turbulence intensity ratio becomes 

a zdk, pq [11] 
6-~ = ki' , 2  - 

Lh 

Solving the fractional change in turbulence intensity, one has 

- -  - -  - 1  = M .  
6,  - Z + ~  "cd /gGJ 

[12] 

This model predicts that the turbulence can be attenuated if the hybrid length scale becomes smaller 
than the intrinsic length scale. In other words, the surfaces associated with the particulate phase 
become more prominent in damping the carrier phase turbulence. 

3. COMPARISON WITH EXPERIMENTAL DATA 

The amount of experimental data for comparison is limited. Lee and Durst (1982) and Tsuji et al. 
(1984) report measurements on the turbulence intensity change of the carrier fluid (air) with 
particles flowing upward is vertical ducts. Levy and Lockwood (1981) report similar measurement 
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Figure 3. Experimental results vs turbulence modulation parameter. 
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in particle-laden jets. These data were used for comparison with the model and the results are shown 
in figure 3. The measured percent change in turbulence intensity (a - a~/~. 100%) is plotted versus 
the parameter M defined in [12] and reduced from the experimental data. Shown on the same figure 
is the model prediction represented by [12]. One notes that the model compares reasonably well 
with the available data. Obviously, the model is based simple idea which requires further 
substantiation but the comparison suggests the importance of interparticle spacing as a turbulent 
length scale in particle-laden flows. This finding implies that using 'point' particles to simulate 
turbulence in fluid particle systems will not capture the contribution due to interparticle spacing. 

4. CONCLUSION 

A simple model has been developed for carrier phase turbulence in gas-particle flows. The model 
suggests the importance or interparticle spacing in establishing a turbulence length scale in 
particle gas suspensions. The model shows reasonable agreement with the available data though 
the data are limited. 
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