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NUMERICAL INVESTIGATION OF A GAS JET WITH HEAVY PARTICLES ON THE BASIS 

OF A TWO-PARAMETER MODEL OF TURBULENCE 
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and V. V. Shor 
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Theoretical [I-4] and experimental [5, 6] investigations recently executed show that 
disperse particles exert substantial influence on the gasdynamic parameters and turbulent 
structure of two-phase jets. Two fundamental problems occur in the theoretical investigation 
of flows of this kind: formulation of the initial system of equations and representation of 
the unknow.: correlation moments. The solution of the former is obtained in [7] by spatial 
averaging of the micro-equations describing the processes within the component phases; up to 
now the ]~tter has been solved within the framework of the mixing-path theory [I-3]. The 
equation of turbulent viscosity transport for a "pure" gas has hence been applied in [2] in 
place of the Prandtl formula. 

Utilized extensively at this time to investigate turbulent flows are two-parameter models 
containing the energy transport equations of turbulent pulsations and its dissipation velocity 
[8, 9]. Such models permit not only the computation of the average parameters and character- 
istics of the turbulence with the stream prehistory taken into account, but also taking ac- 
count of the influence of the external effects to be given a bette2 foundation. The trans- 
port equation of the fluctuating energy was utilized first in [4] to analyze a jet with a low 
drop concentration under the assumption of no average phase slip. The influence of the drops 
on the fluctuation energy is here taken into account approximately by the introduction of em- 
pirical corrections to the traditional terms describing the turbulent energy generation and 
dissipation; the scale of turbulence is considered proportional to the jet width. 

An e -- ~ model is proposed in this paper for the numerical investigation of a turbulent 
gas jet with solid particles under conditions of a substantial nonequilibrium in the veloci- 
ties of the component phases; expressions are obtained for the unknown correlation moments 
due to the presence of a disperse phase. 

I. FORMULATION OF THE PROBLEM 

The system of equations for the average quantities describing the outflow of a two-phase 
turbulent jet has the form 

0% i 0 
O~ + 7 ~  (y~g)=0; (I .I) 

0 1 O , , 
0-7 (p#Up) -6 -7- -~7 (fl (ppvp -6 <ppv#>)) = 0; ( 1 .2 )  

( 4 , a , ,  

~g Ug--~ + vg oy/+ 7 " ~ y  (yp~ <ugv~>) = --F~; (1.3) 

0% , , 0% 1 0 (gpp<u'pv'p>)---- Fx; 
P + u p  ~-Tx -6 (Ppvv -6 <Ppve>)-~u -6 ~--~y (I .4) 

,+e +e i + f z, 
~ + v g ~ = - T W  t , y ~ W  / + ~ ,~ay/  - ~ ;  ( t . 5 )  

+8 ae ~ o ( ~t o+~ k ~ /oug~2 +~ 
' ~ ' ~ + " o , j  y a~ \ Y ~ ] +  "V-"'t,~)--k~e -% '  (1.6) 
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where x, y are the longitudinal and transverse coordinates; u, v are projections of the aver- 
age velocity component on the x, y axes, respectively; p is the distributed density; the sub- 
scripts g and p refer, respectively, to the parameters of the lifting and disperse phases; 
e, s are the turbulent fluctuation energy and its dissipation rate 

i i , j  

v, v t a r e  t h e  m o l e c u l a r  and t u r b u l e n t  k i n e m a t i c  v i s c o s i t i e s ;  Ug i i s  t h e  p r o j e c t i o n  of  t h e  
f l u c t u a t i n g  gas  v e l o c i t y  component  on t h e  i - t h  a x i s ;  F x i s  t h e  p r o j e c t i o n  of  t h e  f o r c e  of  
i n t e r p h a s a l  i n t e r a c t i o n  on t h e  x a x i s ,  and as  i n  [ 2 ] ,  we assume Vg = Vp = v .  

To make t h e  s y s t e m  of  e q u a t i o n s  more s p e c i f i c ,  we r e f i n e  t h e  r e p r e s e n t a t i o n  of  t h e  i n t e r -  
p h a s a l  i n t e r a c t i o n  f o r c e .  I t  i s  shown i n  [10] t h a t  f o r  s m a l l  volume f r a c t i o n s  of  t h e  d i s -  
p e r s e  p h a s e ,  t h e  A r c h i m e d e s  f o r c e  and the  f o r c e  due to  t h e  e f f e c t  of  t h e  a p p a r e n t  masse s  can 
be n e g l e c t e d .  As a n a l y s i s  p e r f o r m e d  a c c o r d i n g  to  [11 ,  12] f o r  t h e  p a r t i c l e  s i z e s  u n d e r  c o n -  
s i d e r a t i o n  shows,  t h e  c o n t r i b u t i o n  of  t h e  Magnus f o r c e  i s  i n s i g n i f i c a n t  i n  t h e  a b s e n c e  of 
i n i t i a l  r o t a t i o n .  Then t h e  i n t e r p h a s a l  i n t e r a c t i o n  f o r c e  i s  d e t e r m i n e d  by t h e  v e l o c i t y  n o n -  
e q u i l i b r i u m  b e t w e e n  t h e  p h a s e s  and has  t h e  form 

F *  3 * * * o o 6 

where  6 i s  t h e  p a r t i c l e  d i a m e t e r ,  p~ = p p / a p  i s  t h e  t r u e  d e n s i t y ,  ap i s  t h e  vo lume f r a c t i o n  
of  t h e  d i s p e r s e  p h a s e ,  and  t h e  s u b s c r i p t  * r e f e r s  t o  t h e  a c t u a l  v a l u e s  of  t h e  q u a n t i t i e s .  
The d r a g  c o e f f i c i e n t  o f  t h e  s p h e r i c a l  p a r t i c l e  i s  d e t e r m i n e d ,  as  i n  [ 2 ] ,  f rom t h e  s t a n d a r d  
c u r v e  by the  d e p e n d e n c e  

c! = 2 4 ( t  § 0A79 V I ~  + 0.0t3 Be*)//~e*, Be* - - - I v 2 -  v~l  ~/,  

L e t  us r e p l a e g  t h e  a c t u a l  v a l u e s  of  t h e  v e l o c i t i e s  and d i s t r i b u t e d  d e n s i t i e s  i n  ( 1 . 7 )  b y t h e  
sum of average and fluctuating components V* = V + V' ~" , p~ + pp + pp. Taking the average, 
we obtain for the projections of the fluctuating and average components of the interphasal 
interaction force 

' a ' 
- , _ _ , _ 

, l  

t l ? 

& = ~,j (uei  - -  u~,~) p~, + "7~ <(ugl  - -  ups) pp>, (1.8) 
0 2 0 

= + 0. 79 + 0 0taR ).u  

E q u a t i o n s  (1 .5) and ( 1 . 6 )  a r e  o b t a i n e d  f rom t h e  e q u a t i o n s  of  m o t i o n  of  t h e  l i f t i n g  me- 
dium i n  whose r i g h t  s i d e  t h e  i n t e r p h a s a l  i n t e r a c t i o n  f o r c e  i s  c o n t a i n e d .  The a d d i t i o n a l  t e rms  
due to  t h e  i n f l u e n c e  of  t h e  p a r t i c l e s  h e r e  have  t h e  form 

! t 

---- X~-}7# o-~f/' ( I. 9) Og i,j 

The boundary conditions are 

~/ : 0 :  O U g / O y  =- O U p / O y  --~ O p p / O y  = ae/Oy = Os/Oy = v ---- 0; 

y ~ o o :  Ug ~ Up : ~  Us,  p p  ~ P P s ,  e == es~ 8 ---= 8s ;  

x = 0 :  u~=ue0(y), u ,=u,0(y) ,  v = v o ( y ) ,  pp=ppo(y), 
e : eo(y), e : e0(g). 

The s y s t e m  of  e q u a t i o n s  ( 1 . 1 ) - ( 1 . 6 )  s h o u l d  be  c l o s e d .  

(i .io) 

(i .11) 

(i .12) 

2. CLOSURE OF THE SYSTEM OF EQUATIONS 

We use the customary representation [9] for a gas 

, , aug  e 2 

<ueve> = - -  v~ ~F' v t  = k l - 7 .  
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Substituting the value of the force fluctuations determined by means of (1.8) into (1.9), we 
obtain an expression for gp 

P g  { 

(2.1) 

Let us omit the triple correlation in (2.1); the second term can also be omitted since Ug i = 
�9 ~ ~ . o �9 

Ups- for i = y, z while for i = x the correlatxon moment <UgiOP> associated w~th arbxtrary 
mass transfer of the disperse phase because of gas velocity fluctuations is small. We con- 
sequently obtain 

i 

! ! 

For the representation of the correlation moment <UpiUgi> we write the equation of mo- 
tion of a single particle in integral form [13]: 

t 

S 
! ! # 

upi (t) = upi (0) exp (-- ?~t) § ~i exp (-- ?~ (t --  x)) Ugi (rv ( J ,  x) dr, (2 .2)  
0 

! 

where Ugi ( rp (Z)  , ~) i s  the  E u l e r  v e I o c i t y  of  the  l i f t i n g  medium a long  the  p a r t i c l e  ~ r a j e c -  
t o r y ,  and rp(~)  i s  the  p a r t i c l e  d i s p l a c e m e n t .  We m u l t i p l y  bo th  s i d e s  of  (2 .2 )  by u g i ( t )  and 
by t a k i n g  the  a ve r age  over  the  ensemble  of  p a r t i c l e s  and over  t ime ,  we o b t a i n  

t 

t , "  ! ~ r t t 
<u~ (t) ue~ (t)> = <uvi (0) uei (t)> exp (-- ?it) + r i . ,  exp ( - -  "hs) <Ugi ('0 ugi ('~ § s)> ds. 

0 
(2.3) 

The coefficient of Euler space--time correlation of the gas velocity along the particle trajec- 
tory will be approximated, as in [ 13], by the exponential dependence 

t t 

= , , = e x p ( - -  ,~i  I ~ I). ( 2 . 4 )  <ug~ (t) ug~ (t)> 

For the longitudinal and transverse correlation there has been obtained in [13]: 

= c ~ 1 .  
+ o,51 I ) A ' 

The Euler integral spacial scale of turbulence is found from the formula A = k6e3/2/~. Inte- 
grating (2.3) with (2.4) taken into account for sufficiently large t by using the hypothesis 
of local homogeneity and isotropy yields 

, , Y{ . , ~_  2 Pl~ ~ '~  Y~.q)~3, 

We set ~p -~ 2yxepp/pg. 
! ! 

To obtain the correlation moment <UpVp> we multiply (2.2) for i = x and i = y and after 
taking the average analogously to [14], we obtain 

0 --0o 

Integrating (2.5) with (2.4) taken into account yields 

' ' . "~x?u ( 1 1 .) <u'gv'g>, 

In a first approximation we set ~xy = k~x~t 
The correlation moment representing the turbulent mass transfer of the disperse phase 

can be represented in the form 

(2.5) 
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, ,,, O p t ,  
<p~v~> = - -  Dp  ~ y .  

The coefficient of transverse particle diffusion is determined, as in [13], from the rms 
displacement 

i d <dr> 
D~ = ~--- lira ~F <Y~ (t)> = - -  

t-~oo cpyy �9 

3. ANALYSIS OF NUMERICAL INVESTIGATION RESULTS 

The system of equations (1.1)-(1.6) with the boundary conditions (1.10)-(1.12) closed 
in this manner was solved by a finite-difference method by using an implicit six-point scheme 
of second-order accuracy [15]. The conditions for the outflow were taken as in [6] in per- 
forming the computations: p~ = 8500 kg/m 3, the nozzle radius is b = 0.015 m, Ugz = Upz = 35 
m/sec, the subscript z refers to parameters at the nozzle exit on the jet axis. The sub- 
merged jet was considered as a particular case of a cojet for a co-coefficient tending to 
zero. The co-coefficient did not exceed I% in the computations. The values of the empirical 
constants that remain in (1.3), (1.5), (1.6) as the disperse phase concentration tends to 
zero taken the same as in single-phase jets [9]. The remaining constants are obtained from 
the condition of best agreement between the results of computation of two-phase jets and ex- 
perimental results: k6 = I, k7 = 2. 

Turbulent fluctuation intensity profiles in the section x/b = 40 are presented in Fig. 
I for 6 = 45-10 -6 m for different initial specific particle flow rates (~ = @pup/pgu;): ~z = 
O; 0.25; 0.5; I are in curves I-4, respectively. An increase in ~z results in growth of 
ep, ~p and the production of turbulent energy. Consequently, as the numerical investigations 
show, the level of e is reduced somewhat. At the same time the value of the gas velocity 
on the jet axis rises significantly, consequently the quantity e/uSm is diminished notice- 
ably, which is noted in [I] also; the subscript m refers to parameters on the jet axis. The 
change in e/u~m is shown in Fig. 2 for ~z = I, x/b = 40 and different particle sizes (10 -6 
m): I) single-phase jet; 2) 6 = 67; 3) 6 = 45; the dashed line is the result of a computa- 
tion for 6 = 67 in the absence of the terms e~, ~p in the appropriate equations. A diminu- 
tion in the particle size causes an increase in gp, ~p because of the growth of B and in 
vt(aUg/ay) 2 because of the growth of ugm. It is seen that the turbulent fluctuation inten- 
sity in the result diminishes substantially; the additional terms Ep, ~p exert substantial 
influence on the computation results. 

A comparison between the results of the numerical computations of the gasdynamic quan- 
tity fields (solid lines) and the experimental data [6] is presented in Figs. 3-5. Profiles 
of the distributed disperse phase density and the longitudinal velocity of both phases along 
the jet axis are represented in Fig. 3 for ~ = 45.10 -6 m and different specific particle flow 
rates: Ppm/Ppz ~ [I) ~z = I; 2) ~z = 0.5]; Ugm/Ugz [3) single-phase jet; 4) ~z = 0.5; 5) 
~z = I]; Upm/Upz [6) ~z = 0.5; 7) ~z = I]. It is seen that an increase in ~z causes a 
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diminuation in the drop of the gas velocity along the jet axis, which is explained not only 
by the increase in the total particle surface and the magnification of the interphasal inter- 
action, but also by the growth in ~_ ~ noted above. The coefficient of transverse particle 
diffusion increases here and Ppm/Ppz diminishes. 

Distributions of the same quantities as in Fig. 3 are in Fig. 4 for ~z = I and differ- 
ent particle sizes (10 -6 m): Ppm/Ppz [I) 6 = 45, 2) 6 = 67]; Ugm/Ug z [3) single-phase jet; 
4) 6 = 67; 5) 6 = 45]; Upm/Upz [6) 6 = 45; 7) 6 = 67]. An increase in the particle size mag- 
nifies the flow velocity nonequilibrium because of a diminution in the interphasal surface. 
This causes a diminution in Dp and an increase in Ppm/Ppz- A change in the ordinates yp, Yu 
in which the disperse phase concentration and the gas velocity, 2espectively, reach half the 
axial values is shown in Fig. 5 for 6 = 45.10 -6 m and different ~z :Yp [I) ~z = I; 2) ~z = 
0.5]; Yu [3) ~z = I; 4) ~z = 0.5; 5) ~z = 0]. As the change increases the jet becomes 
narrower and longer-range, which agrees with the deductions in [I]. 

Let us note that because of interaction with the walls the particles in the experiments 
under consideration [6] visibly acquire a significant initial transverse velocity and the 
relationship Vg = Vp is not satisfied. In all probability the turbulent diffusion of the 
disperse phase mass across the jet is exaggerated; a further refinement of the values for 
the empirical constant k6, on which the quantity <p~v~> depends, is necessary. 

Better agreement between the results of computations and the experimental data will per- 
mit utilization of the model proposed for a numerical investigation of the two-phase turbu- 
lent jets. 
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A number of problems in science, engineering, and technology can be solved with the help 
of fine-pore membranes. In recent years, membranes which are called reticular filters are 
finding increasing applications. These membranes are obtained by bombarding thin polymeric 
films with high-energy ions [I]. The distinguishing features of such membranes are: high 
density and nonoverlapping of pores, almost cylindrical shape of the channels, and small 
variance of the pores with respect to radius. All of these properties make reticular filters 
irreplaceable ~n many cases, because the quality of the filtration in them is higher than for 
other types of membranes. 

There is a large number of papers in the literature concerning the investigation of gas 
flows with arbitrary Knudsen numbers through capillaries and capillary sieves with con- 
trollable geometry. It is shown in these papers that the gasdynamic permeability of different 
gases is sensitive to the geometry, material, temperature, and roughness of the surface of 
the channel [2, 4]. There are practically no analogous investigations of reticular filters 
of the type indicated above, although they are of undoubted interest, because they permit 
clarifying both the characteristics of the structure of pores in the reticular filters them- 
selves and the physical nature of the interaction of molecules of different gases with one 
another and with the surface of channels. 

In this paper we present the results of measurements of the flows of helium, argon, and 
xenon through a reticular filter in a wide range of Knudsen numbers (0.5 < Kn < 500) at a 
temperature of T = 293~ 

The measurement procedure and the schematic of the setup used to perform the investiga- 
tions are described in detail in [4]. The method of stationary flow, based on determining 
the rate of change of the volume of the system at constant pressure p, was used. The gas 
flowing through the reticular filter discharged into a vacuum. The filter under study was 
prepared from a polyethylene terephthalate film L = (1.00 • 0.05)'10 -3 cm thick. The pore 
density of the filter was N = (4.0 • 0.1).107 cm -2, the average radius of the input cross 
sections of the pores was <R0> = (1.25 • 0~30)-I0 -5 cm, the average radius of the outlet 
openings was <RL> = (2.6 • 0.3)'I0 -s cm. The quantities N, <R0>, <RL> were estimated from 
photographs of the filter, obtained with the help of an electron microscope. 

The experimental results for different gases were compared in terms of the relative 
flow rate ~ as a function of the rarefaction parameter 6 related to the Knudsen number by 
the relation 

6 = --~-- -%-- 2 Kn' (I) 
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