
IMPURITY DIFFUSION IN A FLOW DOWNSTREAM 

OF TURBULENCE-GENERATING GRIDS 
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The veloci ty  f ields and intensi ty of flow turbulence  a f te r  gr ids  in o rd inary  pipes have been 
m e a s u r e d .  The diffusion of an impur i ty  (helium) injected into the flow immedia t e ly  af ter  the 
the grid is invest igated.  

The flow downs t ream of gr ids  placed in o rd inary  pipes has a s t ruc tu re  that  is v e r y  s i m i l a r  to flow in 
fu rnaces  and combust ion c h a m b e r s  for  ce r t a in  chemical  industr ial  equipment.  

Very  few m e a s u r e m e n t s  have been conducted immedia te ly  af ter  the tu rbu lence-genera t ing  grid,  and 
the re  is a lmos t  no informat ion on the flow s t ruc tu re  t he re .  At l a r g e  dis tances  f r o m  the gr id,  for  X/M > 10 
to 20, the turbulence p rob lem has been studied in s eve ra l  papers  ([1-3] and others) .  In those  paper s  the 
basic  laws governing the var ia t ion  of the turbulence  sca le  and intensi ty with dis tance f r o m  the gr id  have  been 
found, the fluctuation energy  distr ibution with r e s p e c t  to the f requency  spec t rum determined,  etc.  The t u r -  
bulent diffusion p roce s s  behind the grid has  r ece ived  l e s s  attention [4, 5]. 

The t r anspo r t  of m a s s  a c ro s s  the flow is c h a r a c t e r i z e d  by the va r i ance  02 of the concentra t ion d i s t r i -  
bution C(r) or  s tandard deviation a.  In a homogeneous i so t ropic  turbulence  field,  02 is r e l a t ed  to the t u r -  
bulence p a r a m e t e r s  by the fundamental  turbulent  diffusion equation 

:'= 2v 'y  d;, j" Rd:. (1) 
0 0 

This equation has two l imi t ing  solut ions,  which, express ing  the diffusion t :me  t in t e r m s  of the dis tance 
x f r o m  the impur i ty  sou rce  to the plane of m e a s u r e m e n t  and the ave rage  flow veloci ty  U over  the length x, 
m a y  be r e p r e s e n t e d  in the f o r m  

cr = ex (2) 

fo r  smal l  x, and 

~ = 2 /9 x § const = 2e lx+ const (3) 
U 

fo r  l a r g e  x. Relations (2) and (3) enable us to r e l a t e  the quantity a to the turbulence  intensi ty  e = v /U,  the 
turbulent  diffusivity D = v/,  and the turbulence  sca le  l .  

In p rac t i ce  the values  of a a r e  de te rmined  f r o m  the spread ing  of an impur i ty  jet introduced into the 
flow through a smal l -d~mension  source .  Inasmuch as  the impur i ty  concentra t ion prof i les  C(r) in turbulent  
f low a r e  well descr ibed  by a Gaussian cu rve  in the m a j o r i t y  of c a s e s ,  the value of a can be defined as the 
half-width of C(r) fo r  C ~ 0.607C(0), where  C(0) is the impur i ty  concentra t ion  on the injected jet axis in the 

m e a s u r e m e n t  plane.  

I m m e d i a t e l y  behind the grid the flow r e p r e s e n t s  a se t  of individual s t r e a m s  issuing f r o m  the grid 
openings and gas eddy zones af ter  the grid connecting s t r i p s .  In the jet flow region the flow turbulence  is 
anisot ropic ,  and in the radia l  d i rec t ion r it is inhomogeneous.  According to the data of [2], however ,  for  
X = 4M the turbulence can a l ready  be r ega rded  as p rac t i ca l ly  i so t rop ic .  An analogous conclusion is in fe r red  
f r o m  a compar i son  of the r e su l t s  of m e a s u r e m e n t s  of the longitudinal [6] and t r a n s v e r s e  [7] components  of 
the fluctuation veloci ty  a f te r  gr ids  in o rd inary  p ipes .  
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Fig. I. Average velocity fields and turbulence intensities after grids 
No. 1 (a) and No. 2 (b) and turbulence intensity and turbulent fluctua- 
tion velocity v after the center opening of grid No. I (c). I) U; If) e; 
lID v; values of X/M: i) 0.75; 2) 1.5; 3) 2.5; 4) 4.5; 5) 0.4; 6) 1.2; 
7) 2.4; 8) 4,8; 9) 8.0; 10) 0.5; II) 1.0; 12) 1,5; 13) 2.2; 14) 3.5. 
Grid No. I: M=40mm, d=30mm, S= 0.67; grid No. 2: IV[ =25 
ram; d = 16 ram, S = 0.71. 

Below we give data from measurements of the velocity profiles and intensity of turbulence downstream 
of grids and the results of a determination of the standard deviation G for helium injected into a flow directly 

af te r  a g r id .  

The s t a n d a r d  devia t ion  ~ was d e t e r m i n e d  f r o m  the r e s u l t s  of m e a s u r e m e n t s  of the h e l i u m  c o n c e n t r a -  
t ion  p ro f i l e  C(r) for  i n j ec t i on  of the gas th rough  a tube  hav ing  an ins ide  d i a m e t e r  of 1 r am.  The h e l i u m  c o n -  
c e n t r a t i o n  was d e t e r m i n e d  by the tapping  of gas s a m p l e s  and t h e i r  a n a l y s i s  in an i n s t r u m e n t  a n a l y z e r .  

The  t u r b u l e n c e  i n t e n s i t y  e was d e t e r m i n e d  a c c o r d i n g  to Eq. (2). F o r  the m e a s u r e m e n t s  of ~ the  d i s -  
t a n c e  be tween  the h e l i u m  s o u r c e  and the  s a m p l i n g  tube  was x = 15 to 25 ram, and the h e l i u m  was  in jec ted  
a long the  m a i n  flow th rough  a tube  I m m  in d i a m e t e r .  The h e l i u m  s o u r c e  could be moved  along the m a i n  
f low and in the r a d i a l  d i r ec t i on ,  i ts  pos i t ion  be ing  f ixed with :~ 0.5 m m  e r r o r .  The gas s ~ m p l i n g  tube,  a l so  
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Fig .  2. Standard deviat ion if, c o r r e l a t i o n  coeff ic ient  
R (a), and tu rbu lence  in tens i ty  e (b) v e r s u s  X /M:  
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1 mm in d i a m e t e r ,  was moved s imul taneous ly  wi th the  source  or independently of i t .  The d i sp lacement  and 
posi t ioning e r r o r  was �9 0.05 m m  in the r ad ia l  d i rec t ion  and ~ 0.5 m m  in the longitudinal  d i r ec t ion .  The 
value thus de te rmined  fo r  e is the ave rage  for  the segment  x, so that  in our p resen ta t ion  of the exper imen ta l  
data  we have condi t ional ly  r e f e r r e d  e to the :midpoint of the segment  x.  

We inves t iga ted  the influence of var ious  f ac to r s  on the m e a s u r e m e n t s  of cr and e and e s t ima ted  the 
e r r o r  of the method.  On the bas i s  of the r e s u l t s ,  we chose  he l ium inject ion and s~mpling r e g i m e s  in which 
the ve loc i ty  d i f fe rences  between the main  flow, he l ium inject ion,  and gas sampl ing  did not influence the 
m e a s u r e m e n t  of o, de t e rmined  the d i s t ance  x r e q u i r e d  fo r  the  m e a s u r e m e n t s  of e,  and so  on. The influence 
of the d imens ions  of the a c c e s s o r y  a t tachments  on a was accounted fo r  by the r e l a t ion  

~2 = ~ _ 0.7R~, (4) 

in which R i is  the r ad ius  of the source  and of the s~mpling tube,  and ~0 is the m e a s u r e d  value of the va r i ance .  
In most  ca ses  the pos s ib l e  r e l a t i v e  e r r o r  in the de te rmina t ion  of ~ and a did not exceed 5%. 

The to ta l  and s ta t ic  p r e s s u r e s  w e r e  m e a s u r e d  with a s t anda rd  T-f i t t ing .  The values  of v we re  d e t e r -  
mined f rom the data  of m e a s u r e m e n t s  of the tu rbu lence  in tens i ty  and flow ve loc i ty .  

We inves t iga ted  the flow a f t e r  g r ids  c o m p r i s i n g  pe r f o r a t e d  d isks  8 m m  thick,  which we re  se t  up in 
pipes 105 and 180 m m  in d i a m e t e r .  The gr id  openings we re  spaced at the v e r t i c e s  of equ i l a t e ra l  t r i ang l e s  
having a s ide  M (equal to the spacing of the g r id  openings).  The opening d i a m e t e r  d was v a r i e d  f r o m  4 to 
20 mm,  and 1Vi f rom 6 to  35 ram.  The b lockage  S of the pipe c r o s s  sec t ion  by  the gr id ,  i . e . ,  the r a t i o  of 
the a r e a  occupied by the g r id  me ta l  to the pipe c r o s s  sect ion,  ranged  f r o m  0.48 to 0.92 fo r  d i f ferent  g r i d s .  

The expe r imen t s  we re  conducted at an a ve r a ge  vo lumet r i c  flow r a t e  a c r o s s  the g r id  of 10 to 20 m / s e e ,  
and the p r e s s u r e  and t e m p e r a t u r e  were  c l o s e  to the a tmosphe r i c  va lues .  
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Fig.  3. Genera l iza t ion  of the m e a s u r e m e n t  
data for  the va r i ance  a in the f o r m  ~/~M 
= f(X/M).  See Fig.  2 fo r  the nomenc la tu re . "  

The flow veloc i ty  f ields we re  m e a s u r e d  a f te r  gr ids  
se t  up in the 1 8 0 - r a m - d i a m e t e r  pipe.  The veloci ty  f ields 
U(r) at var ious  distm~ces f r o m  gr ids  No. 1 and No. 2 a r e  
shown in Fig.  1. Compar ing  the flow veloci ty  f ields a f te r  
the different  gr ids  and, in pa r t i cu l a r ,  those  r e p r e s e n t e d  
in Fig.  1, we note that  the no ,un i fo rmi ty  of the veloci ty  
prof i les  at a l a r g e  d is tance  f r o m  the grid is m o r e  p r o -  
nouneed, the g r e a t e r  the "shadowing" of the pe r iphe ra l  
pa r t  of the flow by the grid and the l a r g e r  the spacing M 
between gr id  openings.  The exper imenta l ly  de te rmined  
length of the r e v e r s e - f l o w  zones a f te r  the grid s t r i p s  
does not exceed two or th ree  s t r ip  widths, but it is con-  
s ide rab ly  g r e a t e r  at the pipe walls (Fig. la ) .  

The turbulence  intensi ty  f ield e and r m s  fluctuation ve loc i ty  field v equalize rap id ly  with dis tance 
f r o m  the gr id,  becoming  p rac t i ca l l y  level  by  the t ime  X/M > 2 or 3. This r e su l t  is i l lus t ra ted ,  in pa r t i cu la r ,  
by the m e a s u r e m e n t  r e su l t s  fo r  e(r) and v(r) at var ious  dis tances  f r o m  the center  e lement  (opening plus 
adjacent  s t r ips)  of gr id No. 1; see  Fig .  l c .  The f ie lds  e(r) a f te r  the gr ids  a r e  also given in F igs .  l a  and 
lb .  In the cent ra l  pa r t  of the flow at X/M > 4 they a r e  f a i r ly  level ,  but at the pipe walls the level  of e in-  
c r e a s e s .  It  is not iceable  that  fo r  smal l  d imensions  of the r e v e r s e - f l o w  zones the inc rease  in the turbulence 
intensi ty  as the pipe wall is approached is smal l  (as in the case  of grid No. 25. On the other  hand, if the 
d imensions  of the region "shadowed" by the grid at the wall a r e  l a rge ,  the i nc r ea se  in e is m o r e  apprec iab le ,  
but even in this ca se  the turbulence  in the cen t ra l  pa r t  of the flow m a y  be r ega rded  as nea r l y  uniform in the 
radial direction. 

Consequently, the inhomogeneities of the scale M of the velocity field U(r), fluctuation velocity field 
v(r), and turbulence intensity field e(r) of the flow after the grids practically equalize at a distance X = (3- 

4)M. 

Since the field e(r) near the grid is nonuniform, the results of measurements of the variance if2 can 
depend on the position of the impurity source relative to the grid elements. Of course, the more nearly 

uniform the flow turbulence, the weaker will be this dependence and the "more representative" will be the 
value of 02 obtained in the experiment. 

We measured the values of i after a source set up at distances X i = (0-0.88)M from grid No. 3 in 
various positions: on the axis of the center opening (rl/M = 05, after the edge of the opening (riM ~ 0.37), 
and after the grid strip (rl/M = 0.5). The results of these experiments are given in Fig. 2a. 

It is seen that the experimental points obtained for different positions of the helium source on the axis 

of the opening (r i = 05 provide a good fit to a single curve in the coordinates (if/M, x/M). The displacement 

of the helium source from the opening axis at X I = 30 m m (XI/M ~ 0.95 also does not alter the value of i(x). 

The dependence if(x) determined at ri = 0.5M and X i = 0.45M, i.e., with the source placed after the grid 

strip (center), differs appreciably from the other values of if(x). As the distance X i is decreased to 0 the 

value of if(x) does not decrease to the size of the helium source, but remains larger, ~ 6.5 mm at X I 

= 0.45M. In this case the source was situated in the reverse-flow zone after the center grid strip. The 

helium is entrained by the gas flows, filling up the eddy zone; the dimensions of the latter were thus re- 

sponsible for the large values of (r(x). The influence of the size of the eddy zone on (~ was taken into account 

according to Eq. (4), in which the source radius R I was replaced by the equivalent zone half-width, which 

in the given ease was ~ 6.5 ram. The dependence ff/M(x/M) at rl/M = 0.5 and XI/M = 0.45, corrected ac- 

cording to (45, is represented by the dashed curve in Fig. 2a. 

These results suggest that within the limits of experimental error the value of if(x) at distances from 

the source x > (I to 25M is independent of the position of the source relative to the grid elements and is equal 
to the standard deviation (r(X) measured after the impurity source placed immediately in the grid opening. 

The dependences or(X) were subsequently determined after the helium source placed on the axis of the center 

grid opening at Xi/M = 0 to 0.5. 

The results of our measurements of the standard deviation after grids set up in the 105-mm pipe are 
shown in Fig. 2a. With increasing distance from the grid the value of i increases monotonically, but its 
most rapid growth is observed for X _ (3 to 4)M. The i/M level is higher, the greater the blockage of the 
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pipe by the gr id.  Fo r  gTids such that the ra t io  d/M and blockage fac to r  S were  equal (grids Nos .  4, 6, and 
75 the exper imenta l  points fo r  X/M < 4 provide  a s a t i s f ac to ry  fit  to a s ingle curve ;  fo r  l a r g e  values of X/M 
the dependence u/M = f(X/M) becomes  segrega ted .  

The var ia t ion  of the turbulence  intensi ty with the r e l a t ive  dis tance X/M f r o m  the grid is given in Fig.  
2b. The m a x i m u m  intensi ty  em i s  g r e a t e r ,  the g r e a t e r  the blockage S of the pipe by the gr id,  and is iden- 
t ical  fo r  geomet r i ca l ly  s i m i l a r  g r ids .  The re la t ionship  of the ~(x) level  to the blockage p a r a m e t e r  S has  
been noted [8]. The dis tance  X m f r o m  the grid where  the turbulence  intensi ty at tains the m a x i m u m  e m is 
equal to (3-4)M for  the invest igated gr ids .  An analys is  of the r e su l t s  and data f r o m  other  paper s  (e. g . ,  
[215 shows that  the dis tance X m is de te rmined  not only by  the quantity ]V[, but also depends on the r e l a t ive  
posit ion and shape of the openings. Thus,  for  f lat  s q u a r e - m e s h  grids  X m = (2-3)M. Clear ly ,  the value of 
X m can a lso  depend on the flow p a r a m e t e r s  (Reynolds number) .  

In o rde r  to exhibit the influence of the turbulence  p a r a m e t e r s  on or(X) assuming  flow i so t ropic i ty  and 
homogenei ty ,  we used the exper[menta l  cu rves  f o r  u(X) to ca lcula te  the Lagrang ian  co r re l a t ions  R(xs.  The 
calculat ions were  c a r r i e d  out according to the equation 

d~a 2 (X) / d2a ~ (0) (5) 
R (X) -- dX 2 dX 2 

The re su l t s  of the calculat ions a r e  p resen ted  in Fig.  2a. It is impor tan t  to note that the d e t e r m i n a -  
tion of R(X5 according to Eq. (5) incurs  s izable  e r r o r s  (by our e s t ima te s ,  as much as 20 to 30% in cer ta in  
cases ) ,  so that the dependences R(X) a r e  given h e r e  m e r e l y  as an example .  I t  is poss ib le  on the bas i s  of 
these  data,  however ,  to ve r i fy  that  the co r re l a t ion  coefficient  is g r e a t e r  than ze ro  a f te r  all the invest igated 
gr ids  fo r  X/'M < 4 and is equal to ze ro  fo r  X/M > (7-10)M. Consequently,  the va r i ance  02 for  X/M < 4 is 
de te rmined  main ly  by the turbulence intensi ty level ,  and fo r  X/M > (7-10)M it is de te rmined  main ly  by the 
turbulent  diffusivity,  i . e . ,  by the turbulence  intensi ty  and sca le .  

Knowing the quantity em (Fig.  2b) and the flow turbulence  intensi ty  e0 in the grid openings (in our 
case  e0 -~ 0.045, we can genera l i ze  the resu l t ing  dependences a(X) at l a r g e  dis tances  f r o m  the grid with ac -  
ceptable  accu racy  fo r  prac t ica l  appl icat ions.  The exper imenta l  data a r e  p resen ted  in Fig.  3 in the f o r m  
~/~-M = f(X/M),  where  ~ = 1 /2(e  m + t 0) is the ave r age  value of the turbulence intensi ty  over  the segment  
X = ( 0 - 4 ) M .  Despi te  the approximat ion used in de te rmin ing  ~ the given genera l iza t ion  of the exper imenta l  
data  m a y  be r e g a r d e d  as sa t i s facr  The d i sc repancy  of the  exper imenta l  dependences in the  in terval  
R(X) = 0 fo r  X > 4M is a t t r ibutable  to the d i f ferences  in the turbulence  sca les  fo r  the invest igated gr ids .  
Inasmuch as the turbulence  sca le  can be de te rmined  by the diffusion method only for  R(X) = 0, the sca le  l 
a f te r  the gr ids  can only be de te rmined  fo r  X >_ (7-10)M. 

The re fo re ,  the  diffusion r a t e  of an ~mpurity injected into the flow immedia te ly  a f te r  the gr id  is d e t e r -  
mined  fo r  X __ (3-45M only by the turbulence intensi ty  level  of the flow af ter  the gr id .  F o r  X > (7-10)M, 
i. e . ,  f o r  R(X) = 0, the impur i ty  diffusion r a t e  is de te rmined  by the turbulent  diffusivity.  

N O T A T I O N  
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is 
is 
is 
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the hel ium concentra t ion;  
the turbulent  diffusivity,  mm2/ sec ;  
the d i ame te r  of grid opening, m m ;  
the turbulence  sca le ,  m m ;  
the grid m e s h  s ize ,  or  "spacing~ between openings,  m m ;  
the number  of gr id openings; 
the Lagrang ian  co r re l a t ion  coeff icient ;  
the coordinate  of the point in the rad ia l  direct ion,  m m ;  
the rad ius  of the injected hel ium s t r e a m ,  m m ;  
the blockage of pipe by grid;  
the total  opening a r e a  of gr id;  
the pipe c r o s s  sect ion;  
the diffusion t ime ,  sec ;  
the ave rage  flow veloci ty,  :m/sec;  
the r m s  fluctuation velocity,  t r a n s v e r s e  component ,  m / s e e ;  
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X 

X 1 
X. m 
x 
E = V / U  

Bm 
ff 

is the dis tance f r o m  the grid to the plane of m e a s u r e m e n t ,  n~m; 
is the dis tance f r o m  the grid to the hel ium source ,  ram;  
is the dis tance f r o m  the grid at which e = e m,  ram;  
is the dis tance f r o m  the hel inm source  to the sampl ing  tube, m m ;  
is the flow turbulence  intensity;  
is the flow turbulence  intensi ty  in the grid openings; 
is the m a x i m u m  value of e a f te r  the grid opening; 
is the s tandard  deviation of the hel inm concentrat ion distr ibution C(r),  ram.  
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