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Measuremen t s  have been made on the hydrodynamic  and the rmal  components of plume r i se  
above s tacks ;  working fo rmu la s  a re  der ived.  

The plume r i s e  ove r  a s t ack  substant ia l ly  influences ground- level  pollutant concentra t ions;  there  have 
been many pape r s  on this topic [1-7], but not all  f ac to r s  have been fully elucidated.  This  applies  pa r t i cu la r ly  
to the plume shape,  the m a x i m u m  height reached ,  and the effects  on the r i se  f r o m  plume p a r a m e t e r s ,  wind 
p a r a m e t e r s ,  e tc .  F u r t h e r ,  although there  is substant ia l  ag reemen t  on the hydrodynamic  component  of the 
r i s e ,  pa r t i cu la r ly  in re la t ion  to wind and plume p a r a m e t e r s ,  there  is no such a g r e e m e n t  for  the t he rma l  c o m -  
ponent. 

The t he rma l  component  of the plume r i se  above a s tack  is [8] given by 

u ~' \ r g /  

Table  I gives the  exponents for  the plume and wind p a r a m e t e r s  as der ived  by var ious  w o r k e r s ;  c l ea r ly ,  
the wind speed has the l a rges t  effect ,  and this appea r s  in the expres s ions  for  kht given by var ious  work e r s  
with powers  ranging f r o m  the f i r s t  to third.  F u r t h e r ,  the t e m p e r a t u r e  di f ference appea r s  with powers  ranging 
f r o m  0.25 to 1, while the s tack  d i am e t e r  appea r s  with powers  ranging f r o m  0.5 to 2, and so on. 

These  d i f ferences  in the exponents for  the t he rma l  r i se  a re  due to the different  assumpt ions  employed in 
de te rmin ing  ~h t ,  in conjunction with the lack of exper imenta l  data on the effects  of the var ious  f ac to r s  on the 
r i se .  These  a re  due in pa r t  to the difficulty in examining t h e r m a l  r i se  on models  under  l abora to ry  conditions. 
In fact ,  if t r a c e r s  s imula t ing  a p lume a re  injected intoa wind tunnel as a turbulent  flow perpendicu la r  to the 
di rect ion of motion of the wind (as is the actual  s i tuation),  then there  is rapid mixing of the two fluxes during 
the d y n a m i c - r i s e  p h a s e ,  and so the t e m p e r a t u r e  of the hot plume fal ls  rapidly ,  so it is e x t r e m e l y  difficult  to 
examine  the effects  of the Arch imedean  force  on such mode l s ,  and it is even more  difficult to examine the 
ef fec ts  of o ther  f ac to r s  on plume shape and the rma l  r i s e .  Fo r  example ,  m e a s u r e m e n t s  [7] indicate that a 
change in plume t e m p e r a t u r  e f rom 100 to 200~ causes  t h e p a t h  z0/D 0 to a l t e r  by only 4.1% for  x/D 0 = 4 or  by 
11% for  x/D 0 = 8, which of i tself  is ve ry  slight. We a re  not aware  of any m e a s u r e m e n t s  in wind tunnels on 
the rma l  r i se  or  p lumes of high heat  content,  pa r t i cu la r ly  for  l a rge  dis tances  f r o m  the point of injection into an 
incident flow (x/D o > 10). 

The Moscow Power  Insti tute has p e r f o r m e d  exper imen t s  in wind tunnels and on exis t ing power  s tat ions 
in o rder  to de te rmine  the effects  of the var ious  fac to r s  on the hydrodynamic  and t h e r m a l  components of plume 
r i se  above s tacks .  

Physica l  s imulat ion was employed with models ;  the wind tunnel had a closed working section.  

This  tunnel had a c ross  sect ion of 650 x 650 m m  (de = 732) and a length of 2000 m m  [8]. 

An i so t ropic  i so the rmal  flow was used in examining plume r i s e ;  the following fac to r s  just ify this s imu la -  
tion: the abundant avai lable  evidence [9] indicates a logar i thmic  distr ibution for  the wind speed nea r  the ground, 
while the speed r e m a i ns  essent ia l ly  constant  above the boundary l aye r ,  and the turbulent-diffusion coefficient  
i nc reases  with height but r ema ins  v i r tua l ly  constant and equal (ky = kz) outside the boundary l ayer  (above 
~100 m). 

T h e r e f o r e ,  plume r i se  in the a t m o s p h e r e ,  pa r t i cu la r ly  over  a high s tack,  may  be s imula ted  as the motion 
of a heated je t  in a t r a n s v e r s e  i so t ropic  turbulent  flow with a uni form veloci ty  profi le .  I s o t h e r m a l  conditions in 
the flow s impl i fy  the p rob lem but do not de t r ac t  f r o m  the genera l i ty  of the conclusions on plume behavior .  

T rans la t ed  f rom Inzhenerno-F iz ichesk i i  Zhurnal ,  Vol. 36, No. 4, pp. 700-707, Apr i l ,  1979. Original  
a r t ic le  submit ted Sep tember  26, 1978. 
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TABLE 1. Exponents for  P lume and Wind P a r a m e t e r s  
of Propor t iona l i ty  for  T h e r m a l  Plume Rise  

Source 

L ukas et aL [31 
Moses and Carson [4] 
Kholland 
Bosanquet [[51] 
Glavnoi Geophysical Laboratory data [1] 
Morton "[6] 
Smmke [31 

t 
9,4~-36,4" 

2,845 
15 

17,9 
0,5 
8,3 

* The values vary with the state of the atmosphere. 

0,5 
0i5 

l 

1 
01~5 

and Coefficient  

05~ ~4 

0,5 0,5 
0,? 1 

2 
1 2 

1 2 
0,5 0,125 

2 

Definit ive c r i t e r i a  can be der ived by consider ing the equi l ibr ium conditions for  the fo rces  on a compo-  
nent of a hot je t  in a turbulent  wind. In our case ,  these a re  the Reynolds and A r c h i m e d e s  numbers  together  
with the hydrodynamic  p a r a m e t e r  I = p0w~/Pu u2. 

F ina l ly ,  the model  may  be fit ted to the actual  c i r c u m s t a n c e s  provided that  the incident wind has  the 
s ame  s t r u c t u r e ,  i . e . ,  the s a m e  turbulence c h a r a c t e r i s t i c s  or  e l se  K a = bff/u 2, where  b 0 is the c h a r a c t e r i s t i c  
turbulent  ene rgy  of the incident wind. We do not envisage  complex s imi l a r i ty  and do not speci fy  identical  
sca les  for  the eddies (c lear ly ,  l a rge  eddies cannot occur  within the s tack) ,  and the re fo re  we uti l ize the turbu-  
lence c h a r a c t e r i s t i c  e = ~ / u  to c h a r a c t e r i z e  the flow s t ruc tu re ,  where  u' and u a re  r e spec t ive ly  the wind-  
speed fluctuation and the mean  speed.  It  is found [10] that  the range in the above p a r a m e t e r  is 0.08-0.27 for  
the ground- leve l  l ayer  of a i r  under  the conditions m o s t  c h a r a c t e r i s t i c  of p lumes  f r o m  s tacks .  We produced 
flows with this s t r u c t u r e  by the use  of immobi le  turbul iz ing grids  with var ious  geomet r i ca l  showed that  r e a -  
sonably homogeneous i so t rop ic  turbulent  flows with the appropr ia t e  turbulence can be produced by such grids 
[11]. The hydrodynamic  and t he rm a l  components  of p lume r i se  w e r e  examined independently on the models .  
F o r  this purpose  we examined the hydrodynamic  component  on a je t  injected pe rpend icu la r  to the wind. On the 
other  hand, the t h e rm a l  component  was  examined in pure  f o r m  by a novel technique,  in which the t he rma l  r i s e  
was examined.  The s tack  model  was or iented  hor izonta l ly  along the incident flow, which produced a flow co-  
axial  with the incident wind having the s ame  speed and the same  turbulence ,  with the la t terp=rovided by a 
sui table  tu rbu l i ze r  fi t ted into the s tack.  

F igu re s  1 and 2 show the genera l  r e su l t s  on the hydrodynamic  and t h e r m a l  components  of the r i se .  

F igure  l a  shows that  the p lumes  develop identical ly as  functions of the hydrodynamic  p a r a m e t e r ,  although 
the r i s e s  t h e m s e l v e s  va ry ;  the end of the hydrodynamic  r i se  may be taken as the point when the inclination of 
the tangent to the plume is fl = 10 ~ in which case the re la t ive  r i se  Ahh/D 0 is a l inear  function of the hydrody-  
namic  p a r a m e t e r  in a l o g - l o g  plot (Fig. lb) .  

f w0 \1.2/Ta \0,6 
(2) 

The following ranges  in the input p a r a m e t e r s  w e r e  used  for  the t h e r m a l  r i s e :  u = 0.7-3 m / s e e ,  A T  = 70-200~ 
e = 0.05-0.17,  D o = 0.03-0.08 m; Fig.  2a shows the plume shapes  (Fig. 2b shows the same  data in d imens ion less  
f o r m ,  while Fig. 2c shows the genera l ized  re la t ionship  for  the r i se  in t e r m s  of the t h e r m a l - r i s e  c r i t e r ion  Ktr).  
These  resu l t s  on the e f fec ts  of wind and plume p a r a m e t e r s  on the t he rma l  component  define the exponents and 
the coeff icient  of propor t iona l i ty  in (1), and the l a t t e r  then becomes  

gD~w AT  1 = BDoKtr, (3) 
hht ---- 4ceu 3 Tg fg 

where  B = 1 /4c  tariff is the coeff icient  of propor t iona l i ty ,  while Ktr  = gD0wcXT/eu3Tg is the t h e r m a l - r i s e  num-  
be r ,  which d i f fers  f rom the A r c h i m e d e s  number  in that  the wind speed appears  to the third power  in the t he r "  
mal  r i s e ,  while the plume speed at the exi t  f r o m  the s t ack  is r a i s ed  to the f i r s t  power ,  as does the turbulence 
for  e i ther  flow; c is the r e s i s t ance  coeff icient  fo r  a conical e l emen t  moving upwards  with s p e e d w  (exper iment  
gives c = 1.6), while/3 is the inclination of the tangent to the plume at the point where  the r i s e  t e rmina te s .  
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Fig. 1. Observed hydrodynamic-rise Curves for plumes in 
turbulent incident winds (a) [1)I = 22.4; 2) 15; 3) 8.7; 4) 4.6; 
5) 1. O]; relative plume rise as a function of the hydrodynam- 
ic parameter  (b) (Ah/d 0 =1.10 I~ I = p0W~/pu2). 
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Fig. 2. Thermal plume rise in a turbulent incident wind (a) [i) 
D o = 0.050 m; Tg -- 441~ L~T = 140~ u = 1.0 m/see; e = 0.07; 
2) respectively 0.042; 418; 120; 1.0; 0.07; 3) 0. 030; 418; 120; 
1.0; 0.07; 4) 0.050; 418; 120; 1.0; 0.17; 5) 0.050; 441; 3,0; 0.07]; 
thermal plume rise in generalized form (b); thermal rise in 
relation to the thermal-r ise  number (e)[1)e = 0.07; u = 1.0 m/ 
sec; AT = 120~ Tg = 418~ D O = 30m; 2) respectively 0.07; 
1.0; 120; 418; 42; 3) 0.07; 0.6; 60; 355; 50; 4) 0.07; 1.3; 70;371; 
50; 5) 0.07; 5.0; 110; 408; 50; 6) 0.07; 1.3; 110; 411; 50; 7) 0.t;  
1.0; 120; 418; 50; 8) 0.07; 1.0; 120; 418; 50; 9) 0;05; 1.0; 
120; 418; 50; 10) 0.14; 1.0; 120; 418; 50; 11) 0.17; 1.0; 120; 418; 
50; 12) 0.07; 3.0; 140; 441; 50; 13) 0.07; 1.3; 140; 441; 50; 14) 
0.07; 0.7; 140; 441; 50; 15) 0.07; 1.0; 140; 440; 50; 16) 0.07; 1.0; 
120; 418, 80]. 

These wind-tunnel data therefore define the shape of the plume in relation to the hydrodynamic and ther-  
mal effects; it is therefore possible to determine the rise. Over the main section of the hydrodynamic rise [7], 
and particularly over the thermal rise section, the motion of the plume is described by a parabolic formula [8]. 
Undoubtedly, this is influenced to some extent by the approximations we have employed (isotropic isothermal 
flow), and this must set limits to the applicability of the working formulas, in particular, for the hydrodynamic 
component. Figure 1 shows that a power-law relationship applies for the hydrodynamic rise only at the start  
(at distances of 6-8 times the stack diameter along the x axis). The curve then becomes very nearly a horizon- 
tal straight line, so the inclination of the tangent taken at the point of termination plays virtually no part. 
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Fig. 3. Theore t i ca l  model  
for  calculat ing plume r i se .  

T h e r e f o r e ,  the ov e ra l l  r i s e  can be defined by s imple  combinat ion of the hydrodynamic  and t he rma l  compo-  
nents ,  so we have the following fo rmula  der ived  f rom the model  expe r imen t s :  

Ah ----- Ah h + Ah t = 1.2 w~176 -I- O. 15 gw~176 
u Tg u3e~ tg 13 ' (4) 

where  the coeff icient  of p ropor t iona l i ty  1.2 has  been der ived f r o m  (2) for  the conditions exis t ing  in the rma l  
power  s ta t ions .  

Under r ea l  c i r c u m s t a n c e s ,  the two components  occur  toge ther ,  so any division of the r i se  into two c o m -  
ponents is nominal ;  however ,  the model  data and the plume shapes  represen t ing  the two components  can be 
used in an appropr i a t e  co r rec t ion  for  the d i f fe rence  between rea l  p r o c e s s e s  and the l abora to ry  ones in o rder  
to wr i te  the actual  p lume shape as 

Z ------ 1~Xn~ 

where  

K= -|//- KhW~176 + Kt gwoD~ AT (5) 
u u3sy Tg 

This  impl ies  that the plume shape der ived  f r o m  t r i a l s  under  actual  conditions may  reasonab ly  be plotted 
in semi logar i thmic  f o r m ;  in that  case ,  the exponent can be deduced f r o m  any two points on the p lume ,  while K 
may  be deduced f r o m  the coordinates  of any point. 

In 1974-7, the Moscow Power  Inst i tute col labora ted  with the Novos ib i r sk  Appl ied-Geodesy  Inst i tute and 
the Ukrainian Hydrometeoro logy  R e s e a r c h  Inst i tute  in m e a s u r e m e n t s  on p lumes above s tacks  designed to check 
the fo rmu la s  der ived  f r o m  model  t e s t s  and to es tab l i sh  the l imi ts  to plume r i s e ,  pa r t i cu l a r ly  as influenced by 
actual  a t m o s p h e r i c  p a r a m e t e r s .  These  m e a s u r e m e n t s  we re  made on the Kash i r ,  K o s t r o m a ,  and Zaporozhe 
power  s ta t ions during the product ion of p lumes  differ ing in heat  content,  speed,  and height of emergence  into 
the a tmosphe re .  The heights  of the s tacks  va r i ed  f r o m  150 to 320 m.  The p lumes  were  r eco rded  with a theo-  
dolite by de te rmina t ion  of the hor izonta l  and ve r t i c a l  angles on sighting on the boundary of the plume (10-15 
points along the plume).  The theodolite m e a s u r e m e n t s  we re  accompanied  by a i r c r a f t  sampl ing ,  photographic  
r ecord ing  of the p lume ,  and s t e r e o p h o t o g r a m m a t i c  record ing ,  so a computer  could be employed to compute 
any plume shape with high accu racy  [12]. These  var ious  means  of record ing  w e r e  employed to provide  scope 
for  compar i son  and for  definition of the cheapes t  and s imp le s t  method of p e r f o r m i n g  the observa t ions .  

These  data were  used in plott ing over  500 p lumes  in logar i thmic  f o r m  for  observa t ions  re la t ing  to d i s -  
tances  ranging f r o m  300-700 m up to 5-6 km f r o m  the s tacks .  About 85% of the p lumes  fit ted c losely  to 
s t ra igh t  l ines ,  while in about 150 there  was a kink, which in m o s t  cases  was at the end of the path ,  and which 
might  be due to nonuniformity in the wind-speed  prof i le  or  (if the a tmosphe r i c  turbulence is of considerable  
sca le  and extent) to breakup into individual clouds,  in addition to any effect  f r o m  heat  t r a n s f e r  between the 
plume and the a tmosphe re .  

The r e su l t s  indicate that (5) d e s c r i b e s  the plume shape;  n v a r i e s  over  the range  0.4-0.7. Many of the 
values  of n lie in the range  0.45-0.65, and the ave r age  value is 0.52, which is v i r tua l ly  the same  as the theore t ica l  
value used in der iv ing  (2)-(4). 
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Fig. 4. Compar i son  of obse rved  
and calculated plume r i s e s .  

If the plume shape is known, the r i se  is defined by the point a t  which the angle between the tangent and 
the hor izontal  axis  a t ta ins  some compara t ive ly  smal l  specif ied value.  So f a r ,  uncer ta in ty  p e r s i s t s  in defining 
the approach  to the hor izonta l ,  i .e . ,  the value for  this angle. Also,  it is not a lways poss ib le  to define the r i s e  
i t se l f  ve ry  p rec i se ly .  F o r  example ,  in some pape r s  one finds the r i se  taken as the height of the plume at  which 
the inclination of the tangent is B = 10 ~ w h e r e a s  in other  pape r s  the r i s e  is taken as  the height at  a specif ied 
dis tance f r o m  the s tack  or  at a specif ied t ime ,  and so on. See [9] fo r  a su rvey  of these studies.  

The l imit ing r i s e  may  be examined by rep lac ing  the actual  path by the theore t ica l  one; in that ca se ,  a 
s t ack  of height h is r ep laced  by a point source  that emi ts  gases  with no initial  t he rma l  or  iner t ia l  m o m e n t u m ,  
with this source  placed at  a height Ah above the s tack  such that the ground- level  concentrat ion pa t t e rn  is ap -  
p rox imate ly  the obse rved  one (Fig. 3). This  shows that  Ah should be taken at the height of the median line in 
the plume at  the point where  the lower boundary reaches  the ground. The equation for  the lower  boundary of 
the plume can be der ived  f rom (5) in the following f o r m  for  an i so t ropic  incident wind: 

z = h + Kx  ~ - -  e~x, (6) 

where  ~z is the a tmosphe r i c  turbulence in the ve r t i ca l  plane. Then z = 0 gives us the point of contact  of the 
lower  boundary with the ground. 

In the case of a pa rabo la ,  i �9 n =  0.5, 

K ~ + 2he~ + K V K 2 + 4he~ 
% = 28~ " (7)  

The reeord ings  show that  n = 0.5 (on ave rage  n = 0 .4 -0 .65 ) i s  c h a r a c t e r i s t i c  of the plume for  lengths up to 
x/D 0 = 120; there  is a tendency for  n to fal l  for  longer  sect ions�9 The obse rved  p lumes  allow one to s impl i fy  
the calculat ions by using n = 0.5 out to x/D 0 = 120, with n = 0.35 the rea f t e r .  In that  ca se ,  the point of contact 
of the lower  bound with the  ground for  x/D 0 > 120 is defined by success ive  approximat ion .  

Once the point of contact  with the ground has been defined, it is s imple  to de te rmine  the r i se  and to de -  
fine the pollutants concentrat ion pa t te rn .  The m e a s u r e m e n t s  gave the values  fo r  K h and K t in (5) as 0.42 and 
0.3 respec t ive ly .  

F igure  4 com pa re s  the na tura l  r i s e  (Ahn) and the theore t ica l  values  given by (5) for  x/D 0 = 120; c lea r ly ,  
the two a re  fa i r ly  closely co r re l a t ed ,  and the cor re la t ion  coefficient  is rxy = 0.8. 

F r o m  this we conclude that  the theore t ica l  Ah a re  in s a t i s f ac to ry  ag reemen t  with actual  observat ions �9  

B 
w0 
u 

AT 
Tg 

N O T A T I O N  

is the coefficient  of propor t ional i ty ;  
is the speed at  exi t ,  m / sec ;  
is the mean  wind speed,  m / s ec ;  
is the di f ference between mean  t e m p e r a t u r e s  of flue gas and wind, ~ 
is the gas t e m p e r a t u r e  at  exit ,  ~K [inthe express ions  given by Bosanquet  and Morton and by the Main 
Geophysical  Obse rva to ry ,  Ta  (the a i r  t e m p e r a t u r e  at the wind vane) i s  used instead of Tg]; 
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D o is the orifice diameter ,  m; 
~1-o~4 are  the exponents; 
P0, w0 are the density and velocity of jet; 
Pu is the density of incident flow; 
e, e x, ey are  the turbulence of isotropic flow and the same in the vertical and horizontal planes; 
z,  x are the coordinates; 
Kh, K t a re  the coefficients of proportionatity of hydrodynamic and thermal components of plume 

r ise.  
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