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CALCULATION OF GAS MOTION AND HEAT TRANSFER 

AT THE PERIPHERY OF A CYCLONE STREAM 

J 

S. V. Karpov and E. N. Saburov UDC 533.6.011:536.244.45 

Methods of generalizing test data and calculating friction and convective heat 
exchange at the lateral surface of a cyclone chamber are discussed on the ba- 
sis of an analysis of flow at the boundary of the wall region. 

The investigation of convective heat exchange in the wall region of a cyclone stream is 
very timely at present. It has been established that the action of inertial mass forces on 
the hydrodynamics leads to considerable intensification of heat transfer to the lateral sur- 
face of a chamber in comparison with straight flows under similar conditions [i, 2]. In this 
connection, there is a considerable interest in generalizing the available test data on heat 
transfer from unified standpoints, allowing for the peculiarities of the hydrodynamics of a 
swirled stream. 

We will take the swirled stream in the core of the flow out to the end surfaces as axi- 
symmetric, incompressible, quasiisothermal, and with constant physical properties. The high- 
est velocity w~ in the core of cyclone flow varies along the radius r in a complicated way. 
We assign the characteristic form of the distribution w~=w~ (r)in the peripheral region, 
just as in the axial region [3], using a generalized approximating function, 

2~ )~, (i) 
@ =  (' l+~lx 

where n is a coefficient determined by the conditions of generation of the swirling and K is 
a constant. 

The distribution of the tangential velocity component at 1 < ~ <__.nc can be calculated 
from Eq. (i), in which n is found from the condition of a maximum of F = wN [4] at the outer 
boundary r c of the "quasipotential" zone (Fig. la), 

-- ~ =0, (2) \--a-~ )] n=% a~ , +v,,, 

l + ~ l e  (3) n = ~ =  (z-1)%-]"  

The v a l u e  o f  t h e  c o e f f i c i e n t  ~ h a s  b e e n  c h o s e n  f r o m  t h e  b e s t  a g r e e m e n t  o f  c a l c u l a t e d  and  t e s t  
d a t a  on t h e  c o e f f i c i e n t  o f  t w i s t  i n  t h e  s t r e a m  c o r e :  

1 __+ 11e.~(~- l) n c - ,  (4)  
e c = m~lw~ c =  2~:c / 

As can be seen from Fig. Ib, the test data are described quite satisfactorily by the equation 
for a straight line [5] 
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e c=0,5 (1+~c), (5) 

which actually is an approximation of the function (4) for < z 2.055. 

The gas motion at the boundary of the wall region (at n = nc) can be treated approxi- 
mately as spiral motion. 

In the general case with localized stream entry, the value of r c varies along the length 
of the chamber (Fig. i). The radial extent of the wall zone is greatest in the entrance cross 
section (rc,x = r c 0), while at a certain distance Xb. Z from the entry point the width of the 

�9 �9 | �9 . 

permpheral regmon ms immxted to the thickness of the wall boundary layer (re, x = rb.l). 

The law of variation of the dimensionless velocity at the boundary of the core of the 
flow along the length of a cyclone chamber is nearly linear, as an analysis of test data shows. 
Using the relation (5), we obtain 

2 2 ~ ) 11 ~lb.l--~l:C.Ox,i. 
Z~cx= l+rl  ~ l + n e o  1 -{--~b. 1 

(6) 

From Eq. (6) we find the connection between the dimensionless boundary of the stream core 
and the longitudinal coordinate, 

(l+~c,o) (J+~ba) 1. (7) 
tic, x-~" 1 +~lb.l( 1 _X) _+_rl:e#X 

The values of nc,o , nb.1, and Xb, l must be assigned from test data or an analysis of the 
corresponding dynamic problem for the wall region of flow [9-11]. It has been established that 
broadening or narrowing of the jet can occur, depending on the ratio of the velocities of the 
peripheral and comoving streams. Up to the main radial cross section, characterized by the 
coordinate angle �9 = 0 (Fig. la), the thickness of the wall boundary layer is 6 = 0.5hen. As 
the jet propagates in the initial section, the wall maximum of tangential velocity shifts to- 
ward the lateral surface [9, I0], 

~ =  6/hen= exp (-- I, 14~1~ ) , (8) 
where ~ is in radians. 

In the main section (~>~i) the flow has features characteristic for semiconfined wall 
jets in a comoving stream. Here the differences in the distrubutions of w~ for jets formed 
by entrance channels of rectangular and round cross sections [I0] disappear. In the wall 
boundary layer the radial velocity profile is well described by a "1/14" power law. The thick- 
ness of the wall boundary layer varies (grows) by a practically linear law, 

6=5,725.10-a~/~e~ (9) 

Below the entrance cross section the individual features of the jet degenerate rapidly and the 
stream flow becomes practically axisymmetric. Under these conditions the variation of 8 along 
the length of the chamber, especially for distributed entry of gases into the working volume 
of the cyclone, is not very pronounced [12] and can be ignored in a first approximation when 
solving the thermal problem. As the characteristic value of 8 we take the thickness in the 
cross section ~=~:b.l. 

~.l--~-- B [2a--arccos ( I --2hen ) ] D, (10) 

where B = 2.8625-i0 -a. The calculated values of 8b. 1 are in satisfactory agreement with the 
average 8 along the length of a cyclone chamber with peripheral gas entry [13]. Hence, 

~bd -= (R--6b. ~/r~m=~c~-2B [2~--arccos (l --2~n ) ]/~m. (ll) 

Reduction of the equation of averaged motion in the form of the transfer of vorticity to di- 
mensionless form (through the choice of the normalizing quantities mc, o and D) enables us to 
distinguish the determining Reynolds number in the thermal problem: 

Re~ o 0 = o  c, oD2/v=2R%o o/~, o. (12) 
In the calculations R%c, 0 w~,0 was determined from the recommendations of [9, 14]. In ac- 
cordance with (12), the complex Kc = If{c, 0 was taken as the dimensionless similarity number 
allowing for the influence of the chamber geometry on the properties of the stream flow in 
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Fig. i. Determination of the radial boundary of the core of a 
cyclone stream (a) and generalization of test data on the co- 
efficient of twist ec (b): test points are the authors' data; 
i) calculation from Eq. (i) with n = I and ~ = 2 [6]; 2) (4) 
with K = 2 [4]; 3) (5)1 4) by the method of [7]: ec = ~c/1.4" 
[i -- exp(--l.251nc=)]-*; 5) by the method of [8]: e c = [(i + 
~c2)/2]~/2. 
Fig. 2. Generalization of experimental data on friction and 
heat transfer at the lateral surface of a cyclone chamber: i) 
[16] ;  2) [17] ;  3) [18] ;  4) [19];  5) [20] ;  6) [21] ;  7) [22] ;  8) 
[23] ;  9) [24] ;  10) c a l c u l a t i o n  from Eq. (16) ;  11) (17) .  

the wall region. (We note that the complex (i -- ~c,o)S/~c,o, similar in form, was obtained 
earlier in [15]). 

In the generalization of test data on heat transfer in cyclone chambers with localized 
entry, when r e varies along the length of the chamber, instead of Remc,o we must use the lo- 
cal Reynolds number, 

Re~ c, x =  2Kc, x R %  a o, (13) 

i n  which Kc, x = 1 /~c ,  x = n c h / n c , x .  

Thus, experimental data on local heat transfer can be represented in the form of the 
functional dependence 

Nu~-----A1Ks o, (14) 

where Ax, mz, and nx are constants found from experiment. 

The average values of u along the length of the chamber are calculated from (14) with 
Kc, x replaced by Kc,Z = nch/~c,l, where 

1 

n o , =  - J n = x d X =  ( l q - ~ = o )  ( l+n:b ,~  1. ( 1 5 )  
o 1 +0,5 ( ~  oq-qb,~ 

An approach  s i m i l a r  to  t h a t  d i s c u s s e d  above i s  a l s o  p o s s i b l e  i n  the  a n a l y s i s  of  e x p e r i -  
men ta l  data on frictional shear stress at the lateral surface of a cyclone chamber. 

In Fig. 2 we show a generalization of the results of investigations of friction and heat 
transfer with allowance for the influence of the temperature factor and wall roughness [16, 
17]. The test points correspond sufficiently well (with a root-mean-square deviation not ex- 
ceeding • to the similarity equations 

cfc,l=0,009K~:)6; (16) 

N u l =  0,0109Kc~,SReO~, ~-O,'K2/3 
O' r " 

(27) 

1384 



Equation (16) is valid for Kc, ~ = 1.045-1.3 and Re,c,0 =3.2.10~-i0 ~ and Eq. (17) is valid for 
= 0.5-1.25, Kr = Fr/Fsm = 1-2, and Re,c,0 = 6.3.10"-i0 *. 

At the bottom of the analysis of heat transfer by the internal method we place a relation 
of the type 

6 t . l  

d !w*~dY= q w . (18) 
d~,  o pep 

E a r l i e r  [9 ,  10] i t  was shown t h a t  the  f o r m a t i o n  o f  t he  w a l l  bounda ry  l a y e r  i n  t he  main 
s e c t i o n  and a l o n g  t h e  l e n g t h  of  a c y c l o n e  chamber i s  d e t e r m i n e d  p r i m a r i l y  by the  g e o m e t r i c a l  
c h a r a c t e r i s t i c s  of  t h e  e n t r a n c e  c h a n n e l :  hen and [ en -  The i n f l u e n c e  of  t h e s e  p a r a m e t e r s  on 
~b.Z can be t a k e n  i n t o  a c c o u n t  i n  g e n e r a l i z e d  form by the  r a d i u s  r c , o  o f  t h e  s t r e a m  c o r e .  
C a l c u l a t i o n s  f rom Eq. (10) show t h a t  t he  t h i c k n e s s  o f  t he  b o u n d a r y  l a y e r  i s  s m a l l  compared 
w i t h  t he  c h a r a c t e r i s t i c  l i n e a r  s i z e ,  t he  chamber d i a m e t e r ,  so t h a t  t h e  i n f l u e n c e  o f  the  c u r v a -  
t u r e  of  t h e  l a y e r  on the  h e a t  t r a n s f e r  can be n e g l e c t e d  and t h e  l a t t e r  can be t a k e n  as  p l a n e .  
A s s i g n i n g  t h e  d i s t r i b u t i o n s  of  t a n g e n t i a l  v e l o c i t y  and e x c e s s  t e m p e r a t u r e  i n  t he  w a l l  l a y e r  
by t h e  power- law f u n c t i o n s  W~/W~b.~:=(y/6)m and ~/@t.s (y/O)m and d e f i n i n g  ~ w  and qw as 

"% w~- P (~'P eci) dw~/dy, 

qw=pCp(a+eq)d~/dy 

with allowance for v << ~o and a << ~q we obtain the expression 

qw I 
"~wCp -- pr t (6t.l/6b.l)-m~t.l/W~b.! (19) 

We express the velocity W~b.s at the boundary of the boundary layer through the characteristic 
velocity w~e,ofrom Eq. (6) at X = i: 

1-+-~o 
W~b.l= l_.~_~b.! W~co" (20) 

Using (20), we represent Eq. (19) in dimensionless form, isolating the Nusse!t number of the 
left side, 

Nu---- clc Pr l+~b- t  (6 t .~ /~  l)-mR%~o; (21) 
2 Pr t l + ~ c o  

where the friction law in the general case (in a broad range of R%c,0 ) is 

Cie-~A R%-~ o. (22) 
Let us calculate the integral on the left side of Eq. (18): 

~t.Z 
I "I w~}dy= 2m-11-1 WCb.~to~((~ . / / (~bol )m+1%.  z. (23) 

o 

Substituting (23) into (18) using the heat-transfer Eq. (21), after transformations, leads to 
a differential equation of the Bernoulli type, 

d I E 
d~lc,,~ (6t'I/~'~)2~+~-~ 1+~1~o (6t-v/6b.l)2~+ ' - -  (I+N~: o, )R%-ez, o, (24) 

which has the solution 

{ e~ . j~ hj ~a } ~ Re z 
n o 0 + l  , 

(25) 

where 

A 2m+l f~(l+~ch) 2 
E---- 

B 4 2~--arccos (l--2~n) 

Substituting Eqs. (22) and (25) into (21) and allowing for ~, we obtain the equation for cal- 
culating the local heat transfer or that averaged over the inner surface of a cyclone chamber, 

A pr / e / 1 Pr 
Nu---- 2 Pr t 1-[-11~o / ~ leo+l  ln[(~c,o_[_l)(~eh+l)] • 2,~+~ Re~c,,o~-O,4~ 2 Pr t K~176176 (26) 
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(l/n)log Nut 

O.gPrPrt IKo s - 0. 4 ~ ~ F ~  

~ =  ~" Fig. 3. Comparison of calculated functions 
5,2 . j "  x- ~ with test data on average heat transfer: 

2 vT~-~/~r i) calculation from Eq. (17); 2) (26); 3) 
--~:L.-~ ! .,~r<o3 . (28); test points: 4) [26]; remaining 

~.~:+ I I 1 . 

~8 5# 5Z @ 56 ~8 

where n=l-- m-~l z ; Ko is a dimensionless complex allowing for the geometry of the cyclone 
2 m + l  

chamber and r e f l e c t i n g  t he  i n f l u e n c e  of  the  l o n g i t u d i n a l  c o o r d i n a t e  on s u r f a c e  f r i c t i o n  and 
h e a t  exchange .  

Equa t ion  (26) w i t h  m-- 1 /14 ,  Pr  = 0 . 7 ,  Pr t : 0 .95 [25] ,  As 0 .0486Kc,~ -3"6 and z = 
--2115 can be w r i t t e n  i n  a form more c o n v e n i e n t  f o r  u se ,  s i m i l a r  to  (17) ,  r e p l a c i n g  the  co-  
factor Kol/Al by 0.84Kc,Z I"" to within -+5%: 

Nut-~-0,015 K-x'sc, t Re ,~o -o,4. (27) 

A g r a p h i c  i n t e r p r e t a t i o n  of  the  t e s t  da t a  and Eqs.  (26) and (17) d e s c r i b i n g  them i s  shown 
in Fig. 3. Also in good agreement with the calculated recommendations, as can be seen from 
Fig. 3, is the equation obtained in [27] when the friction law (22) is substituted into it: 

Nut----0,044 Re.----0,00686 K -1,8 Re~162 -~ (28) 
C,l - -  ~, 0-- " 

NOTAT I ON 

R, D, L, radius, diameter, and length of the working volume of the cyclone chamber; F, 
lateral surface; h, height; r, x,_current radius and longitudinal coordinate; y = R- r; 6, 
thickness of the boundary layer; r -- r/R; n = r/r~m, X = X/Xb.Z, dimensionless current radius 
and longitudinal coordinate; ~, coordinate angle; d = d/D, dimensionless diameter; ~ = 4f/~D 2, 
dimensionless area; w~, m, tangential and angular velocities of rotational motion; w, m, di- 
mensionless (normalized to W~m and m~=,) tangential and angular velocitites; F, circulation of 
velocity; T, temperature; @ =(;Tw+_ T), excess temperature; ~ = Tw/Tg , temperature factor, q, 
heat-flux density; p, Cp, ~, a, density, isobaric specific heat, and coefficients of kinematic 
viscosity and thermal diffusivity, respectively; co, eq, turbulent analogs of 9 and ~; Pr, Prt, 
molecular and turbulent Prandtl numbers; ~, tangential component of frictional stress; cf = 
2~/pWgc, 0 , coefficient of frictional drag; V,, dynamic.velocity; R%c=W~cD/V, Re, = V,D/9, 
Nu = eD/%, Reynolds numbers and Nusselt number. Indices. w, quantity at the wall of the work- 
ing volume; en, ex, entrance and exit quantities; m, quantity pertaining to the maximum value 
of a component of the linear velocity; c, quantity at the boundary of the stream core; sm, 
smooth; r, rough; x, local; Z, averaged over length; b.Z, t.Z, quantities at the boundaries of 
the hydrodynamic and thermal boundary layers; dimensionless quantities are denoted by a bar 
above. 
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COLLISION OF POLYMER PARTICLE WITH RIGID BARRIER 

B. M. Khusid UDC 536.25:532.135 

The article establishes a correlation of the relaxation spectrum with the dis- 
sipation of kinetic energy of a polymer particle upon impact. 

Impact of polymer particles against a rigid barrier is encountered in many technological 
processes: in the application of polymer coatings by spraying, in the production of compo- 
site materials, in dispersion, etc. For comparatively low velocities, when the dynamic head 
is smaller than the modulus of elasticity: 0Uo = ~ G(ti) , the principal influence on the char- 
acteristics of the impact is exerted by the rheological properties of the polymer. For small 
bodies: Z << cti, c = G~ is the velocity scale of the shear wave, the problem of impact may 
be dealt with in quasistatic approximation, which is widely used in the theory of elastic bod- 
ies [i]. For calculating the deformation of a particle upon impact the results of the solu- 
tion of contact problems are used. In view of the comparatively small deformations, the rheo- 
logical properties of the polymer are described by the linear theory of viscoelasticity. The 
solution of the contact problem for viscoelastic material is constructed with the aid of the 
principle of correspondence proceeding from the relations for elastic material with analogous 
geometry [2, 3]. In [4] the impact of a polymer particle was examined for the case of forces 
of adhesion originating on the contact spot. This made it possible to estimate the force of 
adhesion required for maintaining the particle on the barrier. The present article examines 
impact without adhesion. In that case the particle rebounds from the barrier. The decrease 
of its kinetic energy is determined solely by viscous losses in the polymer. To evaluate the 
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