
NOTATION 

z, r ,  0, axial, radial,  and tangential coordinates; r0, pipe radius, Vz, Vr, v0,t ime-averagedcomponents 
' ' v~, corresponding fluctuation components of velocity; v, coefficient of kinematic viscosity; of velocity; Vz, Vr, 

NRe = vmr0/v, Reynolds number; Vm, mean-discharge velocity; L, pipe length, ~, angle between the velocity 
vector and direction 0; Vef = v + vt; V,,  dynamic velocity. 
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E F F E C T  OF MASS F O R C E S  

IN A L A M I N A R  S U B L A Y E R  OF 

IN R E C T I L I N E A R  C H A N N E L S  

S P A T I A L  O R I E N T A T I O N S  

ON PARTICLE MOTION 

TURBULENT FLOW 

WITH VARIOUS 

Yu.  M. G r i s h i n  a n d  A. A. M o s i n  UDC532.517 

Based on solutions of the equations of motion, features of motion of a liquid particle are analyzed 
for a laminar sublayer of turbulent flow in channels with varying spatial orientations. 

It is well known [1] that in solving the problem of particle precipitation at channel walls in a turbulent 
gas flow, the t ransverse  particle motion is advisably considered separately in the flow bulk and in a narrow 
boundary layer  with a large velocity gradient - the laminar sublayer. In the bulk flow the particle motion is 
uniquely determined by the action of turbulent flow pulsations on the part icles [2] and obeys the laws of turbu- 
lent diffusion. In the boundary-layer region the effect of diffusion particle motion is weakened in comparison 
with systematic effects (due to fundamental forces).  In this case it was shown [3] that particle precipitation at 
the channel walls is pr imari ly  determined by particle t ra jector ies  in the laminar sublayer. Despite the large 
number of papers devoted to calculating particle t ra jec tor ies  in the laminar sublayer (see, e .g . ,  [4]), the 
problem of the effect of mass forces (weight forces) ,  taking into account their  interactions with forces gener- 
ated in the fluid itself,  on t ra jector ies  of particle motion in channels with varying spatial orientations has so 
far  not been sufficiently investigated. 

In this connection we consider the problem of motion of nondeformed part icles of spherical shape in a 
laminar sublayer of an evolving turbulent flow moving in a rect i l inear  channel. We assume that tke basic 
parameters  of the boundary layer  are independent of the channel orientation in space, do not vary along the 
channel (stable flow), and are determined by the well-known semiempirical  relations [5] 

J 

Translated from inzhenerno-Fizicheskii Zhurnal, Vol. 37, No. 2, pp.260-268, August, 1979. Original 
art icle submitted October 2, 1978. 
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v ~ r/s W(y) = Wo y (1) 1/D = 25Rear 7'8, Wo= --D- t t eav '  T '  

w h e r e  Reav  = UavD/V.  

We wi l l  f u r t h e r  a s s u m e  tha t  the gas  - p a r t i c l e  s y s t e m ,  i . e . ,  the  v a p o r  - f lu id  d r o p ,  i s  a "d i lu t e "  s y s t e m  
[6], i . e . ,  a / l  << 1, a / R a  << 1. In th i s  c a s e  i t  can  be  a s s u m e d  in f i r s t  a p p r o x i m a t i o n  tha t  the  v e l o c i t y  p r o f i l e  
of the  m a i n  f low i s  not  d e f o r m e d  and tha t  p a r t i c l e s  move  wi thou t  c o l l i s i o n s  [6]. B e s i d e s ,  i t  i s  a s s u m e d  tha t  

V r e l / V  << 1/a .  

Tak ing  in to  accoun t  the  a p p r o x i m a t i o n s  m a d e ,  the e q u a t i o n  of m o t i o n  of an i s o l a t e d  p a r t i c l e  u n d e r  the 
ac t i on  of S t o k e s ,  Magnus ,  A r c h i m e d e s ,  and we igh t  f o r c e s  on i t  is  [7] 

dV _ g(1 • 9 v 3 - -  - - - - •  ( v - - w ) + - -  • (2) 
dt 2 a 2 8 

w h e r e  12 = c u r l W .  

I n t r o d u c i n g  a s  c h a r a c t e r i s t i c s  the  fo l lowing  q u a n t i t i e s :  the  v e l o c i t y  W0, the  l i n e a r  d i m e n s i o n  l ,  and t i m e  
"r* = l /Wo,  we r e w r i t e  Eq .  (2) in d i m e n s i o n l e s s  f o r m  [ f u r t h e r ,  b e y o n d  Eq.  (3), the  s ign  ~ i s  o m i t t e d  o v e r  the 
d i m e n s i o n l e s s  q u a n t i t i e s ]  

w h e r e  V=V/W0; I~=W/Wo:  ~ = t / ~ * ;  [r x = x / t ; a = ( 1 - - •  R e -  

(3) 

( 4 / +  5o r v 

The initial conditions to (3) are: 

T O; x O; y = l ;  dx = d ;  dy 
dz dT (4) 

The m i n u s  s ign  in f r o n t  of m d e n o t e s  tha t  the  v a r i a n t  i s  s t u d i e d ,  in which  the p a r t i c l e  v e l o c i t y  at  the i n i t i a l  
m o m e n t  of t i m e  i s  d i r e c t e d  t o w a r d  the wa l l  of the  channel . .  

Depend ing  on the d i r e c t i o n  of the v e c t o r  e = g / g ,  we dis t inguis l~  the fo l lowing  two c a s e s  of channe l  o r i e n -  
t a t ion  (F ig .  1): a) e = ~e 1 , a h o r i z o n t a l  c h a n n e l ,  with the p lu s  s ign  at  e 1 c o r r e s p o n d i n g  to the p r e c i p i t a t i o n  
p r o b l e m  a t  the  u p p e r  channe l  w a l l ,  and  the m i n u s  s ign  to the l o w e r  wa l l ;  b) e = =~e2, a v e r t i c a l  c h a n n e l ,  with 
the  p lu s  s ign  c o r r e s p o n d i n g  to the p r e c i p i t a t i o n  p r o b l e m  f o r  a downflow,  and the m i n u s  s ign  fo r  an upflow. The 
c a s e  a = 0 c o r r e s p o n d s  to  the  p r e c i p i t a t i o n  p r o b l e m  at  the channe l  wa l l  in the a b s e n c e  of we igh t .  F o r  both 
c a s e s  m e n t i o n e d  the p r o j e c t i o n s  of Eq.  (3) on the c o o r d i n a t e  a x e s  0x and 0y f o r m  a s y s t e m  of two s e c o n d - o r d e r  
linear differential equations in the two unknown particle coordinates x and y. The solution of this system with 
the initial conditions (4) is obvious, but is not given here due to its awkwardness. 

We first clarify the features of particle motion in the channel for the case a = 0, i . e . ,  when there are 
no gravity forces. Depending on the value of Re ~ (a/l) 2 we have the following two characteristic regions of 
particle motion in the flow: 

1. Re < R e c r  = • + -}- -~- • d ~ • , the  p a r t i c l e  i s  not  i n c i d e n t  on the channe l  w a l l ,  

m o v i n g  in the  s u b l a y e r  p a r a l l e l  to  the wal l  a t  a d i s t a n c e  y = y~o f r o m  i t  wi th  f low v e l o c i t y  Vx = W(y = y~)  
(F ig .  2a) ,  wi th  

y % a z 

�9 ~w(y) 
J 

- j .  t \ /  

18t 

! 

x 

8z 

F i g .  1. S t a t e m e n t  of the  p r o b l e m :  
1) channe l  wa l l ;  2) e x t e r n a l b o u n d a r y  
of  l a m i n a r  s u b l a y e r ;  3} t u r b u l e n t  
f low c o r e .  
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Fig.  2. Pa r t i c l e  t r a j e c t o r i e s  in the sub tayer :  a) hor izontal  chan-  
n e l [ e  = 0 ;  n = 6 . 1 0  -4 ( P = l a t m ) ;  m = 0 . 2 ;  d = l ] ~  1) ~t/Re > 6 .  
10-1; 2) 6 . 1 0 - I ;  3) 6 .10-2 ;  4) 6 .10-3 ;  b) depar tu re  of pa r t i c l e s  
f r o m  sub layer  in a ve r t i ca l  channel with upflow motion [m = 0.2. 
F o r  t r a j e c t o r i e s  1, 2, 3) c~ = -322 ;  d = 0.6; 4, 5) 32.2; 1]: 1) 
~ / R e  = 5.0; 2) 50; 3) 0.5; 4) 5.0; 5) 0.5. 

3 - -4  (• [(z/Re)- m] + T • • 

(• 2 4- (3x/8) 2 - 3• 

2. Re > Rec r ,  the pa r t i c l e  se t t l es  at the channel wall  during a flow t ime Tc(m, d, ~t/Re) at some dis -  
tance xc (m,  d, x / R e )  f r o m  the en t rance  to the sub layer  (Fig. 2a). 

The dependence of R e c r  = ~ -  r=  [(m, d, • on p r e s s u r e  P is p re sen ted  in Fig.  3 in coordinates  

of Recr ,  since ~ = ~(P) (the values  of the vapor  and fluid dens i t ies  a re  taken f rom the sa tura t ion lines) for  
p E [1, P c r  = 226 atm] and fo r  va r ious  values  of m and d = 1. It is  seen f r o m  the f igure ,  in p a r t i c u l a r ,  that 
with inc reas ing  p r e s s u r e  l a r g e - s i z e  pa r t i c l e s  [with (a/l) > (a/ l )cr  ] wilt set t le  at the channel walls  under  o the r -  
wise  equal condit ions,  white for  dec reas ing  t r a n s v e r s e  component  of pa r t i c l e  veloci ty  this tendency is  en-  
hanced.  It mus t  be  noted,  however ,  that  with inc reas ing  p r e s s u r e  P the value of the t r a n s v e r s e  pa r t i c l e  ve loc-  
i ty (averaged o v e r  a distr ibution) at the en t rance  to the l a m i n a r  sub layer  is  enhanced  [2], and, consequently,  
the ef fec t  of dec reas ing  prec ip i ta t ion  intensi ty  with inc reas ing  p r e s s u r e  is  weakened.  At f i r s t  p r e s s u r e s  (~ = 
const) the quantity y~  depends on Re and on the init ial  pa r t i c l e  ve loc i t ies  m and d. With inc reas ing  Re ( i . e . ,  
with inc reas ing  pa r t i c l e  s ize a at t = const) the y ~  value drops  f r o m  1 (Re = 0) to 0 at Re = Recr .  F o r  smal l  
va lues  m << (3/8)(~t/Re) the quantity y:r is  n e a r  1, and is genera l ly  weakly dependent on any p a r a m e t e r s .  With 
inc reas ing  m ,  y ,  d e c r e a s e s .  An inc rea se  in the longitudinal component  of the initial par t ic le  veloci ty  leads 
fo rma l ly  to lower  values  of the coordinate  y ~ ,  but for  c h a r a c t e r i s t i c  var ia t ion  regions  of Re, vt, and m this 
effect  i s  of lit t le impor t ance .  

F o r  Re > Rec r  the pa r t i c l e  se t t l es  on the channel watt  during some t ime  T c at a dis tance x c f rom the 
en t rance  to the sublayer .  F o r  sma l l  p r e s s u r e  (close to a tmospher ic ) ,  i.e. for  smal l  ~r in this case there  is an 
" iner t ia l"  r eg ime  of pa r t i c l e  m o v e m e n t  in the sublayer ,  i .e.,  the par t ic le  p rac t i ca l ly  moves  in a r ec t i l i nea r  t r a j e c -  
tory ,  re ta in ing  until col l is ions the values  V x and Vy of the veloci ty  components  nea r  the initial d and m,  respec t ive ly .  
In this case  T c --~ 1 / m  andxc  -~ d / m .  With inc reas ing  p r e s s u r e  and for  Re near  R e c r  the effect  of fo rces  a t the  side of 
the flow is enhanced, which is mani fes ted  in the bending of the par t i c le  t r a j ec to ry ,  in the dependence ofV x and Vy 
on the pa r t i c l e  posi t ion in the flow, etc.  F o r  smal l  values  of the initial pa r t i c le  veloci ty  in the t r a n s v e r s e  

2 

t 

o loo 200 p 

Fig .  3. R e e r  as a function of p r e s -  
sure  P,  a tm [for the dependences 
1 , 2 , 3 )  m = 0 ;  4, 5) 1]: 1) d = 0 . 6 ;  
2) 1; 3) 1.4; 4) 0.6; 5) 1.4. 
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direct ion m < 0.2, the value of the longitudinal velocity component at the initial moment  of time d has a signifi- 
cant effect  on the quantity ~'c, while for  increas ing  d, T c dec rea se s .  Thus, e . g . ,  for  ~4 = 0.344 (P = 200 atm) 
and a/1 -~ 0.4, T c dec reases  by an o rde r  of magnitude when d changes f rom 0.6 to 1.4. F o r  l a rge r  values m > 
0.6 the dependence Tc(d) weakens.  This effect is re la ted  to the significant influence of the Magnus force F M ~ 
(d - 1) [see Eq. (3)]. Since the resul t  of force action is determined by its moment  ~FMT c, and T c depends 
significantly on m and inc reases  with decreas ing  m,  for  smal l  m values the moment of F M is large.  Fo r  d > 1 
the par t ic le  is acce lera ted  by the Magnus force ,  and for  d < 1 it is slowed down. We note that for  otherwise 
equal conditions a dec rease  in Re leads to an increase  in T c. 

The par t ic le  equations of motion in a laminar  sublayer  with account of the action of weight forces  were 
analyzed numer ica l ly  by computer ,  with the quantity a/l  acquiring five values in the range 1.4.  (10- t10-3) ,  
vt(p) acquired the values 6 . 1 0  -4 (P = 1 atm),  5 .01.10 -2 (P = 70 aim), 0.344 (P = 200 atm), and each vt value 
cor responded  to a t r iplet  of a values (in absolute value): 

x=6 .10-4 ;  ~=0 .172;  1.72; 8.6; 

• = 5.01- 10-2; a = 32.2; 3.22. 102; 1.61. 103; 

• = 0.344; ~ = 2.33. 102; 2.33. 103; 1.16. I0 r 

F o r  fixed ~ (implying fixed p re s su re  and saturation temperature)  an increase  in a implies a decrease  in the 
average vapor flow veloci t ies  (Recr) in the tube. 

We turn now to resul ts  of analyzing features  of par t ic le  motion in a horizontal  channel with account of 
gravi ty forceS.  

Precipi tat ion at the Lower Channel Wall. Fo r  an initial part icle  velocity directed toward the wall it 
always set t les  at the channel wall. Fo r  fixed p r e s s u r e  in the channel the qualitative effect of the basic  p a r a m -  
e t e r s  is the following: with increas ing Re ~ (a/l)2 ( i .e . ,  with increas ing part icle  size) the part icle  stay period 
in the sublayer  is shortened (Fig. 4); an increase  in the main flow velocity (a decrease  in a) leads to an in- 
c rease  in Tc, which is par t icu lar ly  strongly manifested for small  Re; the effect of the initial part icle  velocity 
along the flow d is unimportant  for  T c and is a finite par t ic le  velocity (for collisions with the wall) in the y 
direction Vyc, but under cer tain conditions (IRe >Recr )  there is a finite par t ic le  velocity in the x direction 
Vxc, which increases  with d. The final value of the part icle  coordinate x c i s  determined as a function of T c 
and d, while with increas ing d, x c inc reases  monotonically.  The effect of m and P is d iscussed below. Anal- 
ys i s  of the resul ts  of numer ica l  calculations and of analytic solutions of Eq. (3) shows that depending on the 
var ia t ion  region of p a r a m e t e r s ,  the part icle  can move in two different reg imes .  

1. The "Drift" Regime. The part icle  moves toward the channel wall p rac t ica l ly  in the whole portion 
(except the initial one) with a constant velocity in the t r ansve r se  direction Uhr, 

ReFr • 64 8• q- " (5) 

The longitudinal par t ic le  velocity follows the main flow velocity.  As follows f rom Eq. (5), Udhr is independent 
of the initial par t ic le  velocity,  but is a function Udr = Udr (Re, F r ,  P). Necessary  conditions of presence  of a 
drift  regime a re :  fi = (x/Re)2 + (3~/8) 2 -  3~/8 > 0, (R/Re) > a + mq(3x/8)(1  - 3~/8),  and the l a rge r  the vatue 
of x / R e  [corresponding to smal le r  Re ~ (aft) 2 at fixed P] the be t te r  they are sat isf ied,  so that (x/Re) 2 >> (3x/8) - 
(3~/8) 2, and, consequently,  for most  interest ing cases  Eq. (5) can be represen ted  in the form (x << 1) 

u h r ~  Re g ~/-D a 2 Fr ~ = 5 ,:-~- F~(P), (6) 
~ a Y  

tgv c --~,,, ~ ,  f 

~f 
l -/' 0 / 2 tg-~ 

Fig. 4. Dependence of T c on a 1 = Vt/Re 
for  precipitat ion at lower wall of hor i -  
zontal channel [the continuous line is an 
approximate calculation by Eqs.  (5)- (7) ; 
the dotted line is the calculation by Eq. 
(3)]: 1) T O = , ~ ( 1 -  •  2) 1/U~r;  
I) " f ree-fa l l"  region;  If) t ransit ion region;  
Ill) "drift ." 
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where F I(P) = 1/[x(P)vg/8(P)]. The calculated FI(P) for the v a p o r - w a t e r  sys tem at the saturation line is a 
decreas ing  monotonic func t io~for  increas ing p res su re  P. Consequently, with increas ing P the drift  velocity 
Uhr dec reases  [Uhr(p = 1 ) /Udr (P  = 226 atan)-~ 6]. Thee f fec t  of the remaining pa ramete r s  on Uhr is easi ly 
seen f rom Eq. (6). We only note the quite s t rong dependence of Uhr on the part icle size Uhr ~ a2and the very 
weak effect  of the s team pipe d iameter  U~r ~ 84"-~. 

2. The " f ree- fa l l "  regime is cha rac te r i zed  by a s t rong influence on the t ra jec tory  of part icle motion 
due to gravity with very  insignificant effect  of flow forces .  This regime is real ized for  s~f ic ient ly  large pa r -  
ticle s izes a (in compar ison with the subtayer  width l). A neces sa ry  condition for  the existence of this regime 
is /3 < 0. The par t ic le  velocity in the flow and the t ime up to coll isions with the channel wail are quite accu-  
ra te ly  descr ibed by Eq. (3), in which, consider ing only the f i r s t  t e rm in the r ight-hand side of ae :  

V~ = d,  V~ = - -  m - -  o~ ,  

m . / -  m z 2 V y c / m  = (1 _z_ 2 a / m 2 ) l / 2 .  (7) 
* c ~  - -  -~- + V -~ -  + ~ -  ' 

Comparison of resul ts  of calculations by Eq. (7) with exact calculations by Eq. (3) is sa t isfactory.  The effect 
of separate  sys tem pa rame te r s  in this motion regime is seen f rom Eq. (7). Here we note the fact tlaat for suf- 
ficiently l a rge - sca le  par t i c les ,  for  which the existence condition of this regime is real ized,  the part icle  size 
and p res su re  in the sys tem have small  effect  on the t r a jec to ry  and on other  pa rame te r s .  

Figure  4 shows compar ison of dependences of T c on x / R e  for  P = 70 atm, constructed by Eq. (3) and by 
means of the approximate relat ions (5), (7). Sat isfactory agreement  of the constructed curves  in the regions 
of pa r ame te r  values x / R e ,  corresponding to the reg imes  of " f ree-fa i l"  and "drift" of part icle  motion, is 
easi ly seen. A transi t ion region is found between these regions,  in which the part icle  motion cannot be de- 
scr ibed by any of the suggested approximations,  and it is n e c e s s a r y  to use the r igorous solution of Eq. (3). 

Precipi tat ion at the Channel Top Wall. One of the main features  of liquid part icle  precipitation in a 
vapor  flow in thermodynamic  equil ibrium at the channel top wall is the difficulty in its advance toward the 
wall due to gravity and drag forces .  F r o m  the whole variat ion region of basic pa r ame te r s ,  for which numer i -  
cal analysis  of solutions of Eq. (3) was pe r fo rmed ,  part icle precipitat ion at the channel wall occurs  only for 
c~ = 0.172 and x = 6 . 1 0  -4 (P = 1 atm), m > 0.6 for certain values of X/Re,  smal le r  than some cr i t ical  value 
(x /Re)c r  which is a function of ~t, a ,  m.  If the sys tem pa rame te r s  are such that (X/Re) > (x /Re)cr  , the pa r -  
ticle is not incident at the channel wall and leaves the sublayer  at some time Tc(m, x /Re) ,  while r c decreases  
will1 decreas ing  m and increas ing x / R e ,  i . e . ,  the par t ic le  stay period in the sublayer  is shortened with de- 
c reas ing  initial par t ic le  velocity in the t r ansve r se  direct ion,  with increasing p res su re  in the sys tem,  and de- 
c reas ing  part icle  s ize.  One cannot establ ish an analytic dependence of (X/Re)cr on the basic sys tem p a r a m -  
e te r s  s tar t ing f rom the solution of Eq. (3), since it is neces sa ry  to obtain the solution of a corresponding 
t ranscendental  equation. Using resul ts  of numer ica l  ca lcula t ions ,  one notes two limiting regions of basic 
p a r a m e t e r  changes,  for  which the par t ic le  cer ta inly reaches  the channel wall and leaves the sublayer.  The 
f i r s t  case occurs  for/3 - 0, when a -< m2/2, while the second is real ized for/3 > 0 and 

1 r { 13z+ m • 

Taking into account the r e m a r k s  made above, we note the substantial nonuniformity of part ic!e p rec ip i -  
tation intensity along the channel pe r ime te r  in a horizontally placed channel, which may be the reason for an 
anisotropic  distribution of a l iquid-phase film at the channel wall in the presence  of a d i spersed- r ing  flow 
region of the v a p o r -  liquid sys tem in it. 

We now consider  part icle  motion in a ver t ical  channel with account of gravity forces  on the sys tem,  
while we distinguish between down- and upflow. 

Par t ic le  Precipi tat ion for Downflow. The given case is charac te r i zed  as follows: for the whole var ia -  
tion region of basic  pa r ame te r s  considered the par t ic le  sett les at the channel wall, which is related to Magnus 
force action, which is t r ansversa l ly  directed due to the acce lera t ing  action in the x direct ion by the par t ic le  
gravi ty force ,  d i rected toward the channel wall (this leads to the fact  that the par t ic!e  moves fas ter  than the 
vapor  flow for  d > i during the whole t ime,  and f o r d  < 1 after  some initial time interval). We mention some 
basic  features  of precipitat ion.  Fo r  fixed p re s su re  in the sys tem a decrease  in Re ~ ( a / l )  2 leads to an in- 
c rease  in the par t ic le  stay time in the flow "re, an increase  in the pa rame te r  a under otherwise equal condi- 
tions has a very small  effect on T c for large values of x / R e  l a rge r  than some cr i t ical  value, and s t ronger  
(toward shortening ~-e) for  small  x / R e .  Fo r  f ixed  Re an increase  in p r e s su re  P and related pa rame te r s  
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( temperature ,  vapor v iscos i ty ,  etc.) leads to shortening of the part icle  stay time in the sublayer ,  whiie this 
dependence is very  s t rong for  small  values of n / R e .  It must  be noted that with increas ing p res su re  the pa r -  
ticle velocity is enhanced at large Re and significantly exceeds the main flow velocity,  which, according to 
Eq. (3), leads to a sharp increase  in the Magnus force directed toward the channel wall. The Stokes drag 
force has no pract ica l  effect.  Since the express ion for the Stokes force ,  used in Eq. (3), is valid for the case 
of small  relative flow and part icle  veloci t ies ,  Vre lmax/V << 1/a [or V r e l m a x  << 1/(5r In the cases  men- 
tioned this condition is violated and the resu l t s ,  r igorous ly  speaking, are incor rec t  for quantitative es t imates  
of Wc and other  quantities.  

Analysis  of the resul ts  obtained shows that the whole set  of possible part icle  motions in the downfiow 
sublayer  can be developed for two charac te r i s t i c  motion reg imes .  The real izat ion cr i ter ion of one or  another 
regime is  the magnitude of the pa r ame te r  n / R e .  If (u/Re) > (n /Re)cr ,  af ter  some time interval the part icle  
s ta r t s  moving toward the channel wall with a constant velocity U~r in the t r ansver se  direction 

U~ r 3 • 
8 

The par t ic le  velocity U~r and the precipitation time ~c are pract ica l ly  independent of the initial values of the 
par t ic le  velocity.  

Yor (u/Re) << (u /Re)c r  we have a regime of "inert ia" precipitat ion,  when the value of the initial pa r -  
ticle velocity pract ica l ly  does not change. 

As shown by analysis ,  in f i rs t  approximation the quantity (•/Re)cr coincides with the value of (~/Re)cr  
for  the case of absence of gravi ty ,  so that for  Re < Recr  we have the "drift" regime of part icle motion. Taking 
into account for  most  cases  fl - (n/Re)2, as well as using Eqs.  (1), (3), we write for U~r 

U~ = 3 a~ U 7/~ P~ (P), (8) 
8 (25) 2 ~ b -  av 

whe re F 2(P) = 1 / in  (P) u 23/8 (p) ]. 

The effect of separate pa r ame te r s  of the sys tem on the par t ic le  velocity in the t r ansverse  direction and 
on T c = 1/U~r is seen f rom Eq. (8). The function F~(P) increases  with p r e s su re ,  so that with increasing p r e s -  
sure U~r inc reases ,  w e is shortened,  and, consequently,  the precipitation conditions improve.  We note the 
important  effect of part icle  size and of the main flow velocity on the precipitation rate .  

For  (u/Re) < (u /Re)c r  the basic  features  of the case a = 0 are retained.  

Par t ic le  Precipi tat ion for Upflow. For  this case of motion the resul t  of acting forces  is such that the 
par t ic le  can reach the channel wall only under cer tain conditions. As in the previous cases ,  the cr i te r ion  
separat ing these two var iants  is the quantity Recr .  If Re < R e c r  the part icle  leaves the sublayer  under the 
action of Magnus forces .  If Re > R e c r  the part icle  reaches  the channel wails. 

The nature of part icle  emergence  f rom the sublayer  at Re < Recr  can differ.  This difference consists  
of the following (Fig. 2b): e i ther  the par t ic le ,  moving with almost  constant velocity in the x direction in the 
flow, drifts  with a constant velocity in the t r ansve r se  direction to the exit f rom the sublayer ,  or  at some point 
it turns around and moves toward the flow under the action of gravity fo rces ,  leaving the sublayer at a point 
found at some distance above the flow, away f rom the part icle  exit in the sublayer.  

When the part icle  sett les at the channel wail (Re >Rec r ) ,  its precipitation time z c depends strongly on 
the magnitude of the initial part icle  velocity in the t r ansver se  direction and dec reases  with increase of the 
la t ter .  The value of the initial part icle  velocity in the longitudinal direction has a weak effect on z c in the 
p a r a m e t e r  region considered.  The quantity c~ affects T e insignificantly, but considerably affects the coordi-  
nate of the part icle  precipitat ion point x e. Thus, e . g . ,  for a = -1 .72  (P = 1 atm) x c < 0, while for a = -0 .172 
( P =  1 atm) x c > 0. 

N O T A T I O N  

x, y, z, Cartesian coordinates;  e,  i,  j ,  k,  unit vec tors ;  l, layer  thickness;  W0, flow velocity at the 
upper  boundary of the laminar  sublayer;  W(y), flow velocity distribution over  the sublayer  t h i c k n e s s ;  D, 
equivalent channel d iameter ;  v, kinematic vapor v iscos i ty ;  Uav, average flow rate of the turbulent flow; 
Re, Reynolds numbers ;  a, part icle radius;  Ra, in terpar t ic le  distance;  Vrel ,  part icle velocity relative to 
the gas;  V, par t ic le  velocity;  n ,  vapor to liquid par t ic le  density rat io;  g, gravity force vector ;  t and T*, flow 
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and c h a r a c t e r i s t i c  t i m es ;  
su re ;  FM,  Magnus fo rce ;  
e t e r s .  

m and d, d imens ion less  longitudinal and t r a n s v e r s e  par t ic le  ve loc i t ies ;  P, p r e s -  
F r ,  Froude num ber ;  Udr,  pa r t i c l e  dr if t  ve loci ty ;  ~ and 8, d imens ion less  p a r a m -  

1. 
2. 
3. 
4. 
5. 
6. 
7. 
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N O N S T E A D Y  H O T - F I L A M E N T  M E T H O D  

O S C I L L A T O R  T O  I N V E S T I G A T E  H E A T  

R A R E F I E D  G A S E S  

Y u .  G .  S e m e n o v ,  B .  A .  K a l i n i n ,  
S.  F .  B o r i s o v ,  a n d  P .  E .  S u e t i n  

U S I N G  AN RC 

E X C H A N G E  IN 

UDC 536.2.083 

A device which r e a l i z e s  the nonsteady ho t - f i l ament  method using an RC osc i l l a to r  is  d i scussed ,  
along with the r e s u l t s  of i t s  tes t ing  in the m e a s u r e m e n t  of the t h e r m a l  conductivity of the gases  
Ar, N2, and CO 2 and the i r  m i x t u r e s  under s tandard  condit ions.  

The expe r imen ta l  invest igat ion of heat  exchange in r a r e f i e d  gases  in the p r e sence  of solid su r faces  has  
acqui red  e v e r  g r e a t e r  impor tance  in r ecen t  y e a r s .  The complex  phys icochemica l  p r o c e s s e s  taking place  at 
the gas - solid boundary  have a cons iderab le  ef fec t  on p r o c e s s e s  of heat  t r a n s f e r  in gaseous media ,  requi r ing  
the introduction into heat -conduct ion theory  of the concepts  of a t e m p e r a t u r e  jump and of coeff icients  of energy  
accommodat ion  [1]. This imposes  h igher  demands  on the expe r imen ta l  technique a lso .  The ef for t  to sat isfy 
these  demands  led us to the c rea t ion  of a device based  on the nonsteady ho t - f i l ament  method using an RC osc i l -  
l a tor  as the r e c o r d e r  of the f i lament  t e m p e r a t u r e .  

A whole s e r i e s  of methods  ex is t  which p e r m i t  one to inves t iga te  the the rmophys ica l  p r o p e r t i e s  of a 
gaseous  med ium with a high degree  of accu racy .  The s t eady- s t a t e  r e s e a r c h  methods  have obtained the g rea t e s t  
development .  Devices  b a s e d  on these  methods p o s s e s s  a high m e a s u r e m e n t  accu racy ,  but they have a number  
of fundamental  d rawbacks  reducing the value and re l iabi l i ty  of the r e su l t s  obtained. F i r s t  of all one mus t  note 
the p r e s e n c e  of a constant  t e m p e r a t u r e  drop in the inves t iga ted  g a s e s ,  which leads to such undesi rable  phenom-  
ena as convection and thermodif fus ion .  The large  value of this  drop,  reaching  tens of deg rees ,  h inders  the 
one- to -one  co r re l a t ion  between the r e su l t s  obtained and the t e m p e r a t u r e  of the inves t igated gas .  The t ime con- 
sumed  in p e r f o r m i n g  the m e a s u r e m e n t s  is long. 

Devices  ba sed  on nonsteady methods  have not obtained wide application because  of the i r  low accu racy ,  
which is  due mainly  to the difficulty in the record ing  of a rapidly  vary ing  t e m p e r a t u r e .  All the s a m e ,  non- 
s teady devices  allow one to avoid the indicated defects  of s t eady- s t a t e  dev ices ,  and they considerably  s implify 
and speed up the m e a s u r e m e n t  p r o c e s s .  

To i nc r ea se  the accu racy  of nonsteady devices  we used a h igh-f requency RC osc i l l a to r  as the t e m p e r a t u r e  
r e c o r d e r .  A c i rcu i t  d i ag ram of the device is shown in Fig.  1. The e lec t ron ic  c i rcu i t  buil t  on the t r a n s i s t o r s  
T 1 and T 2 toge ther  with the de tec tor  D f o r m  an RC osc i l l a to r  whose negative feedback c i rcui t  is f r e q u e n c y - s e t -  
t ing and is built  in the fo rm of a 2T br idge .  
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