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E X P E R I M E N T A L  S T U D Y  OF H E A T  T R A N S F E R  

IN M E S H E D  M A T R I C E S  

E .  I .  M i k u l i n  a n d  Yu .  A. S h e v i c h  UDC 621.565.93.001.5 

The ar t ic le  presents  resul ts  of a study concerning metallic meshes of fine wire up to 30 p in d iame-  
ter.  They are used in high-eff iciency r egene ra to r s  for gas r e f r i ge r a to r s  and they yield a compactness  of 
up to 4" 104 m2/m 3. 

Existing data on the heat t r ans fe r  in such matr ices  [1-3] are most  cont radic tory  (Fig. 1). The test 
values given in [1] and [2] range between dashed lines 1, while the test  values given in [3] range between 
dashed lines 2. A compar ison  of these resul ts  indicates a wide dispersion,  more  than by one o rde r  of mag-  
nitude at low and mediumvalues  of the Reynolds number.  The mat r ices  studied in [1, 2] were short,  iL. e . ,  had 
a small  H/D e rat io (for example, the number  of meshes per  packet in [1] did not exceed 40) while the mat-  
r ices  in [3] consis ted of many densely packed meshes (300-790). Here H denotes the length (heighl:) of a 
packet tn ~he direct ion o[ ~he flowing s t r eam and D e denoLes the equivalent d iameter  of ~he matr ix channels. 

In o rde r  to explain this dispersion of values and to obtain reliable data, the authors had built an ap- 
paratus  with which both the heat t r ans fe r  and the res i s tance  could be measured in ma t r i ces  consist ing of 

any number of packets, f rom one to several  hundred, in a steady s t ream 
,N~" t I. 2 I ~  over  a wide range of the Reynolds number.  Steady flow was ensured by 

a continuous generation of heat within the matr ix  mass  by alternating 
// e lec t r ic  cur rent .  The heat was ca r r i ed  away by an a i r  s t ream blowing 

8 ~ ~,~7~/~7. 75 on the matrix.  With this stand we tested packets consis t ing of meshes  
6 ~ ' ~ _ ~ . ~ ' / /  ~//7 J in three sizes: No. 004, No. 0071, andNo. 0112; wetested 19models 
'~ ~'*~"Z' ~'/, ~'-" "/L4Z with different relative lengths. 
,3 
2 ~  ~ ~ ~ Our resul ts  c lear ly  indicate different heat t ransfer  c h a r a c t e r i s -  

~ ^ ~  tics for  mat r ices  with different numbers  of meshes  per  packet. In Fig. 
to~ / ~.~"x'.~ 1 a re  shown the data for  six ma t r i ces  with a No. 004 mesh (solid lines 

8 c~ "~ '~ 3-8). As the number of meshes  is increased  or, more precisely ,  as 
, v the relat ive length H/D e of a mat r ix  is increased,  the heat t r ans fe r  

3, d ~  "~" \ proceeds  at a lower rate.  The maximum heat t ransfer  occurs  with one 
z ~ '~ " ~ " ~ " ~ 2  mesh or  two meshes  per packet. 

, ,~-~ ~ , ~  Y These data on heat t r ans fe r  are general ized by using the Reynolds 
1o'r ,\\\\.\, number  Re and the relative length H/D e. The c r i t e r i a l  equationof heat 

8 \\~.~x2" t ransfer  in matr ices  with densely packed fine meshes  is, for H/D e in 
the 2-210 range 

0.8 
/ H ~ Re 0"25 

Nu = 1,21Re 0"47[~ (1) 
\ De ] 

5lDt 2 3 # E a i 0  2, 2 3 Re 

Fig. !, Heat transfer in 
meshed matrices: i) range 
of data in [I, 2]; 2) range of 
data in [3]. Our data for a 
mesh No. 004 with: 3-3) H 

/D e = 1.1-2.2; 4-4) 5.5; 5- 
5) 16.5; 6-6) 27,5; 7-7) 45; 
8-8) 212. 

and for H/D e > 210 

Nu = 0.05Re ~ 85. (2) 

The Reynolds number  in Eqs. (1) and (2) var ies  f rom 10 to 500. 

The wide variat ion in the heat t ransfer  rate following a change m 
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the re la t ive  length can be explained according  to the model of a mesh ma t r i x  where  the s t r e a m  is t rea ted  
as an internal  flow along channels  of complex  shapes .  Moreover ,  the mesh  packing reduces  sharp ly  the 
turbulence intensi ty in the enter ing s t r e a m .  One may  assume,  therefore ,  that inc reas ing  the number  of 
meshes  has  a s tabi l iz ing effect  on the s t r e a m .  

1~ 

2. 

3. 
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T H E R M O P H Y S I C A L  M E T H O D  O F  M E A S U R I N G  T H E  

T E M P E R A T U R E  C H A R A C T E R I S T I C  O F  

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

A. G. M e r z h a n o v ,  Y u .  M. G r i g o r ' e v ,  
Y u .  A .  G a l ' c h e n k o ,  a n d  V.  V.  B a r e l k o  

UDC 537.723.537.312.6 

A method is p roposed  for  m e a s u r i n g  the t e m p e r a t u r e  c h a r a c t e r i s t i c  of e l e c t r i c a l  r e s i s t a n c e  in meta l s  
by heat ing a thin me ta l l i c  f i l ament  with a constant  e l e c t r i c  c u r r e n t  in an i n e r t - g a s  a t m os phe r e  under  known 
flow condi t ions .  In such t e s t s  one m e a s u r e s  the c u r r e n t  through and the vol tage drop a c r o s s  the f i lament ,  
f r om which one then ca l cu l a t e s  the f i l ament  r e s i s t a n c e  and the e l e c t r i c  power  in the given heat ing mode. 
Two p r o c e d u r e s  have been developed for  de t e rmin ing  the t e m p e r a t u r e ,  both based  on the laws of convec-  
tive heat  t r a n s f e r  at a f i l ament  in a s t r e a m  under  l a rge  t e m p e r a t u r e  d rops .  

The f i r s t  p r o c e d u r e  [s as fol lows.  With the t e s t  spec imen  [n a s~eady s ta te ,  one d e t e r m i n e s  the r e l a -  
t ive f i lament  r e s i s t a n c e  R/R 0 as a function of the e l ec t r i c  power P at two d i f ferent  s t r e a m  velocith_~s and, 
on the b a s i s  of these data,  one plots  an R/R 0 = f(~) cu rve  with • denoting the d i f fe rence  in e l e c t r i c  power  
n e c e s s a r y  to heat  the f i l ament  to the same t e m p e r a t u r e  at d i f ferent  s t r e a m  ve loc i t i e s  (different va lues  of 
the convect ive  heat  t r a n s f e r  coeff ic ient) .  The magnitude of ~ does not depend on the e m i s s i v i t y  of the m a -  
t e r i a l  and, toge ther  with ce r t a in  known c r i t e r i a l  r e l a t ions ,  it y ie lds  the f i l ament  t e m p e r a t u r e .  

The second p r o c e d u r e  involves  the use of a r e f e r e n c e  f i l ament  with a known t e m p e r a t u r e - d e p e n d e n c e  
of i ts  e l e c t r i c a l  r e s i s t a n c e ,  Having de t e rmined  ~ / R  o as a function of ~ for  the t es t  m a t e r i a l  and the t e m -  
p e r a t u r e  T as a function of ~,tre f for  the r e f e r e n c e  f i lament ,  one can c om pa r e  the va lues  ~ and VTef, thus 
c o r r e l a t i n g  the quant i t ies  R/R 0 and T for  the tes t  m a t e r i a l .  In th is  method of de t e rmin ing  the f i l ament  t e m -  
p e r a t u r e  one does  not have to know the convect ive  heat  t r a n s f e r  coef f ic ien ts  nor  have to m e a s u r e  ve loc i t i e s  
of the oncoming s t r e a m .  

These  p r o c e d u r e s  have been checked expe r imen ta l ly .  The t e m p e r a t u r e  c h a r a c t e r i s t i c s  of e l e c t r i c a l  
r e s i s t a n c e ,  which have been thus de t e rmined  for  copper ,  s i l ve r ,  and VR-5 al loy over  a wide t e m p e r a t u r e  
range  (approx imate ly  1000~ a g r e e  closely- with publ ished data .  
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D E T E R M I N A T I O N  OF 

H E A T  C A R R I E R  IN A 

AT ONE E N D  

B.  A. S o l o v ' e v  

T H E  ME L T I N G  T I M E  F O R  

P I P E  S E G M E N T  H E A T E D  

A 

UDC 536.3 

The heating and the melting of a l iquid-metal  heat c a r r i e r  in a pipe with thermal  insulation at one 
end and a heat source at the other end, and with heat radiating into the ambient medium, are  descr ibed by 
a sys tem of equations consis t ing of a nonlinear second-orde r  differential equation and an integrodifferential  
equality with appropria te  boundary conditions of the f i rs t  and of the second kind. A conversion into dimen-  
s ionless  form has made it possible to reduce the number  of independent variables ,  to solve the sys tem of 
equations on a computer ,  and to present  the resul ts  graphical ly  in t e rms  of relat ive melting time ? = ~- 
/ (L2cp/X)  as a function of the pipe t ransmit t ivi ty  pa r ame te r  Cm = ~rO'HT3mL2/(kF) and of the r e fe r red  am- 
bient tempera ture  0 a = T a / T  m -- with the t empera tu re  at the hot end given ei ther  r e fe r r ed  to the melting 
tempera ture  0in = Tin/T m or to the relat ive length of the pipe segment O~n = OOin/O(x/L ) (which c o r r e -  
sponds to constant thermal  input power to the hot end). The graphs plotted for  potassium, sodium, and 
lithium can be used for  solving var ious  problems related to melting these heat c a r r i e r s  in pipes of var ious 
shapes.  The use of these graphs is i l lustrated on severa l  examples.  

NOTATION 

F is the c ros s  section area;  
H is the radiation per imeter ;  
L is the pipe length; 
x is the space coordinate;  
T m is the melting temperature ;  
T a is the radiation t empera tu re  of the ambient medium; 
Tin is the tempera ture  at the hot end; 
e r is the r e fe r r ed  emiss iv i ty  of the pipe surface;  
p is the density; 
e is the specific heat; 

is the thermal  conductivity; 
o- is the S te fan-Bol tzmann constant; 
"r is the time. 
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P U L S E  H E A T I N G  OF A P L A T E  W I T H  F I N I T E  W I D T H  

S E P A R A T I N G  T W O  M E D I A  

S. A. D r o z d o v  a n d  V. F .  S a l o k h i n  UDC 536.212 

The tempera tu re  of a heat source is calculated theoretically~ this heat source being located on the 
plane boundary between two semitnfintte media with different the rmal  proper t ies  (al, el) , (a2, e2) and hav- 
ing the shape of a s t r ip  with finite width 21 which at time t = 0 is activated at a constant (in time) and uni- 
form (over the surface) thermal  flux density q. Such models come up in the development of pulse methods 
for  thermophysical  measurements  with the use of thin-fi lm res i s tance  probes,  and they are of interest  for 
the calculation of thermal  fields in microe lec t ronic  c i rcu i t ry .  

Disregarding  the thickness and the specific heat of the source,  the authors have obtained the follow- 
ing expression for its mean t empera tu re  as a function of t ime: 

2t/VU~ IIZ2 (~) d~ ~ ] 
T ( t ) =  2qV-__~ [1 __ ]/-F - - - - /  W~(~) ~ -  

(ei.~_82)]/-~- 4-'l- ,j ]/-T _ " ' 
0 2l/lft 

tF 2 (x):  81 0)(icq)- 82 o) 8o e 1--82 o)(ia~)--, et a) io; 2 e- 

z 
? 

where w(z) = e-Z2[1 + 2i/4-7r le}2d~] is the complex e r r o r  function and 
0 

a18 ~ - -  a~e 2 x 2 

Fur the rmore ,  the asymptotic  behavior  of this solution is examined in the case  of short  and tong time 
periods.  Fo r  t ~ 0, specifically,  

T(t)~ 2q ]/}- [i__ "l/-fi~'-I ~ ) j_t_... ], 

V / - ~  {arccos? at ?.~.1, l ~ k a k  ~ k8 | _ _ k  2] , g (Y )  = 

|  - l - k ~  g ( v )  11 - k-~--~ l - k~ f - arch v at  ~ >  1. 

ka-~-lee 2 a s , k e - -  8~ 

"~= l_[_kake k a -  al 81 

The fac tor  outside the bracke ts  r epresen t s  the solution to the one-dimensional  vers ion of the problem, 
where the width of the heat source  increases  infinitely; the expression inside the b racke t s  determines ,  
accordingly,  the edge effects.  This formula  yields the validity c r i te r ion  for the one-dimensional  solution, 
namely  

N O T A T I O N  

~n 
% 

is the thermal  diffusivity of a medium; 
is the thermal  activity of a medium; 
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t is the t ime;  

F n = ant/12 is the F o u r i e r  n u m b e r .  
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I N T E R N A L  H E A T  T R A N S F E R  I N  A P L A T E  U N D E R  

N O N L I N E A R  B O U N D A R Y  C O N D I T I O N S  

B .  Y a .  L y u b o v  a n d  N.  I .  Y a l o v o i  UDC 536.3.536.25 

The solut ion to the d i f fe ren t ia l  equat ion of heat  conduct ion 

Ov O2v 
aT Ox 2 

f o r  a plate with a non l inea r  b o u n d a r y  condi t ion 

~176 t ax ~=i= F (%=I, T) 

at  the su r face ,  with a s y m m e t r y  

~ t Ox x=O 

and with an a r b i t r a r y  init ial  t e m p e r a t u r e  d i s t r ibu t ion  

is found in the f o r m  

where  

v[~=0 = f (x) 

v (x, ~)= -~ (1--~x) ~n ~p(n, (~) -~ ~ (l(2n--x)2n*I+ 1)! ,(n)(~), 
n~O a ~ 0  

* (~) = -- F [(p (% T]. 

Function q~(~-) is determined from the integral Volterra equation of the second kind. 
parabolic initial temperature distribution, for example, we have 

T 

r (~) vl --  2~Vo% (x) + j F [~ (t), t] qh (~ -- t) dr, 
0 

w h e r e  

In the c a s e  of a 

(1) 

(2) 

(3) 

(4) 

(5) 

1 E (--1)~ 

k = l  

With q~('0 d e t e r m i n e d  f r o m  Eq. (6), it is s imple  to obtain the va lues  of q~(n)(T) and r needed for  
ca l cu la t ing  the t e m p e r a t u r e  a c r o s s  a body  sec t ion .  

Two spec i f ic  p r o b l e m s  a re  ana lyzed  on the b a s i s  of this theory :  hea t ing  of a plate  by  t h e r m a l  r a d i a -  
tion and hea t ing  of a pla te  when the heat  t r a n s f e r  coe f f i c i en t  v a r i e s  as a function of t ime.  

(6) 

NOTATION 

v(x, ~') = T(x, "r)/Tm; 
I" = at~R2; 

Translated from Inzhenerno-Fizicheskii Zhurnal, Vol. 22, No. 6, p. 1120, June, 1972. Origina[ ar-'7- 
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x = x/1% 
T(x, ~') 
T m  

X 

2R 
C/ 

t 

v 1 
Av o 

is the t e m p e r a t u r e  funct ion of the plate;  
is the t e m p e r a t u r e  of the heat  emi t t ing  med ium (if this  t e m p e r a t u r e  v a r i e s  as a function of 
t ime,  then T m is its m a x i m u m  value);  
is the space  coord ina te ;  
is the plate  th ickness ;  
is the t h e r m a l  diffusivi ty;  
is the t ime;  
is the s u r f a c e  t e m p e r a t u r e ;  
is the ini t ial  t e m p e r a t u r e  d rop  a c r o s s  a p la te  sec t ion .  
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HEAT CONDUCTION WITH AN ARBITRARY PERIODIC 

VARIATION OF THE HEAT TRANSFER COEFFICIENT 

AND OF THE AMBIENT TEMPERATURE 

B .  Y a .  L y u b o v ,  N .  I .  Y a l o v o [ ,  UDC 536.2.01 
a n d  [ .  N .  M a n u s o v  

The  p r o b l e m  of hea t  conduct ion in a p la te  is ana lyzed  for  the c a s e  w h e r e  both the hea t  t r a n s f e r  c o e f -  
f ic ient  oz('r) and the amb ien t  t e m p e r a t u r e  Ta(T ) a r e  pe r iod i c  funct ions  of t ime .  It is  a s s u m e d  that  funct ions  
c~(~-) and Ta( ' r  ) s a t i s f y  the D i r i ch l e t  condi t ion.  

The  solut ion  is obta ined by a comb ined  app l ica t ion  of the o p e r a t i o n a l  method and s u c c e s s i v e  a p p r o x i -  
ma t ions .  

S imple  h a r m o n i c  f luc tua t ions  of the heat  t r a n s f e r  coe f f i c i en t  and of the amb ien t  t e m p e r a t u r e  

a0 Bi (Fo)= T + a1 cos Pd Fo, 

C o 
re(F~ = T @ cl cos Pd Fo 

a r e  ana lyzed  tho rough ly  he re .  

The  ca l cu l a t i on  f o r m u l a s  f o r  th is  ca se  a re  

and 

(1) 

vo(Fo, X) ao2 c~ 0 o ( +  , Fo)-l-(als @cl ~ )  

Fo Fo 

X ,f O0 ' X 
0 0 

where 

Fo Fo 

vk (Fo, X ) = - -  a o_ t'Oo ( .~_ Fo-- t )  vh_l (t, 1)dr--a l !"O o ( ~  Fo--t) vk_l (t, I)cosPdtdt, 
, ,  , , , , ( 3 )  

0 0 

k = l ,  2, 3 . . . .  , 

Oo (z, t) = 1+2 ~_~ (-- l)kexp (-- n2k~t) cos 2akz. 
k = l  

G r a p h s  r e p r e s e n t i n g  a p p r o x i m a t i o n s  of the t e m p e r a t u r e  funct ion p r o v e  the c o n v e r g e n c e  of th is  m e t h -  
od, b e c a u s e  the second a p p r o x i m a t i o n  l ies  be tween  the z e r o t h  and the f i r s t  one, the third a p p r o x i m a t i o n  
l ies  be tween  the f i r s t  and the second one, e tc .  

An a n a l y s i s  of e x p r e s s i o n s  (2) and (3) shows  that  the p r o c e s s  of s u c c e s s i v e  a p p r o x i m a t i o n s  is  suf -  
f i c i en t ly  c o n v e r g e n t  only when ao/2 < 1 and a 1 < 1. In view of th is ,  a modif ied  solut ion is given h e r e  su i t -  
able  f o r  p r a c t i c a l  use  within the a0/2 > 1 and a I > 1 r ange .  

The  concep t  of this  method can be  e a s i l y  extended to bod ie s  with o t h e r  s h a p e s .  
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Va(Fo) = (Ta(Fo)-  T0)/(TA- T0); 
T O 
TA 
Fo = a T / R  2 

Bt (Fo) = a (Fo)R/X; 
Pd �9 Fo 
Pd 
x = x/R 

N O T A T I O N  

is the initial plate temperature;  
ts the amplitude of fluctuations of ambient temperature;  
is the Four ie r  number; 

is the dimensionless  cycle time; 
is the Predvoditelev number; 
is the r e fe r r ed  space coordinate.  

i. 

LITERATURE CITED 

B. Ya. Lyubov and N. I. Yalovoi, Inzh.'Fiz. Zh., 17, No. 4 (1969). 

786 



C A L C U L A T I O N  O F  T H E  E I G E N V A L U E S  IN T H E  

P R O B L E M  O F  H E A T  T R A N S F E R  D U R I N G  L A M I N A R  

F L O W  T H R O U G H  A C I R C U L A R  C H A N N E L  

Y u .  V .  V i d l n ,  Y u .  A .  P s h e n i c h n o v ,  
a n d  A .  K .  F e d y u k o v i c h  UDC 532.595 

In [1] was  g iven  act a n a l y t i c a l  so lu t ion  of the t e m p e r a t u r e  f i e ld  in a l a m i n a r  s t r e a m  of f luid flow~.ng 
th rough  a c i r c u l a r  channe l  and hea t ed  e x t e r n a l l y  by  c o n v e c t i o n .  In o r d e r  to use  th is  equa t ion  in e n g i n e e r -  
tag, one m u s t  know the n u m e r i c a l  v a l u e s  of the c h a r a c t e r i s t i c  r o o t s  #n ,  the e igen func t i ons  tbn, and the con -  
s t an t  c o e f f i c i e n t s  A n of the e x p a n s i o n .  T h e s e  v a l u e s  w e r e  g iven  in [1] fo r  only  a v e r y  n a r r o w  r a n g e  of the 
Bio t  n u m b e r ,  h o w e v e r .  F o r  th i s  r e a s o n ,  v a l u e s  of /~n, ~n, and An have  been  s u b s e q u e n t l y  c a l c u l a t e d  by  
c o m p u t e r  fo r  a much  w i d e r  r a n g e  of the B io t  n u m b e r .  The r e s u l t s  have been  a p p r o p r i a t e l y  t a bu l a t ed .  

The eigenvalue and eigenfunction problem (the Sturm- Liouvtlle problem) is to find a solution to the 
system of equations 

~"+ ~ -  + ~ (1 --  R~) ~ = o, (1) 

~ ) ' = 0  a t  R=O,  (2)  

~ ' =  - - B i ~  at R = 1. (3)  

The i n t e g r a l  of th is  s y s t e m  is sought  in the c l a s s  of s p e c i a l  f unc t ions .  As has  been  shown ~n [2], the 
g e n e r a l  so lu t i on  to p r o b l e m  (1)-(3) can  be  w r i t t e n  as  

( -~---)R2 F~(a, 7, ~Rg, (4)  q~ = exp \--I~ 

w h e r e  Fa(C~ , y, #R  2) i s  a conf luen t  h y p e r g e o m e t r i c  funct ion def ined  in t e r m s  of the  inf in i te  s u m :  

Fa (~, 7, pR ~) = i + ~R2-t - - -  + ' "  (5) 
7 7 (7 -{- 1) 21 

In th i s  c a s e  a = 1/2 - ~ /4  and ~/= 1. Then Eq. (4) t r a n s f o r m s  into 

, = e x p  ( _ V - ~ ) [ I +  (2- - [~)~R,+  (2-P~)(6-V)P~ R4 ] 
4 16 " (2!) ----~ + . . . .  (6} 

I n s e r t i n g  (6) into the b o u n d a r y  cond i t ion  (3), we obta in  an equa t ion  f o r  the  e i g e n v a l u e s :  

] + B �9 �9 

4- (2!) ~ 4 s" (3!) 2 a 

X 1+ 4 16-(2!) 2 + 64-(3!) 2 P~ + . . . .  Bi. (7) 

The  s e r i e s  in (6) and (7) a r e  known to be  c o n v e r g e n t .  Only the f i r s t  twenty  t e r m s  w e r e  used  in the 
c o m p u t e r  c a l c u l a t i o n .  The  c o n t r i b u t i o n  of the  r e m a i n i n g  t e r m s  was  i n s i g n i f i c a n t .  F o r  the beg inn ing ,  the 
f i r s t  t h r e e  r o o t s  of the c h a r a c t e r i s t i c  equa t ion  (7) w e r e  thus d e t e r m i n e d .  As the s t a r t i n g  point ,  the  au th -  
o r s  used  the r o o t s  c o r r e s p o n d i n g  to a b o u n d a r y  cond i t ion  of the f i r s t  kind,  i . e . ,  to Bi - -  ~o (#3 = 10.6734, 
~t 2 = 6.6790, and Pl  = 2.7044).  The  p r o c e d u r e  fo r  c a l c u l a t i n g  ~z n was  b a s e d  on a d i s c r e t e  d e c r e m e n t  of # 
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in (7) in A# = O.0O01 steps. As the target value of #n was chosen that which would convert Eq. (7) into an 
identity at a given value of the Biot number. 

The eigenfunctions ~bl, ~2, and ~b 3 were then calculated according to Eq. (6). Coefficients A n of the 
series must satisfy the boundary condition at the channel entrance: 

~ AnOn= 1. 

The constant coefficients A n are found with the aid of this last expression, taking into account the 
orthogonality of elgenfunctions ~n. 

1. 

2. 
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CALCULATION OF THE BOUNDARY LAYER AT A 

THIN PLATE HEATED SIMULTANEOUSLY BY 

RADIATION AND CONVECTION 

V .  V .  I v a n o v  a n d  I .  L .  D u n t n  UDC 532.526:537.312.51 

The  a u t h o r s  a n a l y z e  the compound  hea t  t r a n s f e r  at a s u r f a c e  wi th  a b o u n d a r y  l a y e r  hea t ed  f r o m  the 
o t h e r  s ide  s i m u l t a n e o u s l y  b y  t h e r m a l  r a d i a t i o n  and convec t ion .  The  a n a l y s i s  is  b a s e d  on a l a m i n a r  b o u n d -  
a r y  l a y e r  and a t h e r m a l l y  thin wa l l .  

App ly ing  to the o r i g i n a l  s y s t e m  of hea t  t r a n s f e r  equa t i ons  

00 00 020 
u a ~ + V  ~ g - = a  ay~' 

O0 8%T3c 
- -  0--y-= ~, [ K ( 1 - - 0 ) + 1 - - 0 4 1  at y = 0 ,  (1)  

0 = 0 , ~  at g - ~ ,  (2) 

T~ T (x, y) 
0 < 0  = ~ < 0 =  Tr <I, K= e%T--~c, (3) 

the n o n l i n e a r  i n t e g r a l  t r a n s f o r m a t i o n  

e 

2 K ( l --0) 7- i--0~] = exp [-- p} (K, 0)1 (4) 
0 

l e a d s  to a p r o b l e m  w h e r e  the  b o u n d a r y  cond i t ion  (2) i s  l i n e a r :  

aw ow FO2W l 
a--0. +~ --=0y a[-~V~ +r(~' ~)]' (a) 

[ aO/Oy ]~ 
F(x, g)=pW K(l--0)-[ -I-04 (K + 403 --  p), (6) 

0IV e~ 3 
ay = p ~ w  at y = o ,  (7) 

W=exp- -p[ (K,  O~)=Wr at y ~ .  (8) 

Group  (6), which  a p p e a r s  in the  t r a n s f o r m e d  e n e r g y  equa t ion  (5), is  m i n i m i z e d  by  m e a n s  of p a r a m e -  
t e r  p. The  cond i t i on  that  F(x ,  y) ~ 0 i s  o b v i o u s l y  s a t i s f i e d  when p ~ K + 403. The  unknown t e m p e r a t u r e  
0 = 0(x, y) is  then found f r o m  r e l a t i o n  (4) and the known so lu t ion  to the l i n e a r i z e d  p r o b l e m  f o r  W = W(x, y). 

The  a c c u r a c y  of the f ina l  r e s u l t s  is  e v a l u a t e d  by  a b i l a t e r a l  e r r o r  e s t i m a t i o n ,  which  a l s o  r e v e a l s  the 
n e c e s s a r y  a c c u r a c y  c r i t e r i a  of the  c a l c u l a t i o n s .  

The  u s e f u l n e s s  of th is  me thod  is i l l u s t r a t e d  on s e v e r a l  e x a m p l e s .  A c o m p a r i s o n  of the c a l c u l a t e d  
s u r f a c e  t e m p e r a t u r e  wi th  n u m e r i c a l  v a l u e s  ob ta ined  by  E. S p a r r o w  and S. L[n c o n f i r m s  that  the p r o p o s e d  
me thod  [s h igh ly  a c c u r a t e  and r e l i a b l e .  It i s  a l so  e s t a b l i s h e d  that ,  wi th in  the given r a n g e ,  the v a l u e s  h e r e  
do not  d i f f e r  f r o m  c o m p u t e r  r e s u l t s  by  m o r e  than 1%. 
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EFFECT OF AXIAL HEAT CONDUCTION THROUGH A 

PIPE ON THE TEMPERATURE OF THE PIPE WALL 

AND OF THE GAS STREAM INSIDE IT 

G .  G.  M a r l i n  UDC 536.24:621.365 

In the o n e - d i m e n s i o n a l  f o r m u l a t i o n  of the p r o b l e m ,  the t e m p e r a t u r e  of a gas  s t r e a m  in a p ipe  t and 
the t e m p e r a t u r e  of the  hea t  d i s s i p a t i n g  p ipe  w a l l  T a r e  c a l c u l a t e d ,  t ak ing  into accoun t  a x i a l  hea t  conduc t ion  
th rough  the p ipe  wa l l .  The  t h e r m o p h y s i e a l  p a r a m e t e r s  a r e  a s s u m e d  c o n s t a n t  and ax ia l  hea t  conduc t ion  
th rough  the gas  is  d i s r e g a r d e d .  The  c r o s s  s e c t i o n  a r e a  of the w a l l  f, the hea t  d i s s i p a t i o n  p e r i m e t e r  p, and 
the we t t ed  p e r i m e t e r  la w a r e  a s s u m e d  cons t an t ,  a l so  the in i t i a l  hea t  d i s s i p a t i o n  p e r  unit  length  q and the in-  
i t i a l  c o e f f i c i e n t  of h e a t  t r a n s f e r  f r o m  wa l l  to gas  o~. 

The  p r o b l e m  r e d u c e s  to the fo l lowing  equa t ion  wi th  two d i m e n s i o n l e s s  p a r a m e t e r s  K and L: 

where 

d20 + L -~c--K0= --K (1) 
dp ~ ' 

x (~ ~ t) ap r ~ r p l 
~ = 5 - '  o = - - , q  ~r -fi-, L= 7 ~ - - 4 s t  . . . .  pw ~"  

P a r a m e t e r  K c h a r a c t e r i z e s  the c o m b i n e d  e f fec t  of c o n v e c t i v e  hea t  t r a n s f e r  and ax i a l  hea t  conduc t ion ;  
p a r a m e t e r  L i s  p r o p o r t i o n a l  to the p ipe  length  r e f e r r e d  to the p ipe  d i a m e t e r  d h. 

With  0 known, t and ~- a r e  d e t e r m i n e d  f r o m  the equa t ion  

qt t" O q 
o 

An equa t ion  a n a l o g o u s  to Eq. (1) is  a l so  g iven  f o r  the d i m e n s i o n l e s s  w a i l  t e m p e r a t u r e  -~ = (~ - - t a )epG 
/ql; l ike  Eq.  (1), th is  equa t ion  too i n v o l v e s  the p a r a m e t e r s  K and L. 

The  s o l u t i o n s  to t h e s e  equa t i ons  depend  on K and L, but  a l so  on the d i m e n s i o n l e s s  q u a n t i t i e s  which 
a p p e a r  in the b o u n d a r y  c o n d i t i o n s .  F o r  i l l u s t r a t i o n ,  the p r o b l e m  is  so lved  wi th  e i t h e r  the t h e r m a l  f luxes  
a c r o s s  the  wa l l  ends  and the c o n d i t i o n s  of hea t  t r a n s f e r  b e t w e e n  the end s u r f a c e s  and the gas  s t i p u l a t e d ,  
o r  with the w a l l  t e m p e r a t u r e  at  the p ipe  ends  T 0 and ~'~ g iven  wh i l e  t o = t a. C a l c u l a t i o n s  show that ,  if the 
ef fec t  of a x i a l  hea t  conduc t ion  is n e g l i g i b l e  (when K - -  ~) ,  0 = 1 wi th in  0 < } < 1. The  ef fec t  of hea t  c o n -  
due t ion  on 0 b e c o m e s  g r e a t e r ,  g e n e r a l l y ,  as  K d e c r e a s e s  and L i n c r e a s e s .  It i s  to be noted,  howeve r ,  
that  at  g iven v a l u e s  of K and L t h e r e  a r e  such v a l u e s  of the b o u n d a r y  p a r a m e t e r s  which  wi l l  make  0 = 1 
a long the e n t i r e  p ipe  (in the s e c o n d  c a s e ,  fo r  e x a m p l e ,  one can  f ind these  v a l u e s  by  l e t t i ng  u = 1 / L  and 

Yt = 1 + l / L ) .  

At s u f f i c i e n t l y  high v a l u e s  of K, 0 = 1 a c c u r a t e l y  enough wi th in  s o m e  m i d d l e  s e g m e n t  of the pipe; as  
K i n c r e a s e s ,  th i s  s e g m e n t  b e c o m e s  l o n g e r  and at  the l im i t ,  K - -  ~,  i t  ex tends  o v e r  the e n t i r e  pipe  excep t ,  
p e r h a p s ,  i ts  ends .  With in  th is  s e g m e n t  ~- - t  = c o n s t  = q/c~p whi le  the v a l u e s  of T and t - d i f f e r  by  the c o n -  
s t an t  t e r m  ~ = L / K  f r o m  t h o s e  c a l c u l a t e d  wi thout  a c c oun t i ng  fo r  hea t  conduc t ion .  P ipe  s e g m e n t s  w h e r e  
0 ~ 1 a r e  zones  u n d e r  an a p p r e c i a b l e  in f luence  of end e f f ec t s .  

Translated from Inzhenerno-Fizicheskii Zhurnal, Vol. 22, No. 6, pp. I124-1125, June, 1972. Orig- 
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Equation (1) is eas i ly  extended to the ca se  where  q and oz a r e  known functions of ~. 
t[on to this equation is obtained for  ~ = eonst .  

N O T A T I O N  

l is the length of pipe; 
x is the space  coord ina te  m e a s u r e d  f rom the pipe en t rance  along the s t r eam;  
dh is the hydraul ic  d i a m e t e r  of pipe; 
G is the gas flow rate;  
St is the Stanton number;  

is the t he rma l  conduct ivi ty  of pipe wall;  
ep is the speci f ic  heat  of gas; 
t o ts the gas t e m p e r a t u r e  be fore  en te r ing  the pipe; 
t a ts the gas  t e m p e r a t u r e  at the pipe en t rance .  

A genera[  so[u- 
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TRANSIENT TEMPERATURE FIELD IN AN ANISOTROPIC 

PLATE UNDER A GIVEN THERMAL FLUX AT THE EDGE 

Yu. M. Kolyano and V. I. Gromovyk UDC 536.12+539.376 

A semi in f in i t e  an i so t rop ic  plate is cons ide red  at the edge of which a given the rmal  flux v a r i e s  as a 
function of the space coord ina te  and of t ime q(y, ~-). The ini t ia l  t e m p e r a t u r e  of the plate  is zero .  A g e n e r -  
al solution to the p rob l em of t r ans i en t  heat  conduction is obtained for  this  plate by means  of in tegra l  F o u r -  
i e r  t r a n s f o r m a t i o n s  with r e s p e c t  to coord ina te  y and the Laplace t r ans fo rma t ion  with r e s p e c t  to t ime T. 

F o r  the ca se  where  the t he rma l  flux at the pla te  edge is given as 
N 

q (y, ~) = qoS+ (~) Z [S (y_) - -  S ( y + ) ] ,  
n=0 

with S(y) and S+0-) denoting the s y m m e t r i c  and the a n t i s y m m e t r i c  unit functions r e s p e c t i v e l y  and with N = 0, 
• +2 . . . . .  •  = y - n c - ( 2 n  • 1)d, the fol lowing exp re s s ion  is obtained for  the t r ans i en t  t e m p e r a t u r e  field 

in the p la te :  

r = 2~V-ky  _ k~y /(0 (p' o~) a~. 

n------O y+--kxyX 

Here 

i [ +( +)1 v K o ( p ,  (o) = exp - -  co + co ; p =  • 2 + x 2 ;  
ky -- kxy 

0 

/ ky -- k2y ; Q = qo ~'a2 ~'22 
oJ 2a• 

~2 = a /4 5, with a , ~.., and a denoting the heat  t r a n s f e r  coeff ic ient  at the l a t e r a l  plate su r f aces  (z = +-5), 
Z 11 z Ij 

the thermal conductivity, and the thermal diffusivity respectively; x, y are the space coordinates of the 
plate and c is the distance between segments of the edge surface x = 0, at which the thermal flux has been 

specified. 

The obtained solution is valid for an infinitely large anisotropic plate with an array of equidistant 
slots, length 2d, at the edges of which the thermal flux specified at time t = 0 remains constant thereafter. 

For a plate of grade KAST-V glass-Textolite with a single slot, it is explained how the degree of or- 
thotropy and the heat transfer from the lateral surfaces z -- • to the ambient medium affect the steady- 
state temperature field, and how the degree of orthotropy affects the transient temperature field in a ther- 
mally insulated plate. The numerical results, presented graphically, indicate that the temperature in a 
thermally insulated plate rises with time. Simultaneously, also the relative effect of orthotropy in the ma- 
terial increases. The steady-state temperature field decreases as the rate of heat transfer from the lat- 

eral surfaces rises. The relative effect of orthotropy also decreases then. 

Ins t i tu te  of Phys ic  s and Mechanics ,  Acad e m y  of Sc iences  of the Ukra in ian  SSR, L' vov. T r a n s l a t e d  f rom In-  
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A P P R O X I M A T E  M E T H O D  O F  C A L C U L A T I N G  T R A N S I E N T  

T H E R M A L  P R O C E S S E S  IN A M U L T I L A Y E R  M E D I U M  

N. P .  G a p o n e n k o  UDC536.24 

An approx ima te  method is p roposed  for  ca lcu la t ing  t r ans i en t  t h e r m a l  p r o c e s s e s  [n a mut t [ l ayer  wall  
with a known law of power  va r i a t ion  at one sur face .  The ca lcula t ion  of the t e m p e r a t u r e  f ield in such s t r u c -  
tu res  can be s impl i f ied ,  if one a s s u m e s  that during a s tep change in power:  

1. the l a y e r s  f a r t h e r  r emoved  f rom the power  source  than a given l a y e r  do not affect the s t a b i l i z a -  
tion of the t e m p e r a t u r e  d i f fe rence  between the beginning and the end of any segment  of the mul t i -  
l a y e r  s t ruc tu re ;  

2. when the t e m p e r a t u r e  d i f fe rence  between the beginning and the end of a given l aye r  has not yet  
r eached  its maximum poss ib l e  magnitude,  at eve ry  point [n the l a y e r s  p reced ing  the given one the 
t e m p e r a t u r e  r i s e s  by an amount equal to the t e m p e r a t u r e  d i f ference  between the beginning and the 
end of that given l ayer .  

The f i r s t  assumpt ion  makes  it poss ib l e  to ass ign  a ze ro  t e m p e r a t u r e  at the boundary  of the given r e -  
gion; the second assumpt ion  al lows the d i f fe ren t i a l  equation for  the p reced ing  l a y e r s  to be ave raged  over  
the i r  r e s p e c t i v e  th i cknesses .  As a resu l t ,  the p r o c e s s e s  of heat  t r a n s f e r  in the i - th  l aye r  a re  d e s c r i b e d  
by a se r f -con ta ined  s y s t e m  of d i f fe ren t ia l  equat ions:  

03 Oi 1 0Or : 0; 
Ox2 • Ot 

00~ q OOi 
ax - ~,~ + Mi -~ -  (x = 0); 

Oi = 0 ( x  = &), 

and the t e m p e r a t u r e  drop a c r o s s  the mu t t i l aye r  walt  [s r e p r e s e n t e d  by the sum o[ t e m p e r a t u r e  d rops  a c r o s s  
all l a y e r s .  

The method was prove  d out by s imula t ing  t r a n s i e n t  t he r m a l  p r o c e s s e s  on Rc-ne tworks .  F o r  c o m -  
pa r ing  tes t  r e s u l t s  with ca lcu la t ions ,  e x p r e s s i o n s  have been de r ived  which r e l a t e  the nominal  va lues  of the 
RC e lements  to the p a r a m e t e r s  of a mu l t t l aye r  walt  and to the c r t t e r t a l  p a r a m e t e r s  appear ing  in the so lu -  
t ions to the se l f - con ta ined  s y s t e m  of d i f fe ren t i a l  equations.  

This  method is useful  for  ca lcu la t ing  t he r m a l  p r o c e s s e s  which occur  under  any law of power  g e n e r a -  
tton in a m u l t i l a y e r  walt .  
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mit ted D e c e m b e r  6, 1971. 
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A N A L Y S I S  OF H E A T  C O N D U C T I O N  IN 

M U L T I L A Y E R  S Y S T E M S  

N. V. P a l ' t s u n ,  V. A. N i k u l i n ,  
a n d  R. V P a l ' t s u n  

UDC 536.21 

The art icle  deals with a mul t i layer  sys tem (any number  of layers) .  It is assumed that the layers  in 
this sys tem have each a uniform thickness. Each layer  has a sys tem of coordinates  assigned to it, with 
the origin on the upper boundary surface and with a common normal  axis. The layers  are numbered con-  
secut[vely f rom top to bottom. 

Some special cases  of this problem had been analyzed ear l ie r  [1, 2]. 

The tempera ture  field in any layer  is defined by a function which is the solution to a harmonic equa- 
tion. Applying to this equation the complex Four i e r  t ransformat ion  with respec t  to variable x (the x-axis  
runs along the layer  boundary) yields an ord inary  second-o rde r  differential  equation with constant coef-  
ficients with respect  to the t rans form of the sought function. The solution to this equation depends on two 
a rb i t r a ry  coefficients,  and for the entire mult i layer sys tem on 2n coefficients (n is the number of layers) 
which must be determined f rom the boundary conditions and f rom the continuity condition regarding tem- 
pe ra tu res  as well as thermal  fluxes at in ter layer  boundaries .  The continuity condition yields r ecu r r ence  
formulas  for the unknown coefficients,  which makes it nece s sa ry  to determine only the coefficients A t and 
B i for the f i rs t  layer.  In fundamental boundary-value problems of heat conduction in a mult i layer system, 
the determination of At, B 1 and thus also of the remaining coefficients,  by virtue of the r ecu r rence  re la -  
tion, reduces  to solving just  one [[near algebraic equation r ega rd le s s  of the number of layers  in the s y s -  
tem. Thus, for  example, with the tempera ture  given at the upper and the lower boundary of the sys tem 

T1 (x, 0) = f (x); Tn (x, -- h~) = 0, (1) 

the use of formulas  here  where An, B n are  expressed in t e rms  of A1, 131 will yield A 1 = Hn(~, hi, h 2 . . . .  , 
hn)B 1 with h n denoting the thicknesses  of respect ive layers  and function H n charac te r iz ing  the thermophys-  
ical proper t ies  of the system.  The proper t ies  of function H n are established. In this way, in o rder  to de- 
termine the tempera ture  field in the mult i layer  system, it is neces sa ry  only to use the theorem of the in- 
ve rse  Four i e r  t ransformat ion.  

The proposed method is i l lustrated on two problems with mixed boundary conditions, the solution of 
which reduces  to the solution of double and triple integral equations respect ively [4]. 
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A P R O B L E M  OF H E A T  C O N D U C T I O N  IN A 

S E M I I N F I N I T E  H O L L O W  C Y L I N D E R  

G. M. B a r t e n e v ,  A. I .  Z h o r n i k ,  
a n d  E .  M. K a r t a s h o v  

UDC 536.2.01 

The p rob lem of the t e m p e r a t u r e  field T(r ,  z, t) in a semi inf in i te  hollow cyl inder  rt < r < I1 is solved 
for  the mos t  genera l  initial and boundary  conditions, encompass ing  the ent i re  c l a s s  of specia l  p rob l ems  
w~thtn this range.  

Mathematieal. ly the p rob lem reduces  to solving the two-dimensional  equation of heat conduction 

OT ~ k ( O~T I OT O~T\ 
0--7- \0r, + 7 -  . 57-r~ +-g/F) , r ~ < r < R ,  z>0 ,  t > 0  (1) 

for  the following initial and boundary conditions 

T (r, z, t) It=0 = A (r, z), (2) 

a l  --O-~r r = r , - - ~ T  I =a3C(z,  t), (3) 

6qT I -~ o:~T r=R a ,  - -  = a6 O (z,  t ) ,  ( 4 )  Or Ir=R 

OT 
- ~  -Oz,=o +~T~=o = ~  B(~, t), (5) 

with G i _> 0 - e o n s t  and functions A(r, z), C(z, t), | t), B(r, t) given. 

The solution to p rob lem (1)-(5) is sought in the c l a s s  of functions to which the two-dimens ional  Lap-  
lace t r ans fo rma t ion  with r e s p e c t  to va r i ab l e s  z, t is applicable and yields  

T (r, z, t) = ~ 0~'~ ?n2 
- - 7  ( 4  ~ = + ~ v~) j~ (v~ ,~) _ ( ~ + %~ v~)2 j~ (v~) 

f 

0 0 

% Y(YnR) -~ exp --ley2nt j n(z, ~, kt) d~ 
0 

R R 

r I  r l  

t 

0 

j2 (,&p,) 

~zs nt  L 4t  J 

State Pedagogica l  Insti tute,  Taganrog .  Trans la t ed  f rom Inzhenerno-F iz iehesk[ i  Zhurnal,  Vol. 22, No. 
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w h e r e  ~n a r e  t h e  r o o t s  o f  the  e q u a t i o n  

a~ Uo (?R) - -  ?a4 U1 (?R) -- o,- 

and UI('VR), U0(3aq), U0(~/nr), J(~/nR), J(Vnri), Y(7nR), Y(3/nri)is a combination of f irst-and second-order, 
first- and second-kind Bessel functions of a real argument. 

The obtained solution (6) covers the entire gamut of special solutions corresponding to specific val- 
ues of coefficients (x i. 

796 



N O N U N I F O R M  M O T I O N  O F  A P A R T I C L E  

A H Y D R O C Y C L O N E  

IN 

Y u .  N .  B o l d y r e v  UDC 541.123.012.5 

F o r  the  d e s i g n  of a h y d r o c y c l o n e  it i s  i m p o r t a n t  to know the v e l o c i t y  of a p a r t i c l e  mov ing  r a d i a l l y  t o -  
w a r d  the a p p a r a t u s  wa l l .  Th i s  v e l o c i t y  d e t e r m i n e s  the dwe l l  t i m e  of a p a r t i c l e  in the a p p a r a t u s  and the 
p r o d u c t i v i t y  of the la t te r ' .  Dur ing  the mot ion  of a p a r t i c l e  r e l a t i v e  to the a p p a r a t u s  wa l l  t h e r e  ac t  on this  
p a r t i c l e  c e n t r i f u g a l  and C o r i o l t s  f o r c e s  of i n e r t i a ,  g r a v i t a t i o n a l  f o r c e s ,  f o r c e s  due to the flow of l iquid  to-  
w a r d  the ax i s  and the d r a i n  tube,  and l i f t  and d r a g  f o r c e s ,  f n a s m u c h  as  m o s t  of t h e s e  f o r c e s  a r e  func t ions  
of the p a r t i c l e  c o o r d i n a t e s ,  the  p a r t i c l e  w i l l  move  th rough  the l iquid  in a n o n u n i f o r m  m a n n e r .  T h i s  r e -  
q u i r e s  that  the  i n e r t i a  t e r m  be  t aken  into account  in the  equa t ion  o[ r e l a t i v e  mot ion .  The  n o n u n i f o r m t t y  of 
p a r t i c l e  mot ion  p r o d u c e s  add i t i ona l  p e r t u r b a t i o n s  in the l iquid ,  which  a r e  r e f l e c t e d  in c h a n g e s  in i t s  k i n e t -  
ie e n e r g y .  As a c o n s e q u e n c e ,  the p a r t i c l e  e n c o u n t e r s  an add i t i ona l  d r a g  which  can be  c a l c u l a t e d  by  the 
me thod  of coup led  m a s s e s .  

By a p r o j e c t i o n  of a l l  t he se  f o r c e s  a c t i n g  on a p a r t i c l e  on the h y d r o c y c l o n e  r a d i u s ,  a d i f f e r e n t i a l  e q u a -  
t ion is  ob ta ined  which  d e s c r i b e s  the r e l a t i v e  r a d i a l  mot ion  of a p a r t i c l e  and which  r e d u c e s  to the B e r n o u l l i  
equa t ion ,  if the r a d i a l  and the v e r t i c a l  v e l o c i t y  c o m p o n e n t s  of the c o u n t e r f t o w t n g  l iquid  a r e  on ly  w e a k  rune-  
l i o n s  of the r a d i u s  of r e v o l u t i o n  and if co = c o n s t .  

The  so lu t ion  to the  r e s u l t i n g  equa t ion  i s  r e p r e s e n t e d  as  

R~ = - 2  + ~ + ~ e~~ ~ -  

-- - - A t  -- - -  @ 2a(r_rd ) - -  , a ~X ~g~ 

with  the  R e y n o I d s  n u m b e r  Re  = Urd/U, the A r c h i m e d e s  n u m b e r  Ar  = gd3A/pou2, the F r o u d e  n u m b e r  F r  = w2r 

/g,  a = (3/4)~o(Oo/d(o + 1/20o)), 

( l )  ( 
4d P- t -~-Po  rd A P+ ~ - P 0 )  

C-- �9 D E . . . .  
6por re2a( r - r  d); gA 

4Ad @ +  1 5-0.) 
F = ; If = DE; 

6rApo g 

3~lpov~ sin ~ 3~ Po vg cos r A 
; B = I  

A = 4d(p+ I/2 Po) + I Aco~r 
4d ( P + ~  -p~ 9+1/29o 

v R and v| a r e  the p a r t i c l e  v e l o c i t i e s  a long  and p e r p e n d i c u l a r  to the h y d r o c y c l o n e  g e n e r a t r i x .  T h e s e  v e l -  
o c i t i e s  a r e  a s s u m e d  equal  to the r e s p e c t i v e  v e l o c i t i e s  of the l iquid ,  which  should  be  g iven .  To the p r o -  
j e c t i o n s  of t h e s e  v e l o c i t i e s  of the r a d i i  c o r r e s p o n d  d r a g  c o e f f i c i e n t s  i t ,  ~2 which  a r e  d e t e r m i n e d  a c c o r d -  
ing to the R e y n o l d s  n u m b e r  fo r  a p a r t i c l e ,  ~0 is  a d r a g  c o e f f i c i e n t ,  d is  the p a r t i c l e  d i a m e t e r ,  ~ is  half  
the apex  angle  of the h y d r o c y c l o n e  cone ,  p [s the p a r t i c l e  d e n s i t y ,  P0 is  the l iqu id  d e n s i t y ,  u r i s  the  r e l a -  
t ive  r a d i a l  v e l o c i t y  of a p a r t i c l e  (u r = Up-UL)  , Up is  the a b s o l u t e  v e l o c i t y  of a p a r t i c l e ,  UL is  the l iquid 
v e l o c i t y ,  v is  the l iquid  v i s c o s i t y ,  A = P - P o  is the d e n s i t y  d i f f e r e n c e  b e t w e e n  p a r t i c l e  and l iquid,  co i s  the 
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angular velocity of a revolving particle, r is the radius of a particle revolution, and r d is the radius of the 
drain tube. 

Calcu l a t i ons  ba sed  on t e s t  da ta  have shown that  the i n e r t i a  t e r m  in the d i f f e r en t i a l  equa t ion  of mot ion 
m u s t  be  inc luded in the des ign  of a hyd rocye lone  for  s e p a r a t i n g  c o a r s e  s u s p e n s i o n s ,  w h e r e  a sol id p a r t i c l e  
moves  in a vo r t ex  of l iquid.  
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C A L C U L A T I N G  T H E  E F F I C I E N C Y  OF D U S T  C O L L E C T O R S  

F O R  T R A P P I N G  H Y D R O P H I L I C  AND H Y D R O P H O B I C  

P A R T I C L E S  W I T H  L I Q U I D  S P R A Y S  

R.  A, B u r t s e v a  a n d  A. T .  L i t v i n o v  UDC 66.011+621.928.9 

A method is proposed for  calculating the trap factor  and the efficiency of dust col lec tors  for trapping 
hydrophilic and hydrophobic par t ic les  with liquid sprays .  

In the equations proposed ea r l i e r  by various authors for calculating the trap factor  and the trapping 
efficiency no account is taken of the wettability of par t ic les ,  but an empir ical  coefficient appears which is 
based on a pre l iminary  determinat ion for a definite dispers ion spec t rum and operating conditions. For  this 
reason,  calculated values differ appreciably f rom measured values, especial ly in the ease of hydrophobtc 
par t ic les .  

Here an equation is shown which yields a sa t i s fac tory  agreement  between experimental  and theore t ic-  
al values for the trap fac tor :  

V0 
s = Vo + KLi '  (i) 

where 

Li = V~ (lzg--/if) -b- Kl~g 
Kllf 

is a hydrophobic pa ramete r  which cha rac t e r i ze s  par t ic les  of trapped dust. 
eulated according to the formula  

= 2 si qi hi. (3) 

The inertial  path of hydrophilic par t ic les  is calculated according to the following equations: 

a) for a Reynolds number  in the range Re ~ 0.2 

Zig - ~Vo, (4) 

with ~" = d2p2/18 #; 

b) for a Reynolds number  in the range Re _< 300 

tig= 71n ~Vo "~-[~ 
c~vi + p ' (5) 

with o~ = 0.75 ApJdP2 , ~ = 0.75 B#/d2p2,  and 7 = 4dP2/3Ap~. 

The inertial  path of hydrophobic par t ic les  is calculated according to the following equations: 

a) for a Reynolds number in the range Re <_ 0.2 

i~f = �9 (vo - c), (6) 

with C = (8(~/dP2)~ 

Ali-Union Scient i f ic-Research Institute of the Cement Industry,  Moscow. 
no-Fiz ichesk i i  Zhurnal, Vol. 22, No. 6, pp. 1130-1131, June, 1972. 
17, 1971; abs t rac t  submitted January  20, 1972. 

(2) 

The trapping efficiency is cal-  
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b) for  a tReynolds number  in the range :Re _< 300 

lff = 7  In aV~ @ ~ (7) 
ac +fi 

The average  d i a m e t e r  of liquid drople t s  in pneumatic  and centr i fugal  a tomize r s  is calculated accord -  
ing to the fo rmu la  

m m 

D 

The values  of the t rap  f ac to r  and of the t rapping eff iciency calculated for  hydrophil ic and hydropho-  
bic pa r t i c l e s  yield a s a t i s f ac to ry  ag reemen t  with these and other  au thors '  t es t  data. The e r r o r  does not 
exceed 0.05-0.80. 

The effect  of pa r t i c le  wet tabi l i ty  on the t rapping eff ic iency is also d iscussed.  

V o, Vi 

d 
Dm, D i 
A, B 

Pl, P2 

/if, /ig 

qi, ni 
m 
17 

K 
Stc = Vod202/18 #D m 

N O T A T I O N  

are  the t r ap  f ac to r s  r e f e r r e d  to pa r t i c l e s  in a singl e drop and to the i - th  d iameter ;  
a re  the re la t ive  ve loc i ty  between par t ic le  and droplet ,  and r e f e r r e d  to the i - th 
dis tance f r o m  the droplet ,  m/sec;  
is the par t ic le  d i ame te r ,  m; 
a re  the ave rage  d i a m e t e r  of drople ts ,  and r e f e r r e d  to the [-th dimension,  m; 
a re  the constants  equal to 0.12 and 37 r e spec t ive ly  for  Re -< 300; 
a re  the densi ty  of medium and of par t ic le  respec t ive ly ,  kg/m3; 
is the v i scos i ty  of medium,  N.  sec/m2; 
a re  the iner t ia l  path of hydrophobic and hydrophil ic  pa r t i c l e s  respec t ive ly ,  m; 
is the t rapping efficiency; 
a r e  the re la t ive  quantity of pa r t i c les  and drople ts  of the [-th fract ion;  
is the num ber  of par t ic le  and droplet  f rac t ions;  
is the sur face  tension of the liquid, N/m; 
is the coeff icient  equal to 10.62 #Dm/d2p2 for  Ste > 0.25; 
is the Stokes number .  

800 



M A S S  T R A N S F E R  D U R I N G  L I X I V I A T I O N  O F  T H E  

S O L I D  P H A S E  F R O M  P O R O U S  B O D I E S  

G. A.  A k s e l ' r u d  a n d  V.  D.  O n i s h c h e n k o  UDC 66.015,23 

u 

"qYp 

3 

The a r t i c l e  dea ls  with the k ine t ics  of ex t r ac t ing  the sol id phase  f r o m  a po rous  s p h e r i c a l  pa r t i c l e  in 
which this solid phase  f o r m s  s p h e r i c a l  inc lus ions  un i fo rmly  and cont inuous ly  d i s t r ibu ted  o v e r  the en t i re  
vo lume.  

When the po rous  p a r t i c l e  is i m m e r s e d  [n a solvent ,  all p o r e s  b e c o m e  fi l led with liquid and the re  fo l -  
lows a diffusion of solute  mo lecu l e s  into the p a r t i c l e  vo lume with a r e su l t i ng  loss  of weight  g by an indiv i -  
dual inc lus ion in a c c o r d a n c e  with the r e l a t ion  [2]: 

Og 
4a, pD (cs--c*), p = -~/  

3g 
- -  O~ = ' 4a'i," (1) 

The soluble  inc lus ions  a re ,  t he re fo re ,  s o u r c e s  of diffusing subs tance  with an in tens i ty  -N(Og/0t)  and, 
consequen t ly ,  the fol lowing equat ion appl ies  to diffusion with s p h e r i c a l  s y m m e t r y :  

Oe* _ D - - + - - .  (2)  
Ot ~ Or 2 r Or ] m Ot " 

The c o n s t r a i n t s  on the unknown quant i t ies  e* = e*(r ,  t) and g = g(r,  t) will  be 

! OC \ ( ) =o; c*(r, 0)=0;c*(r ,  ~o)=0; c*(17, t )=0 ;  ~ = 0  

(3) ( ~ g (r, 0) = go; g (r, oo) =0; \-77r )~=0 = 0. 

When the po rous  p a r t i c l e  conta ins  much t e ss  soluble  subs t ance  than n e c e s s a r y  to s a t u r a t e  its pore  
volume,  i . e . ,  when c* << es,  then the s y s t e m  of equat ions  (1) and (2) b e c o m e s  l i nea r  and under  c o n s t r a i n t s  
(3) we obtain the solut ion 

3 

= ( 1 - - ~ r  @ 0 , 1 V l ~ - - ~ T e x p ( - - k ' n u ' r )  

Z E ( )] 
9~ 2 1 k2a 2 r / - [ - ~  

_l_.~]zn_572_ -~-exp (- ~ __k2a%) err ( kn l _ e r  f kx V ~ - - ' r  . (4) 
k=, \1#~- / 

At high c o n c e n t r a t i o n s  of the subs t ance  to be ex t r ac t ed  the re  f o r m  two reg ions  within a pa r t i c l e  [3]: 
an ou t e r  reg ion  without  s o u r c e s  of ex t r ac t ab le  subs tance  and an inner  reg ion ,  within a r ad ius  r0, con ta in -  
ing the soluble  sol id subs tance .  A s s u m i n g  the concen t r a t i on  of d i s t r ibu t ion  to be q u a s i s t e a d y  in the ou te r  
reg ion ,  and applying the in teg ra l  r e la t ion  in [3], we obtain the solut ion to Eqs.  (1) and (2) in the f o r m  

- 2  2 1 '  (5)  

These  r e s u l t s  r e p r e s e n t  an extens ion and a r e f i nemen t  of the kinet ic  equat ions  de r ived  e a r l i e r  [1, 2J. 
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go 
g 

P 
7 
D 
R 
N 
m 
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r 0 

u 

Vp 
e S 

~- = Dt/R 2 

= r /R  

r = mes/r/T p 

i. 

2. 

3. 

NOTATION 

is the concentrat ion of extractable substance in the liquid phase of part icles,  kg/m3; 
is the initial weight of a single inclusion, kg; 
is the weight of an inclusion at any instant of time, kg; 
radius of an inclusion, m; 
ts the densi ty of the inclusion substance, kg/m3; 
ts the 
ts the 
ts the 
is the 
ts the 
ts the 
is the 
ts the 
ts the 
is the 
ts the 
ts the 

diffusivity, m2/sec; 
radius of a porous  part icle,  m; 
number of inclusions per  unit par t ic le  volume, 1/ma; 
poros i ty  of original specimen, m3/m3; 
time, see; 
radius of the region containing the extractable  solid substance, m; 
total mass  of extractable substance in a part icle,  kg/m3; 
weight fract ion of inclusions in the final specimen; 
density of specimen, kg/ma; 
saturat ion concentrat ion of the solution, kg/m3; 
dimensionless  time; 
dimensionless  radius; 

are  the charac te r i s t i c  dimensionless  pa rame te r s .  
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S T U D Y  O F  G A S  F L O W  IN P A R A L L E L  J E T S  

Y u .  M. R u d o v  a n d  V. N.  U s k o v  UDC 533.5.72 

The flow pa t t e rn  in superson ic  j e t s  d i scha rg ing  f rom p a r a l l e l  nozzles  was studied for  a qual i ta t ive  
evaluat ion.  The inner wave s t r u c t u r e  of the flow is now d e s c r i b e d  here  along with the gas leakage c h a r a c -  
t e r i s t i c s  in va r ious  p lanes .  On the b a s i s  of t e s t  r e su l t s ,  an approx ima te  method is p roposed  for  ca l cu l a t -  
ing the p a r a m e t e r s  [n the inner  reg ions  of mul t inozzle  j e t s .  

The expe r imen t s  were  p e r f o r m e d  in a supe r son ic  gasodynamic  tunnel and covered  the following ranges  
of p a r a m e t e r  va lues :  Mach number  at the nozzle  throa t  l~i a = 1.0-2.5,  ineff ic iency of jet  d i s cha rge  n = 0.6- 
31.4, d ive rgence  angle of nozzle  cone oz = 5-20 ~ 

The following p r o c e d u r e s  and ins t rumen t s  were  used for  this e xpe r i m e n t a l  study. Shadow photographs  
we re  obtained with the model  lAB-451 opt ica l  ins t rument .  The total  and the s ta t ic  p r e s s u r e s  within the in- 
s ide  reg ions  of a je t  w e r e  measu red  by means  of s e p a r a t e  ven tu r i s  in conjunction with c l a s s  0.5 manome-  
t e r s .  The phys ica l  na ture  of the gas flow was studied on a " s e m i m o d e l "  t es t  stand by, e s sen t i a l ly ,  r e -  
p lac ing  the in te rac t ion  between p a r a l l e l  j e t s  with the in te rac t ion  between a single je t  and a plane sol id  wall .  
[n the cour se  of this study, the pa t te rn  of gas flow was obse rved  by v i sua l  means  using va r i ous  v i scous  
t r a c e r  subs tances .  

An ana lys i s  of the e x p e r i m e n t s  leads  to the conclusion that the gas flow in the " in te rac t ion"  plane 
pa s s ing  between je t s  is analogous to a d i s cha rge  of plane j e t s :  the t r a c e r  substance left  on that plane v e s -  
t iges  of a wave s t r u c t u r e  inherent  to a jet .  The opt ical  pa t t e rns  indicate also the region of jet  s epa ra t ion  
f rom the b a r r i e r .  

The subst i tu t ion of a sol id  wall  for  the in te rac t ion  plane in a f ou r -nozz l e  je t  has made it poss ib le  to 
m e a s u r e  the s ta t ic  p r e s s u r e  in the given plane. F o r  this  purpose ,  inductive DD10 probes  were  at tached 
at the dra in  holes  [n the meta l  plate .  

According to the r e s u l t s  of m e a s u r e m e n t s ,  the f i r s t  p r e s s u r e  peak c o r r e s p o n d s  to the location of an 
oblique c o m p r e s s i o n  jump in the j e t - p l a t e  in terac t ion  region.  There  follows a rap id  expansion all  the way 
to the region  where  the jet  s e p a r a t e s .  The second p r e s s u r e  peak is due to a c o m p r e s s i o n  jump in the r e -  
gion where  the boundary  l a y e r  s e p a r a t e s .  

An impor t an t  i t em in the study of mul t inozzle  j e t s  was the va r i a t i on  [n the Maeh number  along the 
b lock  axis .  F o r  the purpose  of de t e rmin ing  it, the total  and the s ta t ic  p r e s s u r e s  were  m e a s u r e d  at v a r i -  
ous points along the fou r -nozz l e  je t  axis .  The analyzed data  indica ted  a l i nea r  va r i a t ion  along such a mul-  
t inozzle  jet .  

On the b a s i s  of this  l a s t  t e s t  r e su l t  and e a r l i e r  conclus ions  concern ing  the two-d imens iona l  mode of 
gas  flow in the in te rac t ion  plane,  an approx imate  method could be p roposed  for  ca lcu la t ing  the gasodynam-  
ic p a r a m e t e r s  in the in te rac t ion  plane.  

The ca lcu la t ions  a r e  to be p e r f o r m e d  in the following sequence:  f rom the known va lues  of p a r a m e t e r s  
at the nozzle  throa t  one d e t e r m i n e s  the Mach number  at the je t  boundary  and its incl inat ion angle to the 
axis; then the in te rac t ion  p a r a m e t e r s  of the mixing je t s  a re  ca lcu la ted  by the fo rmulas  fo r  an oblique com-  
p r e s s i o n  jump; then the two-d imens iona l  j e t s  in the in te rac t ion  plane a r e  calculated;  then the Maeh num- 
b e r  be fo re  a s t ra igh t  jump in a component  je t  is ca lcula ted;  f inal ly ,  a s t r a igh t  l ine of the Mach number  
va r i a t ion  along the j e t  axis  [s plot ted.  
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POLYTROPIC PROCESSES IN VARIABLE-MASS SYSTEMS 

K. A. Khairutdinov UDC 536.715.001 

The  equa t ions  of a p o l y t r o p i c  p r o c e s s  wi th  a v a r i a b l e  m a s s  of i d e a l  gas  a r e  d e r i v e d  as  fo l lows .  In 
the Gibbs  equat ion  dU = T d S - p d V  + ~odG one s u b s t i t u t e s  dS = s d G  + Gds and ob t a in s  dU = T G d s - p d V  + idG, 
but  at the s a m e  t ime  dU = udG + GevdT.  Equa t ing  dU in the l a s t  two e x p r e s s i o n s  and i n s e r t i n g  

1 (pV t ~T(dV dp dG) 
dT = ~ d ~,7- /  7 -  + p 

one ob t a in s ,  a f t e r  i n t e g r a t i o n ,  an equat ion  of s t a t e  which  r e l a t e s  the g e n e r a l i z e d  po t en t i a l ,  i . e . ,  the p r e s -  
s u r e  to a l l  g e n e r a l i z e d  c o o r d i n a t e s  of the s y s t e m  [1]: 

p exp (--s/ce) =const. (1) 

The equa t ion  of a p o l y t r o p i c  p r o c e s s  earl be  found by  adding  to e x p r e s s i o n  (1) those  which  r e l a t e  
c h a n g e s  in e n t r o p y  and in m a s s  to c h a n g e s  in vo lume ,  and which  e n s u r e  a c o n s t a n t  p o l y t r o p i e  exponen t  in 
the p r o c e s s  GV ~/= G1V, T = c o n s t ,  V d e x p ( - S / C v )  = V ~de xp ( - s l / e  v) = c o n s t .  As a r e s u l t ,  

pV • = c o n s t .  (2} 

The equat ion  f o r  the t e m p e r a t u r e  tn a p o l y t r o p i c  p r o c e s s  is  

TV (• = cons[. (3) 

When d = 0 and T = - 1 ,  Eqs .  (2) and (3) d e s c r i b e  the suc t ion  and the d e l i v e r y  p r o c e s s  in t h e o r e t i c a l  

c y c l e s  of d i s p l a c e m e n t  m a c h i n e s .  

It i s  shown that  in a p o l y t r o p i c  p r o c e s s  wi th  a v a r i a b l e  m a s s  the  s p e c i f i c  hea t  r e m a i n s  c o n s t a n t .  In-  
2 

t e g r a t i o n  of Eq.  (2) y i e l d s  e x p r e s s i o n s  for  the  c o m p r e s s i o n  w o r k  Lt2 = S pdV and fo r  the use fu l  w o r k  L T 
2 T 

= S Vdp, 
t 

A method  of c a l c u l a t i n g  the  e f f i c i e n c y  of p r o c e s s e s  wi th  a l o s s  of a c t i v e  s u b s t a n c e  is  a l so  d i s c u s s e d .  

N O T A T I O N  

U i s  the i n t e r n a l  e n e r g y  of a s y s t e m ;  
u i s  the s p e c i f i c  i n t e r n a l  ene rgy ;  
S t s  the en t ropy ;  
s i s  the s p e c i f i c  en t ropy ;  
p is  the p r e s s u r e ;  
V is the vo lume ;  
q) i s  the c h e m i c a l  po t en t i a l ;  
G i s  the m a s s ;  
t is  the s p e c i f i c  en tha lpy;  
R is  the gas  cons tan t ;  
e v is  the s p e c i f i c  hea t  a t  c o n s t a n t  vo lume ;  
• is  the a d i a b a t i c  exponent .  
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