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Until now the phenomenon of part icle  adhesion in a fluidized bed during h igh- tempera ture  t reatment  
of loose mater ia ls  (for firing clay into chamotte,  for f ir ing dolomite, for reducing i ron -o re  charges ,  e tc . ) ,  
has not yet  been explored adequately. The purpose of this study is to estabIish the genera[  laws govern-  
ing the adhesion phenomenon. 

Based on an analysis of sur face  and volume forces  acting on a part icle in a fluidized bed with a liquid 
phase around, a general  functional re la t ion is obtained between the maximum liquid content in a bed and the 
hydrodynamics  of fluidization as well as the physical proper t ies  of the solid and the liquid phase. 

The adhesion phenomenon was studied in experiments  with a cold m o d e l  The tests were performed 
with quartz  sand in five fract ions:  0.5-0.7 mm, 1.0-1.25 ram, 1.25-1.6.mm, 2.0-2.5 ram, and 3.0-5.0 
mm as well as with 2.0-3.0 mm limestone.  As the liquid phase the authors used glycerine,  ethylene glycol, 
and sunflower oil. The tests  covered a wide range of flow velocit ies,  while the fluidization number was 
varied f rom 1 to 6. In order  to reveal  the effect of a dis t r ibutor  grid on the stability limit of a fluidized 
bed,  the hydraulic res i s tance  of the grid was varied in the tests:  the maximum grid res i s tance  was made 
equal to five t imes the bed res is tance .  

The semiempi r ica l  relat ion between the relat ive liquid content q in a fluidized bed of solid mater ia l  
at the stabil i ty limit is 

q= 2.76.10-~ ( - - ~ )  ~ (m--1)n['-~pg)l'~pb\--~ . 

where n = 1.13d ~176 with the d iameter  of fluidized mater ia l  par t ic les  d; the density of the solid mater ia l  
~/s; the surface tension of the liquid ~; the fluidization number m; and the hydraulic res i s tances  of bed and 
grid Apb , Apg, respect ively.  
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I N T E R P H A S E  H E A T  T R A N S F E R  IN A F L U I D I Z A T I O N  

B E D  W I T H  H E A T  S O U R C E S  

A. G .  G o r e l i k  UDC 541.182.3 

The heat  t r a n s f e r  between the dense phase and the bubble l ayer  in a f luidization bed is analyzed for  
the case  when one of the phases  contains heat  sou rces  (chemical  or nuclear  r e a c t o r s ,  inductive hea te r s  of 
pa r t i c l e s ,  etc.) .  The h e a t - t r a n s f e r  r a t e  is de te rmined  f r o m  the magnitude of the effect ive in te rphase  t r a n s -  
f e r  coefficient  fl (sec -1) analogous to the in te rphase  m a s s - t r a n s f e r  coefficient.  The equation of one -d imen-  
sional  s t eady- s t a t e  t e m p e r a t u r e  dis t r ibut ion in each phase is solved for the cases  of ideal  d i sp lacement  and 
ideal  mixing in the dense phase. The following dis t r ibut ions of heat  sou rces  in each phase a re  considered:  
an a r b i t r a r y  power dis t r ibut ion of s ou rce s  throughout the heat  emit t ing phase,  a cor responding  ur~iform 
dis t r ibut ion,  and a l inear ized  exponential  t empe ra tu r e -dependence  of the power of heat sou rces  (occurrence  
of z e r o t h - o r d e r  exo the rma[  and endothermal  p roces ses ) .  

Fo r  the l as t  case ,  with ideal  mixing in the dense phase,  the t e m p e r a t u r e  d is t r ibut ion is  

N1 

xp Po[l --  exp (-- N2y )] / N1 = {l + I , -  oxp 

and when heat  is genera ted  in the bubbles 

'0~Po/[(N,--Po)(I  -[-NI)--N2(I}]; ~ P o { [  --exp[--(Nz--Po)]} 1 -~- (N2_~-o)(1 -~'N1)-- Ne(D (N~--Po); 

~ = 1 - - -  
l 

N,~ -- fro {1-~xp [-(N~ -Po)l}. 

Here  -0 = E (0" - 00)/R(00 + 273)2; ~ = E (r - 00)/R(00 + 273) 2 are  the d imens ion less  t e m p e r a t u r e s  of the 
dense phase and of the bubbles,  r e spec t ive ly ;  P'---o = EQH/RwgCgyg a0(00 + 273) 2 is the P o m e r a n t s e v  number ;  
0*, ~*, 0o a re  the t e m p e r a t u r e  of gas in the dense phase,  in the bubbles,  and at the bed en t rance ,  r e -  
spect ive ly ;  N i = fiH/w0a0(1 - a b ) ;  N2 = f l H / ( W g -  w0) are  the p a r a m e t e r s  of in te rphase  t r an s f e r  for  each of 
the two phases;  w 0 is the gas  ve loc i ty  at the beginning of bubble format ion;  Wg is the l inear  ve loci ty  of the 
gas;  eb is the volume f rac t ion  of the bed occupied by bubbles;  ~0 is the poros i ty  of the dense phase; h, H 
are  the height coordinate  and the total  bed height, r e spec t ive ly ;  y = h / H ;  E is the p roce s s  act ivat ion energy;  
H is the gas  constant;  Cg, ~/g a r e  the speci f ic  heat and the densi ty  of the par t ic le  ma te r i a l ;  Q is the t h e rma l  
flux density;  and W is the f luidization number .  

Fo r  the case  of constant  heat  genera t ion  in the dense phase,  the t e m p e r a t u r e  dis t r ibut ions  in both 
phases  a re  calculated along with the exit  t e m p e r a t u r e  during ideal d i sp lacemen t  and mixing in the dense 
phase over  a wide  range  of Ni, W, and Cb values .  The r e su l t s  indicate a significant  d i f ference  in the t e m -  
p e r a t u r e s  of the phases ,  even when the in te rphase  t r an s f e r  r a t e  is high. During ideal mixing in the dense 
phase and a th igh values  of N 1 the bubble t e m p e r a t u r e  approaches  the t e m p e r a t u r e  of the dense phase only 
at one fifth of the total bed height. As a b andW are  inc reased ,  the t e m p e r a t u r e s  of both phases  drop sl ightly 
while the exit  t e m p e r a t u r e  drops  sharp ly .  The di f ference  between the phase t e m p e r a t u r e s  in the upper  bed 
reg ions  exe r t s  a cons iderable  influence on the trend of the p r o c e s s e s  in a f luidization bed (especial ly  of 
complex chemical  p r o c e s s e s ,  where  the t e m p e r a t u r e  dis t r ibut ion de t e rmines  their  feas ib i l i ty  and s e l e c t -  
iv i ty  on an industr ia l  scale) .  

Scientific-Research Institute of OrganicBy-Products and Dyes, Moscow. Original article submitted 
March 22, 1971; abstract submitted June 8, 1971. 
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E F F E C T  O F  T H E  T E M P E R A T U R E  O F  A C O N C R E T E  

S P E C I M E N  O N  I T S  S T R E N G T H  

T .  K .  G l a d k o v s k i i ,  V .  P .  D m i t r i e v ,  
a n d  B .  A .  K a l i n k i n  

UDC 691.32:620.171.32 

The  i n c r e a s e  in  the m e c h a n i c a l  s t r e n g t h  of c o n c r e t e  t e s t  s p e c i m e n s ,  as  a func t ion  of the  t e m p e r a t u r e  
to wh ich  they  a r e  hea t ed ,  i s  w i th in  the  s c o p e  of s e v e r a l  r e s e a r c h  p r o g r a m s .  E x p e r i m e n t a l  s t u d i e s  w e r e  
m a d e  on th i s  s u b j e c t ,  to d e t e r m i n e  the  e f f ec t  of the  t e m p e r a t u r e  on the s t r e n g t h  of a t e s t  s p e c i m e n  (Table  
1). T h e w e i g h t  r a t i o s  be tween  the  c o n c r e t e  c o m p o n e n t s  in  the  t e s t  s p e c i m e n s  w e r e  0.5 : 1 : 1 : 1.6 : 2.2 and the 
d e g r e e  of c e m e n t  h y d r a t i o n  was  0.74.  

A n a l y s i s  of t h e s e  r e s u l t s  showed tha t  the  fo l lowing  r e l a t i o n s h i p s  he ld  be tween  the  s t r e n g t h  of d r y  (Rd) and 
w a t e r  s a t u r a t e d  ( R w . s . )  c o n c r e t e s  and the  t e m p e r a t u r e  t f o r  t 6 [293~ 368~ 

lO-~.Rd'= 4851 --O. 63 (t --  293), 

10-4.Rw" s.= 3541 --  2,53 (t - -  293). 

At  a 0.05 s i g n i f i c a n c e  l eve l ,  an e s t i m a t e  b a s e d  on the F i s h e r  d i s t r i b u t i o n  h a s  shown tha t  the  l i n e a r i t y  
h y p o t h e s i s  a g r e e s  wi th  the  a u t h o r s '  t e s t  da ta .  

The  t e s t s  p e r f o r m e d  h e r e  s u p p o r t  the  h y p o t h e s i s  tha t ,  w i th in  the  g iven  t e m p e r a t u r e  r a n g e ,  the  t e m -  
p e r a t u r e  and the h u m i d i t y  i n t e r d e p e n d e n t l y  af fec t  the s t r e n g t h  of c u r e d  c o n c r e t e .  

TABLE i 

Specimens Group 

Dry 

Saturated 
with water 

Specimen 
temperature 
~ 

293 

308 

323 

338 

353 

368 

293 

308 

323 

338 

353 

368 

Average 
strength o f  
concrete, R 
�9 10 -4 N/m 2 

5017 
4716 

4668 

4907 

4766 

4893 

3494 

3453 
3593 
3413 

3438 

3286 

Unbiased estimate 
of the dispersion 
of strength values 
S(R)" 10 "8 (N/mZ) z 

4922 
5937 

13069 

9126 

8770 

9126 

6034 

4878 
12363 

6379 

3321 

4043 

Note. R is the average based on the test results for 12 finned cubic 
specimens. 

U r a l  S c i e n t i f i c - R e s e a r c h  In s t i t u t e  S t r o m p r o e k t ,  C h e l y a b i n s k .  O r i g i n a l  a r t i c l e  s u b m i t t e d  J a n u a r y  
20, 1971; a b s t r a c t  s u b m i t t e d  Augus t  13, 1971. 
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S O L V I N G  T H E  D I F F U S I O N  E Q U A T I O N  F O R  

A N  N - C O M P O N E N T  S Y S T E M  

G.  V.  S h c h e r b e d i n s k i i  a n d  L .  A .  K o n d r a c h e n k o  UDC 539.219.3 

The di f fus ion p r o c e s s  in an n - c o m p o n e n t  s y s t e m  is d e s c r i b e d  by the fol lowing s y s t e m  of equat ions:  

O~c--!~ ~,i = 1 2 .  , . n). (1) Oc~ 
- ~  - -  D~ i Ox ~ �9 , 

The di f fus ion coef f ic ien ts  Dij a re  a s s u m e d  constant .  The condi t ions  under  which Eqs .  (1) are  appl i -  
cable have been  fo rmu la t ed  in [1]. Here  the s y s t e m  is solved for  the fol lowing init ial  and boundary  condi -  
t ions:  

c,(o, t)=f~ff), t > o ,  
ci (x, O) : O, x >0, 

ci(~, t ) :O ,  t>O. 
(2) 

The so lu t ion  to the s ta ted  p r o b l e m  in t r a n s f o r m e d  coo rd ina t e s  is 

n 

/=1 
(3) 

w h e r e  n j  a re  the roo t s  of the equat ion  

det (Di]~ 2 - -  5i7) = 0, (4) 

k ~ = ( - - 1 ) i + ' { d e t [ D i i ( •  i, (n,  i). 

The mean ing  of (n, i) is  that  row n and co lumn  i in  the d e t e r m i n a n t  (4) a r e  deleted;  AJ a re  a r b i t r a r y  con-  
s tan t s  found f r o m  the boundary  condi t ions  (2): 

n 

A~'k; = ~ (p), (5) 
1=1 

f r o m  which 

A / ~  A/  

det ( k~)~ 

where  d e t e r m i n a n t  Aj has  been  der ived  f r o m  det (k~)~ by r ep lac ing  the j - th  co lumn with t he  right-haxld s ides  
of s y s t e m  (5). 

The so lu t ion  can be e x p r e s s e d  in an expt ic i ty  f o r m  for  c e r t a i n  spec i f i c  boundary  condi t ions:  

1. Dif fus ion f r o m  a cons tan t  s o u r c e  ci(0 , t) = c t. 
1 

1=1 

2. Concen t ra t ion  at the s u r f a c e  changes  l i n e a r l y  with t ime ci(0 , t) = ~i  t, 

4t ] '  
f=l 

where  A ! 3 = pAj and does not conta in  p. 

Or iginal  a r t i c le  submi t ted  Apr i l  12, 1971; a b s t r a c t  submi t ted  August  13, 1971. 

261 



3. Coneentra..tion at the su r face  changes parabol ica l ly  with t ime  el(0 , t) = fli~t: 

c,(x, t)= Z det(k~)~ { V ~ e x ' [  - 4t j - - - ~ - e r f e ! - ~ ) ) ,  
1=l 

" = 2 ( p A j  and does not contain p. where  Aj 

If  el(x, O) = c~, then in the solution c i should be rep laced  by (el - c~). 

L I T E R A T U R E  C I T E D  

1. S. de Gree t  and P. Mazur ,  Nonequil ibr ium The rmodynamics  [Russian t ransla t ion] ,  Mir,  Moscow 
(19e4). 

U S I N G  T H E  H E A T - B A L A N C E  I N T E G R A L  F O R  T H E  

S O L U T I O N  O F  C E R T A I N  S O I L  F R E E Z I N G  P R O B L E M S  

G.  M.  K r a s t o t e v s k i i  UDC 624.138.35 

The ar t ic le  p resen t s  an analyt ical  method by which one can de te rmine  the m a x i m u m  depth of a cooled 
soi l  zone and the t he rma l  influence fac tor ,  the la t ter  being equal to the ra t io  of the m a x i m u m  cooling depth 
to the depth of the ice zone produced by ar t i f ic ia l  f r eez ing  of a soil.  

The fo rmu l a  for  calculat ing the depth of a cooled soil  zone X(T) iS 

X (~) = 3 . 4 6  vaz , c  , (1) 

where  a 2 denotes the t he rm a l  diffusivity of soi l  in the cooled zone and ~- denotes the f reez ing  t ime. 

In o rde r  to calculate  the t he rm a l  influence fac tor ,  one f i r s t  de t e rmines  the pr0por t ional i ty  f ac to r  
/3 f r o m  the c h a r a c t e r i s t i c  equation of the Stefan solution [1]. 

The t h e r m a l  influence fac to r  can be de te rmined  f r o m  the f o r m u l a  

3.46 ]/-~-2 m . . . . .  (2) 

Solutions a re  obtained he re  by using the the rma l  ba lance  in tegra l  [2]. 

Calculated values  of t he rm a l  influence f ac to r s  a re  shown for  sandy soi l s  with a vary ing  mo i s tu re  
content W at the inherent  soil  t e m p e r a t u r e  T o and the f reez ing  t e m p e r a t u r e  Tf. 

An analysis  of the calculated r e su l t s  shows that in some cases  the magnitude of the t he rma l  influence 
fac to r  changes during f reez ing  and that, the re fore ,  it m a y  not be taken on the bas is  of averaged data  [3, 4] 
but m u s t  be f i r s t  calculated analyt ical ly  for  each case .  

L I T E R A T U R E  C I T E D  

1. A . V .  Lykov, Theory  of Heat  Conduction [in Russian] ,  Vysshaya  Shkola, Moscow (1967). 
2. T . R .  Goodman, "Heat  t r a n s m i s s i o n , "  T rans .  ASME, 83C, No. i (1961). 
3. Kh. R. Khakimov,  F reez ing  of Soils for St ruc tura l  Pu rposes  [in Russian] ,  Goss t ro i izda t ,  Moscow 

(1962). 
4. M . N .  Shafeev, V. I. Metenin ,  and A. T. Shmarev ,  Inzh . -F iz .  Zh., 18, No. 3 (1970). 

All-Union Sc i en t i f i c -Resea rch  and Des ign-Engineer ing  Insti tute of Mineral  Bed Drying,  Special  
Mining P ro j ec t s ,  Mining Geology, and Mine Surveying at the USSR Minis te r ium of F e r r o u s  Meta l lurgy,  
Be[gored.  Original  ar t ic le  submit ted Sep tember  14, 1970; a b s t r a c t  submit ted August 17, 1971. 

262 



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

F L U X E S  O F  A C O M P L E X  P A T T E R N  I N  A N  U N S T A B L E  M O D E  

B .  F .  T r a k h t e n b e r g ,  M .  S .  K e n i s ,  U D C 5 3 6 . 2 1  
a n d  M .  Y a .  N a t a n z o n  

D u r i n g  a s t a m p i n g  o p e r a t i o n  the e n g r a v i n g  on the tool  i s  r e p e a t e d l y  s u b j e c t e d  to t h e r m a l  f l uxes  of 
d i v e r s e  p h y s i c a l  c h a r a c t e r i s t i c s  and of v a r y i n g  i n t e n s i t y .  In o r d e r  to  s i m p l i f y  the m a t h e m a t i c a l  s o l u t i o n  
of the hea t  p r o b l e m ,  i t  i s  w o r t h w h i l e  to r e p r e s e n t  the v a r i a b l e  f lux  d u r i n g  e v e r y  ~'i long s t a g e  of az~ a r b i -  
t r a r y  r e long c y c l e  by  p i e e e w i s e  cons t an t  func t ions .  

The  s o l u t i o n  to the hea t ing  c y c l e  p r o b l e m  is  i l l u s t r a t e d  on a t h i c k - w a l l e d  f l a t  punch of t h i c k n e s s  L, 
w h o s e  e n g r a v e d  s u r f a c e  (x = 0) i s  s u b j e c t e d  s u c c e s s i v e l y  to f luxes  q~ (i -- 1, 2, . . . , m) whi le  a hea t  t r a n s -  
f e r  i s  t ak ing  p l a c e  b e t w e e n  i t s  ou t s i de  s u r f a c e  (x = L) and the a m b i e n t  m e d i u m  (!4 i s  the h e a t - t r a n s f e r  c o e f -  
f i e i en t ) .  The s o I u t i o n  f o r  the  t e m p e r a t u r e  f i e ld  of the  tool  d u r i n g  the k - t h  s t a g e  of an a r b i t r a r y  r - t h  c y c l e  
at  t i m e  tkc  (0 _< tkc  _< rk) i s  

k - -  I rn  

T~(x, t kc ) :Tc(x ,  tizc ) § X T~(x, t;~c)§ X T } ( x ,  [tw), (1) 
l =  1 ]= t~  

w h e r e  

Tc (x, t~c) = H 

r t ~ l  

k - - I  k--1 

i=t i=1+1 
( l = l ,  2 . . . . .  k - - l ) ,  

T~.(x, t h e ) = - - 2  q? ~ Ca():)(exp[(__• l).c c § thc) ] 
~ An 

]--1 i 

XUn cos [un (L ~ x)] § H sin [an (L -- x)] 
Cn (x) -- 2 [iLLun cos unL + (L + HL) sfn unL~- 12 n 

2 T An = i - -  exp (su n c)' 

and u n a r e  the  r o o t s  of the equa t ion  t a n u L  = H / ~ u .  

H e r e  X and ~ a r e  the t h e r m a l  c o n d u c t i v i t y  and the t h e r m a l  d i f fus iv i ty .  The  s o l u t i o n  for  the q u a s i -  
s t e a d y  s t a t e  (r --* ~) i s  e a s i l y  ob t a ined  f r o m  (1). 

Wi th  the t r a n s i e n t  and the q u a s i s t e a d y  s o l u t i o n s  on hand,  i t  i s  p o s s i b l e  to m a k e  an u p p e r - l i m i t  e s t i -  
m a t e  (r+ c y c l e s )  of the  t r a n s i t i o n  b o u n d a r y  b e t w e e n  one s t a g e  and the next .  

The  ob ta ined  s o l u t i o n s  a r e  a l s o  use fu l  fo r  an a n a l y t i c a l  d e t e r m i n a t i o n  of the t h e r m a l  f l uxes  p r e -  
v a l e n t  d u r i n g  each  s t a g e .  F l u x  q ;  t u r n s  out to be  a func t ion  of the  tool  s u r f a c e  t e m p e r a t u r e  b e f o r e  the b e -  
g inn ing  of the i - t h  s t age :  

q+ = ~ [el (x = o: l~c - 0)1 = ~ (rf0. (2) 

A f t e r  th i s  func t ion  has  been  expanded  in to  a T a y l o r  s e r i e s  n e a r  the c h a r a c t e r i s t i c  po in t  T0i, the  
f i r s t  two t e r m s  of th i s  s e r i e s  a lone  y i e l d  

e, (Tf~) = ~zrfi + b~. (3) 

V. V. K u i b y s h e v  P o l y t e c h n i c  I n s t i t u t e ,  Ku ibyshev .  O r i g i n a l  a r t i c l e  s u b m i t t e d  F e b r u a r y  10, 1971; 
a b s t r a c t  s u b m i t t e d  Augus t  9, 1971. 
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The determinat ion of fluxes reduces  to a solution of the sys t em 

~ (~u  - aj )  co~ (o, o) q +  = bj- ( j  = 1, 2 . . . . .  m) ,  
i ~ l  

+ i n  the so lu t i on  to (1), where 5ij is the Kronecker  delta and r i are cofactor  functions to qi 
sys t em (4) is wri t ten as 

q+ = ~ ~j,bj, (5) 
]=l 

where ~/ji are elements  of the inverse  matr ix  with respec t  to which the matr ix  of coefficients Cji = (Sji 
- aj)c0i(0 , 0) is the d i rec t  one. The numerical  values of fluxes and the tempera ture  field agree closely with 
experimental  data obtained in stamping large drawn container bottoms. 

Awide  range of stamping operations is charac te r ized  by an instability of individual stages within a 
single cycle. The solution obtained for such cases  is the mathematical  expectation of the temperature  field 
of the tool during the quasisteady stage, which takes into account the basic s tat is t ical  charac te r i s t i cs  of 
unstable p rocesses :  the mathemat ical  expectation of the stamping paramete r s  and their dispersions.  The 
obtained resul ts  are useful for analyzing var ious  technological var iants  of the stamping process  in the de-  
sign stage, for evaluating the tempera ture  field, and for evaluating the quality of forgings.  

(4) 

The solution to 

A C C U R A C Y  OF R E P L A C I N G  A C Y L I N D R I C A L  H E A T  

S O U R C E  BY A P O I N T  S O U R C E  IN T H E  D E T E R M I N A T I O N  

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

Y a .  N. K a n y a  UDC 536.24 

In order  to co r rec t ly  design heating sys tems  whose elements  are  installed in ground f loors,  it is 
n e c e s s a r y  to solve the heat t ransfer  and tempera ture  field problem for a ser ies  of ducts laid in a semi -  
infinite base. 

A theoret ical  solution to this problem has been obtained by A. I. Ioffe by the sou rce - s ink  and super -  
position method as well as by A. A. Sander by the conforma[ mapping method. In the resu l t ing  relat ions 
a cylindrical  heat source  is replaced by a point source.  The purpose of this author 's  study is to evaluate 

the e r r o r  in those calculations. 

On the basis  of the solutions to the sys tem of equations descr ibing the tempera ture  field in a s emi -  
infinite body, i so thermal  lines and d iagrams are plotted for determining the magnitude of the cor rec t ion  

to be put in the equations for more  accurate  thermal  engineering calculations and applications. 

The cor rec t ion  e to the Sander equation is obtained as the rat io of two lengths: the c i rcumference  of 
a duct with a given diameter  and the length of the i so thermal  line plotted for tx, y = tds (tx, y denotes the 
t empera tu re  at a point in space coordinates  and tds denotes the duct surface temperature) .  

The cor rec t ion  to the Ioffe equation is obtained as the rat io of two thermal  res i s tances :  the thermal  
r e s i s t ance  of the base in which a duct of a given diameter  is laid to a given depth and the thermal  res i s tance  
of a base in which a duct with a c i rcumference  equal to the length of the isothermal  line for tx, y = tds is 
laid to a new depth. 

An analysis of the obtained and graphical ly  evaluated resul ts  shows that, at a re la t ively shallow depth 
of ducts in a base and at a re ta t ivety  close spacing of ducts, as is the case in panet heating sys tems ,  the 

Original art icle submitted December  2, 1970; abst ract  submitted June 7, 1971. 
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quantity of heat according to the equations is somewhat less than the quantity of heat actually emitted f rom 
ducts. The e r r o r  in using the equations increases  with the depth of duct laying and with the duct diameter .  

D E T E R M I N I N G  T H E  H E A T  R E S I S T A N C E  OF C Y L I N D R I C A L  

S P E C I M E N S  BY T H E  A X I A L  H E A T - F L U X  M E T H O D  

V. S. E g o r o v  a n d  A. G. L a n i n  UDC 539.377:536.495 

The axial heat-flux method of determining the heat res i s tance  of britt le mater ia l s  is cor robora ted  
here on cylindrical  specimens.  In one var iant  of this method a sufficiently long solid cylinder is heated at 
one end by a constant thermal  flux f rom a p lasma or e lec t ron-beam torch. The t ransient  t empera ture  field 
is assumed to be varying only along the cylinder height and, according to the integral  heat-balance method 
[1], is approximated by a cubic parabola. The e r r o r  of the approximate solution to the equation of heat 
conduction in the s p a c e - t i m e  z / ~ a ' r  <_ 1.7 does not exceed 5%. The approximate solution to the decoupled 
ax iosymmetr ica l  thermoelas t ic i ty  problem in the quasistat ic  mode is obtained for a semiinfinite cylinder,  
on the basis of known relat ions for t empera ture  s t r e s se s  in an infinitely long cylinder with an a rb i t r a ry  
heightwise tempera ture  distr ibution [2]. This solution is expressed in a closed form in t e rms  of the t em-  
pera ture  field and so-cal led  tempera ture  influence functions, i.e., in t e rms  of t empera ture  s t r e s s e s  in a 
uni t -s tep t empera tu re  field. By a simple assumption, using a definite even-order  form of the influence 
functions [2], it is possible to sa t isfy  r igorous ly  one of the boundary conditions concerning ei ther  axial or 
tangential s t r e s s e s  at the end surface of the semiinfinite cylinder. The other boundary condition (con- 
cerning the other of the two s t resses )  at the end surface is satisfied in the St. Venant sense.  Stress  field 
calculations are made here for a cylinder heated at the end surface by a constant heat flux while the bound- 
ary condition concerning the axial s t r e s s e s  is satisfied at that surface.  It is shown that the maximum axial 
s t r e s s  

~zmax~0.1]9czE ~R . (1) 

for # = 0.3 occurs  in the tensile zone along the cylinder axis at the point Zma x -~ 0.78R at the time ~'max 
-~ 0.26R2/a. 

With the other boundary condition (concerning the tangential s t resses )  at the end surface  is ~'~atisfied 
approximately [3], which allows one to est imate  the accuracy  of the obtained resul ts ,  the magnitude of 
e m a x  (1) var ies  by not more  than 20%. This method was tried with aluminum oxide and zirconium carbide 
specimens heated with a p lasma torch, yielding a close agreement  between tested and calculated values 
pertaining to the f rac tu re  surface  coordinate of these specimens.  

NOTATION 

is the linear thermal expansivity; 
E is the modulus of normal elasticity; 

is the Poisson ratio; 

l, a are the thermal conductivity and thermal diffusivity; 
q is the thermal flux density; 
R is the radius of cylinder. 

It  
2. 

3. 
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T H E R M O E L A S T I C  S T R E S S E S  I N D U C E D  IN B O D I E S  OF  

S I M P L E  S H A P E S  W H E N  H E A T E D  I N  T H E  P A R A L L E L - F L O W  

AND T H E  C O U N T E R F L O W  M O D E  * 

A. G. S a b e l ' n i k o v ,  N .  Yu .  T a i t s ,  UDC536.5 
a n d  V. V. M o s h u r a  

Cold billets are, as a rule, heated up in apparatus operating with parallel  and counterflow. It is of 
in te res t  here to determine the magnitude of thermoelas t ic  s t r e s s e s  and the trend of their variation. 

Formulas  are derived for calculating the thermoelas t ic  s t r e s s e s  induced in an infinitely long cylinder 
and an infinitely large plate by heating in paral le l - f low and counterflow furnaces.  These formulas  are p re -  
sented in the cr i t ical  form: 

for  a plate 

c~(I --v) 
- -  : (Bi,  Fo,  W) ; 

and for  a cylinder 

a~ (1 - -  v) 
[$E (tOm -- :g) " -- # (Bi, Fo, W), 

% (I - -  v) 
~E (t ~ - tg) - :o (Bi, Fo, W), 

- - / z ( B i ,  Fo ,  W ) ,  

where e is the s t ress ,  kg /mm2;  v is the Poisson ratio;  fl is the linear thermal  expansivity, deg-t;  E is 
the modulus of normal  elast ici ty,  kg /mm2;  t ~ is the mean initial tempera ture  of the metal,  ~ tg is the 
gas tempera ture ,  ~ Bi is the Blot number;  Fo is the Four ie r  number; and W is the rat io of specific heats 
of the heated body and the gas,  respect ively .  

The solutions are presented graphically,  in the fo rm of curves for convenient pract ical  use. The ap- 
plicability of the derived relat ions is i l lustrated on an example. 

C A L C U L A T I N G  T H E  T E M P E R A T U R E  OF A M E D I U M  

I N S I D E  A C L O S E D  S P A C E  W H E N  T H E  O U T S I D E  

A M B I E N T  T E M P E R A T U R E  V A R I E S  P E R I O D I C A L L Y ~  

V. I .  M a r t y n e n k o  a n d  V. A.  O r l o v  UDC 536.2.01 

The tempera ture  tin of a medium inside a closed shell of low-thermal  conductivity can be determined,  
if it is assumed constant over the entire volume at every  instant of time, f rom the heat-balance equation: 

dtin'~'r 
k ---d~---- + t~n(~) = t(O, ~), 

where k = VinCin/ainFin.  

*Insti tute of Metallurgy, Dnepropetrovsk.  Original ar t icle  submitted November 26, 1970; abs t rac t  
submitted June 2, 1971. 
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Assuming that the shell is very thin as compared to its other dimensions, t(0, ~-) can be determined 
from the solution to the equation of heat conduction in an infinitely large fiat plate with boundary conditions 
of the third kind - which correspond to the said heat-balance equation for the inside surface of the shell 

and to a temperature variation tou t = 0S + tM cos co~ at the outside surface. When the periodic temperature 
variation of the outside medium is more complex, it can be expressed as the sum of harmonic components 
and each component can be considered separately. 

The solution to this equation has been obtained with the aid of a Laplace t ransformat ion,  f i r s t  for 
t(x, ~) and then, le t t ing x = 0 in the latter,  for t(0, ~). After inser t ion of the thus determined function t(0, 7) 
into the heat-balance equation, the value of tin(r) is found as the solution to a f i r s t - o r d e r  l inear differential 
equation. It is 

( +)  ]/NiN_f 
tin(~ ) = 0  S-~- (t o-OS) exp -- + tM r 1 

+ An(~nBi~Fo*)-* to--0 s - tM 4 + exp(--~n 2Fo)-exp - - ~  . 
n = l  ~n Pd2 - 

w h e r e  Pn are the roots  of the charac te r i s t i c  equation 

tg (~ + 8) --  
1 - -  Fo*  ~z 

Bi~ Fo* 

with Fo* = ak /52  and tan/3 = ~Bi 1. 

In pract ice  it is common that exp ( - F o / F o * )  tends to zero  ve ry  fast  while Bi t is v e r y  large at the 
outside surface.  Under these conditions the solution becomes much s impler  and the charac te r i s t i c  equa- 
tion is, by means of a cer ta in  substitution, t ransformed into an equation which has been proposed by M. D. 
Mikhaikov and whose roots  have been tabulated precisely .  The given equation is recommended for cal-  
culating the thermal  insulation and the t ime in which the tempera ture  of the inside medium will reach a 
prescr ibed  level: in a thermal  analysis of i so thermal ly  heated cars ,  in engineering thermophysics ,  in the 
design of components for thermopower stations, etc. 

A N A L Y T I C A L  S O L U T I O N  OF T H E  P R O B L E M  C O N C E R N I N G  

T R A N S I E N T  I N T E R A C T I O N  B E T W E E N  N A T U R A L  AND 

F O R C E D  C O N V E C T I O N  IN A R E C T A N G U L A R  D U C T  

V. A.  D u b r o v i k  a n d  V. P .  K h a r i t o n o v  UDC 536.25:536.242 

The article presents an analysis of the transient simultaneous natural and forced convection in a ver- 
tical rectangular duct. It covers the fully developed flow and heat transfer during a linear variation of tem- 
perature along the duct. First of all, a prevailing steady-state convection is perturbed by an arbitrary 
time-variation of the pressure gradient and the wall temperature around the duct perimeter. For the con- 
ditions considered here, the transient flow and heat transfer are described by a system of two linear partial 
differential equations in dimensionless variables. Both the velocity and the temperature distribution across 
a duct section are sought in the form of binary sine series and then, by means of a Laplace transformation, 
the solution is found to the found system of ordinary differential equations. 

Tomsk Polytechnic Institute. Original ar t icle  submitted January  13, 1971~ abs t rac t  submitted June 
24, 1971. 
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The t ransient  process  which occurs  as a resu l t  of a stepwise change in the wail t empera ture  or in the 
p res su re  gradient  is analyzed thoroughly. It appears in this case that at large positive Rayleigh numbers  
Ra >> 0 (which correspond to downward heating) and at a Prandtl  number Pr  = 1 both velocity and t empera -  
ture  variat ions are damped-osc i l l a to ry  with a period proportional  to 1/~-Ra, while at negative Rayleigh 
numbers  Ra _ 0 and any Prandtl  number these var ia t ions  are overdamped. Fur the rmore ,  in a rectangular  
duct s teady-s ta te  is reached fas te r  than in a c i rcu la r  duct, while large veloci ty and tempera ture  osc i l la -  
tions begin at much higher Rayleigh numbers  than in a c i rcu lar  duct. 

These resul ts  are useful for the calculation, design, and select ion of active heat-exchanger  com-  
ponents. 

I D E N T I F I C A T I O N  OF T H E R M O C H E M I C A L  

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

E .  S. L o b o v a  a n d  S.  A. M a l y i  UDC 62-50:669 

The solution to problems concerning the optimal control of thermochemical  interact ion becomes 
simplified, in principle, when the thermochemical  interact ion process  can be successful ly  descr ibed by a 
differential equation 

dw F (u) 

where w measures  the quantity of mater ia l  used up in the reaction; ~- is the time; u is a vector  which cha r -  
ac ter izes  the thermochemical  interact ion conditions (e.g., u = (t, ~, p, . . .),  with a denoting the potential 
of the medium with which the metal  in terac ts ;  t denoting the temperature  of the react ing surface;  and p 
denoting the pressure) ;  F(u) is a function which defines the effect of conditions u (under which the thermo-  
chemical  interact ion occurs) on the rate  Of this interaction; and W(w) is a function which defines the the rmo-  
chemical  interact ion as a function of time [1]. 

If the thermochemical  interact ion is adequately well described by Eq. (1), then the same solution is 
obtained to the optimal control  problem regard less  of what function of time the thermochemical  interact ion 
is. This is equivalent to stating that an optimal process  is technically feasible at all, even though function 
W(w) var ies  in an uncontrollable manner in the course  of the real  process  [2]. 

The Bu tkovsk i i -Sun-Ts ian  method [3] is the best  one to use for  fitting test  data into Eq. (1), to yield 

a,W(w),F(u) "1~ (W) J 

In the region of test  data dw/d~- = f(w, u), with f(w, u) given in the tables. 

If n and m are the numbers  of subintervals  along the w and the u axis, respect ively ,  white Wp, Fq, 
and fpq are the values of the function at points p and q, respect ively ,  then the problem reduces  to seeking 
the maximum eigenvalue Area x = a 2 and the corresponding eigenfunctions Fq(U), W~l(w) of the sys tem 

22 ~,fq = fpq~p~Fi, q = 1 2 . . . . . .  m, (2)  

i~l p~l 

~,~tTpl .~- ~ ~ fpq[iq~/i -1 , p = 1 , 2  . . . . .  n.  (3) 

i~ l  q~l  

Institute of Control Problems (of Automation and Telemechanics) ,  Moscow. Original ar t ic le  sub- 
mitted Feb rua ry  15, 1971; abs t rac t  submitted August 23, 1971. 
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In the art icle are shown calculated resul ts  which indicate that the degree of approximation of test 
data for grades  16GNMA and KhlSN9 steel by formula  (1) is ent i re ly sa t i s fac tory  and, consequently, the 
problem of minimizing the oxidation of steel may be considered solved. 

1. 

2. 
3. 
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A N A L Y S I S  OF  T H E  T H R E E - D I M E N S I O N A L  T E M P E R A T U R E  

F I E L D  IN  A F I N N E D  P A N E L  W I T H  T H E  A I D  OF  A 

S M A L L - G R I D  M O D E L  

V .  G.  P e t r o v - D e n i s o v  a n d  G. A. Z h i l ' k o v  UDC 536.24.001.57 

A procedure is described here for solving s teady-s ta te  three-dimensional  heat-conduction prGbiems 
on a smal l  MSM-1 grid model by adding r e s i s t o r s  made of e lec t r ica l ly  conductive paper. In construct ing a 
grid model, which consists  of R~ r e s i s t o r s  distributed along the x, y, z coordinates and R~ r e s i s t o r s  
simulating the heat t ransfer  to the ambient medium, r e s i s to r s  distributed in planes z = 0, z = Az, z = 2Az, 
�9 . . are laid out on the MSM-1 grid. The resul t ing two-dimensional  r e s i s to r  networks for the th ree -d i -  
mensional model are interconnected,  respect ively ,  through the MSM-1 panel on which the boundary con- 
ditions are stipulated. 

The r e s i s t o r s  which interconnect  the nodes of the various sections are, as also the Rc~ res i s to r s ,  
made of e lec t r ica l ly  conductive paper s t r ips .  The choice of this type of r e s i s t o r s  is dictated by the low cost  
and easy assembly.  

By this method one can simulate the three-dimensional  tempera ture  field in a finned panel of heavy- 
grade f i reproof  concrete insulated thermal ly  with a diatomaceous br ick  lining. The resul ts  of such a s imul-  
ation agree fa i r ly  well with test  data. 

Original ar t icle  submitted April 19, 1971; abs t rac t  submitted August, 1971. 
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AN E L E C T R I C A L  T R A N S M I S S I O N  L I N E  - AN A N A L O G  

O F  T R A N S I E N T  H E A T  C O N D U C T I O N  I N  P L A N E ,  

C Y L I N D R I C A L ,  A N D  S P H E R I C A L  B O D I E S  

P .  A.  V o r o n i n  UDC 536.24.00t:681.142.353 

The dif ferent ia l  t he rma l  p a r a m e t e r s  a re  der ived for  plane, cyl indrical ,  and spher ica l  bodies: the 
t he rma l  r e s i s t a n c e  RO. T and the t he rm a l  capaci tance  CO. T per  unit length of the r e f e r ence  dimension b 
(thickness or radius  of the body). The di f ferent ia l  p a r a m e t e r s  for  a f lat  body of height h (tape, busbar  s tr ip)  
do not depend on i ts  th ickness ,  nor  on i ts  length (y): 

R O. T.  P =  d y .  ~hl ' CO. T,  P F  dy = cyphl. 

When a cyl indrical  body of length l >> b is heated uni formly  at the l a te ra l  sur face ,  i ts  d i f ferent ia l  t he rma l  
r e s i s t a n c e  and different ia l  t he rm a l  capaci tance  are  functions of the hea t -propaga t ion  coordinates:  

1 
-- ; C O. T.  P = 2~cupl (b - -  y).  

R O . T . p =  2 s O d ( b - - y )  

When a spher i ca l  body is heated uni formly  f r o m  all d i rec t ions ,  i ts  dif ferent ia l  t he rma l  r e s i s t a n c e  and dif-  
fe ren t ia l  t he rma l  capaci tance are  

1 
R O .  T.  S =  4~}v (b - -  y)z " ; CO. T.  S = 4~cup (b - -  Y)~" 

In these  fo rmu la s  p is the densi ty of the ma te r i a l ;  Cy is i ts  specif ic  heat; and ~ is i ts  t he rma l  conductivity. 

The cor respondence  is shown between these p a r a m e t e r s  and dis t r ibuted longitudinal and t r a n s v e r s e  
p a r a m e t e r s  of an e lec t r i ca l  t r a n s m i s s i o n  line, namely  i ts  d i f ferent ia l  r e s i s t ance  and dif ferent ia l  capac i -  
tance.  M o r e o v e r ,  the voltage co r r e sponds  to the t e m p e r a t u r e  and the e l ec t r i c  cu r ren t  co r re sponds  to the 
t h e r m a l  flux. Also given are  the ra t ios  of the s i m i l a r i t y  sca le  f ac to r s  for  s imulat ing t he rma l  p r o c e s s e s  
in f lat  bodies by homogeneous noninductive e l ec t r i ca l  t r a n s m i s s i o n  lines with dis tr ibuted p a r a m e t e r s  and 
t h e r m a l  p r o c e s s e s  in cyl indr ical  or spher ica l  bodies by nonhomogeneous such lines. The bas ic  r a t ios  are  

mr 1; tnrmcmu - -  1. 

m F mR my mFi~ t 

T h e  genera l ized  ra t io  of sca le  f ac to r s  cha rac te r i z ing  the design p a r a m e t e r s  of a noninductive line is  

m R me m 2 - -  ] .  

Here  m T is the t e m p e r a t u r e  sca le ;  m F  is  the t he rma l  flux sca le ;  m R is the t he rma l  r e s i s t a n c e  sca le ;  m c 
is the t he rma l  capaci tance sca le ;  mt  is the t ime scale ;  and my is the length scale .  

In p rac t i ce  an noninductive line may  be rep laced  by i ts  e l ec t r i ca l  model ,  namely  an RC-ne twork  con- 
s is t ing  of 1]-fourpoles with r e s i s t a n c e s  in the line branches  and capaci tances  in the shunting branches .  The 
p a r a m e t e r s  of such e l ec t r i ca l  fourpoles  and their  t he rma l  analogs a re  der ived in this ar t ic le .  

North Caucasian Insti tute of Mining and Metal lurgy,  Ordzhonikidze.  Original  a r t ic le  submit ted Jan-  
u a r y  20, 1971; abs t r ac t  submit ted August 9, 1971. 
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EFFECT OF THE THERMODYNAMIC PROPERTIES 

CRYOGENIC LIQUIDS ON THEIR PITTING ACTION 

DURING CAVITATION 

Yu. E. Krot and V. I. Grushko 

O F  

UDC 620.193.16:536.483 

Solid su r f aces  become pitted (eroded) as a r e su l t  of implos ion  of cavi t ies  in the liquid near  such s u r -  
faces .  If an implos ion  of cavi t ies  occurs  adiabat ical ly ,  then the vapor  contained in them superhea t s  and be -  
comes  a gaseous  shock abso rbe r  which inhibits fu r the r  implos ions .  A hypothesis  has been proposed that, 
owing to the damping action of vapors ,  cryogenic  liquids whose vapors  are  v e r y  expansive will haw~ a l e s s e r  
pitting effect  on container  m a t e r i a l s  than cryogenic  liquids whose vapors  a re  much less  expansive.  

This  hypothesis  was tes ted on a copper  spec imen  at the t e m p e r a t u r e  of 77~ exposed to the following 
cryogenic  liquids: oxygen (Pvap = 151 m m  Hg), na tura l  gas (Pvap -~ 400 m m  Hg), and ni t rogen (Pvap = 760 
m m  Hg). The copper  was pitted mos t  in oxygen, less  in natural  gas,  and l eas t  in ni t rogen.  

The degree  of damping by a vapor  is de te rmined  by the the rmodynamic  p rope r t i e s  of the cavitat ing 
liquid and can be evaluated in t e r m s  of the the rmodynamic  p a r a m e t e r  Beff [1]: 

( pL .Lar / f pL 
'Beff= \ Pvt  ] ~ \ -~TJ  " 

The values  of Bef f calculated for  s e v e r a l  liquids at va r ious  t e m p e r a t u r e s  a re  shown in Fig. 1. The dashed 
line, which co r re sponds  to Bef f = 103, divides the cavi ta t ion range  into one where  cavi ta t ion depends on the 
damping action of the vapor  and one where  it  a lmost  does not. 
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NOTATION 

densi ty  of liquid; 
densi ty of vapor ;  
spec i f ic  heat of liquid; 
drop in local  p r e s s u r e ;  

t~ 
drop in the v a p o r - l i q u i d  equi l ibr ium t e m p e r a t u r e  cor responding  to a p r e s s u r e  drop 

latent heat  of evaporat ion;  

t he rm a l  conductivity of liquid; 
equi l ibr ium radius  of cavi ta t ion bubble. 

t~Beff 
=7 

-5 

- f  

! 

I 
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Fig~ 1. T e m p e r a t u r e - d e p e n d e n c e  of the 
the rmodynamic  p a r a m e t e r ,  for  cryogenic  
liquids and for  wa te r  (black dots c o r r e -  
spond to the f reez ing  t e m p e r a t u r e s ) .  
T e m p e r a t u r e  T, ~ 

I. 
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