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The design and thermal  calculation of e lec t r ica l  engineering devices  thermosta t ica l ly  controlled by 
liquid helium and having inclined cooled channels requires  a knowledge of the f i rs t  c r i t ica l  heat flux qcm- The 
present ly  known relat ionships for calculation of the f i r s t  c r i t ica l  heat flux in pool boiling of liquids do not 
include the effect  of orientat ion of the heating surface.  At the same time, the available experimental  qcrl data 
for the boiling of helium-1 show that a l terat ion of the orientation of the heating surface leads to a change in 
qcri  by a factor of up to seven [1]. 

The hydrodynamic model of the nucleate boiling cr i s i s  of liquids on inclined surfaces  [2] takes into 
account the effect of orientat ion and re la tes  it to the change in shape of the vapor bubbles. This model was used 
to obtain a relat ionship for calculation of qcri  in pool boiling of various liquids [2]. 

It is obvious that orientation of the heating surface will have a pronounced effect on the nucleate boiling 
c r i s i s  in the case  of natural  c i rculat ion in channels. Published resul ts  of experimental  investigations (by James  
et al. ,  Sato and Ogata, Keilin et al.) of the effect of orientat ion of the heating surface of an inclined channel on 
the f i r s t  cr i t ical  heat flux in the boiling of helium conf i rm this. The nature of the experimental  data indicates 
that the model proposed in [2] can be used for  inclined channels. 

Adopting the model r e f e r r e d  to, we analyzed experimental  data for the f i rs t  c r i t ica l  heat flux in the 
boiling of helium in rectangular  channels of different dimensions with var iable  orientation of the hea t - t rans fe r  
surface.  We obtained the theoret ical  relat ionship 

q~r~ : 0.065 (190 -- q0) 0"65 L [go (p/ -- Pv) P2v] 0.2560.4W/m2 ' 

which gives the major i ty  of the experimental  points for angles of orientation of the heating surface of the channel 
(p = 30-150 ~ channel widths ~= (0.3-2) �9 10 -a m, and x/~ = 2.5-55, with an e r r o r  not exceeding • 40%. 

N O T A T I O N  

r  angle between normal  to heating surface and gravi ty vec tor ;  L, heat of vaporizat ion;  g, gravitational 
accelera t ion;  Pv, Pl' density of vapor and liquid; x, distance f rom channel entrance;  a, sur face- tens ion  coeffi-  

cient. 
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D E T E R M I N A T I O N  O F  H E A T - T R A N S F E R  

O F  R A D I A T I N G  N O Z Z L E S  

COEFFICIENT IN  C H A N N E L S  

A.  K .  R o d i n  a n d  L .  I .  M o g i l e v i c h  UDC 621.1 

The pape r  deals with a flow of gas in a round channel whose walls a r e  heated nonuniformly.  The length 
of the channel is l and the radius  of the t r a n s v e r s e  flow is R. The gas moves due to the di f ference in p r e s -  
su res  in the initial  (inlet) sect ion and the out le t  sect ion (Ap). This p r e s s u r e  difference is fa i r ly  smal l ,  the gas 
ve loc i ty  is low, and, hence,  the P~clet number  is less  than unity. The gas  is a s sumed  to be v iscous  and incom-  
p r e s s i b l e  with density p=cons t .  The flow is  a s sumed  to be l amina r  and the p roce s s  s teady and s tabi l ized,  
s ince the s tabi l iza t ion region is sma l l  in compar i son  with the channel length and does not cause  signif icant  
changes in the cons idered  p roce s s .  

The h e a t - t r a n s f e r  equation in a cyl indr ica l  s y s t e m  of coordinates  has the f o r m  [1, 2] 

4F / R 2 ! : a �9 - -  r , 

where  g is the dynamic v i scos i ty ,  a is the t h e r m a l  diffusivity,  and T is the gas t empe ra tu r e .  

We consider  the boundary conditions 

T(R, z ) : T  w (z) when z>/0. (2) 
OT (0, z) 

T (0, z) is bounded or 0 ~  -- 0, (3) 

T(r, 0)= T w (o). (4) 

We solve Eq. (1) by the averaging  method,  replacing 0T/Oz by 

i or dr. (5) 2 
f (z)  = ~ - ~  , r o - - /  

0 

The solution of Eq. (1) sa t is fying conditions (2)-(4), with (5) taken into account,  has the f o r m  

T = T w ( z ) - -  ~ -  ,(z) R' [ _ ~ _ _ ( ~ . : ) 2 _ 1 ,  4 ( ~ ) 4 ] .  (6) 

12 exp ( - - 1 2  ) (dT,w(z) ( 1 ~  ) 
[(z)-- T R2 q)R~ z b dz exp z dz, (7) 

where  q~ =ApRZ/4lpa. 

It  should be noted that  if  the t e m p e r a t u r e  dis t r ibut ion along the channel wall is l inear ,  DTw(z)/pz = const ,  
the solution of (6) obtained by the averag ing  method becomes  the exact  solution of Eq. (1). Formulas  (6) and (7) 
give the t e m p e r a t u r e  dis t r ibut ion in the channel when the wail t e m p e r a t u r e  has an a r b i t r a r y  dis t r ibut ion and 
the gas in the init ial  sect ion has a constant  t e m p e r a t u r e ,  equal to the wall t e m p e r a t u r e  in this section.  Assuming  
the c h a r a c t e r i s t i c  t e m p e r a t u r e  of the wall and gas equal to Tw--  Tin, where  Tm is the m a s s - a v e r a g e  t e m p e r a -  
tu re  of  the gas ,  we obtain • h e a t - t r a n s f e r  coeff icient  or= 24/11 "X/R, and the cor responding  Nussel t  number  
Nu=2.2 .R/h=48/11.  in the cons idered  case  we found that  Nu is a constant  for any t e m p e r a t u r e  dis tr ibut ion 
Tw(z) on the wall. 

Solutions of cor responding  p r o b l e m s ,  differ ing f rom this one in the conditions in the  inlet sect ion of the 
channel,  a r e  given in [2, 3]. In view of this the obtained Nu is in good ag reemen t  with the resu l t s  given in [3]. 

The p roposed  method of ca lcula t ion is fa i r ly  s imple  and can be used to find the requi red  value of Nu 
without de te rmina t ion  of the eigenvalues and eigenfunctions of the p rob lems  dealt  with in [2, 3]. 
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A B L O C K E D  F L U I D I Z E D  B E D  AS A S Y S T E M  

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

Yu .  I .  Z i n o v ' e v  

FOR SEPARATING 

UDC (631.358.45+66.095.5) : 001.5 

To stabil ize the physicomechanical  proper t ies  of the solid phase in a fluidized bed and to crea te  condi-  
tions for separa te  withdrawal of constituents of the mixture being separated without the introduction of par ts  of 
the unloading device into the bed, the grains  of weighting mater ia l  a re  connected to the bottom of the tank. The 
grains a re  in the fo rm of thin disks and a re  in groups which are  connected (blocked) by flexible threads into 
chains attached to the a i r -d is t r ibu t ing  screen.  

In the assembly  of chains buoyed by the a i r s t r e a m  (blocked fluidized bed), as in a granular  fluidizedbed, 
there  is a drop in static p r e s s u r e  over  the height, and the grains ,  despite the blocking, have a high degree of 
mobility.- When a p r e s s u r e  drop is p resen t  in a medium or sys t em with weakened bonds, bodies are  distributed 
at different levels in it according to their  density [1]-. 

A grav imet r ic  device was used to determine experimental ly  the effective repulsive force Pe acting on a 
sphere  situated in a blocked fluidized bed, and then the effective density of the bed was calculated:  

Pe= ~lgQ, (1) 

where g is the gravitat ional  acce lera t ion  and Q is the volume of the sphere.  

The bed was composed of chains 100 mm long in a 0.35 �9 0.36 m 2 tank. The disks were spaced in the 
chains at  intervals  t=8 ,  12, and 16 m m ,  and were 8 mm in diameter  and 1.5 mm thick. The density of the 
chains on the sc reen  was charac te r i zed  by the voidage ~00 - the relat ive free section of the bed during p ro jec -  
tion onto the a i r -d is t r ibut ing  screen.  The voidage in the experiments  was 0.07-0.68. The velocity of the inflow 
was V = 1.7-10 m/see.  The diameter  of the immersed  spheres  was d=30-90 mm. 

The effective density of the bed was given by the empir ica l  relat ion 
n 

pe = C exp -~-, (2) 

where 
c = c ~ v  ~ .s ~,  t-c,~T k'. (3) 

The values of C 1, C 2, k 1, and k 2 depended on the depth of immers ion  he of the center  of the sphere in the bed: 

h c ~ C 1 C2 kl k2 

3.5 �9 10 -2 3.300 0.60 4.00 0.906 
5.5" 10 -2 0.204 0.98 0.54 0.400 

The form of function n depends on he. For hc = 35 mm,n = In Q00/0.215)/(41.2 - 650t). 

An index of the good separat ing ability of the bed is the stability of the effective density over  its depth and 
for bodies of different  size.  tt was established that the separat ing ability increases  with saturat ion of the bed 

by components of the aerodynamic drag (Fig. 1). 

I~co .p~ _ _ _ ~ , ,  

P, - -  - - -  L-  ~ '~ '~ .  ~....  f 
I200 1 I 

4 4! ~ 
8~176 20 *0 eo so o 20 z~O CY 

Fig. 1. Effective density of blocked fluidized bed as function of 
d iameter  of immersed  sphere:  a) t=8  mm; ~0=0.36; V =4 m/see;  
b) t=8  mm; ~o0=0.25; V=1-92 m/sec.  1) hc=35 ram; 2) hc=55 

ram; Pe, kg/m3; d, mm. 
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The stability of the effective density of the bed in relat ion to bodies of different s ize was as sessed  f rom 
the nequifalling" coefficient E [2]. In the case  of  a blocked fluidized bed,.bodies of different s izes  and density 
with their centers  at the same depth in the bed can be regarded as nequifalling". The formula 

d~ Ps / In Pl 
= , n  c i - Y "  

was obtained f rom (2). 

In a bed with pa rame te r s  corresponding to Fig. lb,  E = 11.7, whereas in an  a i r  s t ream,  according to [2], E= 
1.73 (d2 = 30 mm, d~ = 90 ram). 

I. 

2. 
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A N A L Y S I S  O F  S E P A R A T I O N  

IN G R A N U L A R  F I L T E R S  

OF D I L U T E  S U S P E N S I O N S  

R.  I .  A y u k a e v  UDC 628.16.546.7 

In the prepara t ion  of water  f rom surface  sources  for industr ia l-  and dr inking-water  supplies, granular  
f i l ters a re  used a lmost  universal ly  for the clar i f icat ion p rocess .  Several techniques a re  known for  intensif ica-  
tion of the fi l tration p rocess ,  each one capable of increasing the installation efficiency by a factor  of 1.5 to 3. 
Combinations of those techniques a re  more  efficient, but a re  held back by lack of a suitable method for the 
analysis  of f i l ters (the technological modeling method of Mints [1] makes it possible to regulate the process  
only by sequential variat ion of one of the following pa rame te r s :  the fil tration rate or  the coarseness  and 
inhomogeneity of the granular  layer).  

A hydraulic model of the process  is proposed on the basis of an analysis of the existing physical  notions 
concerning it. Analysis of the model has made it possible to obtain, in general  form,  a c r i t e r i a l  dependence of 
the main pa rame te r s  of the process  (velocity of the sorption front, ra te  of buildup of the losses  of head of the 
s i l t - infused granular  layer ,  length of the initial section of formation of the concentrat ion front) on the proper t ies  
of the granular  layer  and the fil tration regime.  The specific form of the dependence is obtained on the basis of 
a bat tery  of experimental  studies with granular  layers  of crushed keramzi t  (porous clay} [2], quartz sand [1], 
and scorched rock [3]. As a resul t ,  it is made possible to pe r fo rm  calculations for static optimization of wate r -  
purif ication f i l ters  with allowance for a combination of standard operat ions- intensif icat ion techniques. 
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ANALYSIS OF FILTERING THROUGH GRANULAR BARRIERS 

YIL V. Krasovitskii, K. A. Krasovitskaya, 
and V. Ya. Lygina 

UDC [66,071"-66.067.1]. 001.24 

The existing equation for the f i l ter ing of aeroso ls  with gradual stoppage of the pores is adequate only for 
dk/dz = 0. 

It has been determined that dk/dT ~ 0 and K=Kiexp(-mT) in the fi l tering of polydisperse aerosols  with W = 
const. 

Adopting a capi l lary model of the layer ,  using the fact  that for a t r ansmiss ion  WdT of dust and gas flow 
the quantity of precipi ta tes  deposited at the capi l lary walls is (x i - x)WdT, while the  thickness of the layer  in 
each capi l lary increases  by dr,  and invoking the obvious relat ion (x i - x ) / x i  = 1 - k ,  we have 

X i [1 - -  K i exp ( - -  roT)] W d T  = - -  N 2~r ldr .  (1) 

After suitable t ransformat ions  we obtain 

= (  -L-1 - c R o -  +, , ,> ,  
Eu ] \ Eu i / (2) 

where 

,Xp am xi / Br~d ~/2 Wdp 
Eu= ; Eu i =  ; C =  ~ - ]  ; Re= ; pW 2 pW ~ ~ 

W~ WK i exp (-- rnz) 
H o ~ - - ;  r t l =  

d d m  

are  dimensionless groups charac te r iz ing  the hydrodynamic s imi lar i ty  of the p rocess .  

The geometr ica l  interpretat ion of (2) in coordinates (HOM+ ~t), [(1/Eui)-(1/Eu) 1/2] is a s t ra ight  line 
through the origin. Consequently, the experimental  line in the given coordinates is a measure  of the filtering 

p rocess  for dK/dT ~ 0. 

For  engineering calculations it is prac t ica l  to use the nomogram shown in Fig. 1, which is plotted f rom 
raw data spanning a wide range of actual var ia t ion of the quantities entering into (2). 

Eu Ho§ r 

10 8 [D s 

/0 7 /0 s 

]06 [04 

Fig. 1. Nomogram for the determination of 
Eu = ~0 (Eui, HOM, ReM, C, lrI). 
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The re la t ive  e r r o r  in the exper imen ta l  de te rmina t ion  of Eu and in calculat ion accord ing  to the n o m o g r a m  
does not exceed 6%. 

The r e su l t s  obtained here  have been used to analyze a f i l ter  for  the pur i f icat ion of exhaust  gases  f r o m  
drying equipment.  

N O T A T I O N  

K, flowthrough pas t  f i l te r  b a r r i e r ;  d, pa r t i c l e  s ize  of l ayer ,  m;  Eu, Euler  c r i t e r ion ;  l ,  length of capi l la ry ,  
m;  m, propor t iona l i ty  factor ;  N, number  of cap i l l a r i e s  per  1 m 2 f i l te r ing su r face ,  m-2; Ap, p r e s s u r e  di f ferencej  
N/m2; r ,  cap i l l a ry  rad ius ,  m;  W, f i l ter ing r a t e ,  m/ see ;  x, ra t io  of volume of so l id -d i spe r sed  phase  in dus t -gas  
flow to volume of t r ansmi t t ed  gas;  ~, dynamic v i s cos i t y  coefficient ,  N" sec/m2; T ,  f i l ter ing t ime,  sec.  Sub- 
sc r ip t s :  i, init ial ;  M, model.  
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E X P E R I M E N T A L  C O R R O B O R A T I O N  O F  T H E  P O S S I B I L I T Y  

O F  N E G A T I V E - D I R E C T E D  E V A P O R A T I O N  OF W A T E R  F R O M  S O I L  

W I T H  A D R I E D - O U T  L A Y E R  

Z h . - D .  D a n d a r o n  UDC 536.423.1+551.573 

Expe r imen t s  have been c a r r i e d  out to r ep roduce  under l abora to ry  conditions the nega t ive -d i rec ted  evap-  
ora t ion  of wa te r  f r o m  soil ,  an effect  whose poss ib i l i ty  under na tura l  conditions has been demonst ra ted  in [1]. 
The nega t ive -d i rec ted  evaporat ion ef fec t  is explained by the fact  that  in the hygroscopic  zone of the soil ,  which 
has become  dried out during the warming  s tage (during the f i r s t  half of the day), the content of absorbed m o i s -  
ture is r e s t o r ed  during the per iod of decl ine of the soi l  t e m p e r a t u r e  (during the second half of the day) through 
absorp t ion ,  not only of wa te r  vapor  a r r i v ing  f r o m  the depth of the soil ,  but also of vapor  f r o m  the ground a i r  
[2, 3]. 

The var ia t ion  of the evaporat ion ra t e  f r o m  soil  is de te rmined  f rom the weight va r i a t ion  of the soil  in 
equal t ime  in terva ls  as the t e m p e r a t u r e  va r i e s .  The expe r imen ta l  a r r a n g e m e n t  cons is t s  of th ree  basic  compo-  
nents:  1) a sensor  that  conver ts  soil  weight change into an e lec t r i ca l  signal;  2) an e lec t ronic  s ingle-point  poten- 
t i ome te r  functioning as  a different ia t ing network;  3) a s ix -po in t  e lec t ron ic  po ten t iometer  (type I~PP-09), on 
whose tape is  plotted the evapora t ion  ra te  and va r i a t i on  of the soil  t empe ra tu r e ,  which follows insofar  as pos -  
sible the t e m p e r a t u r e  var ia t ion  in na ture .  The expe r imen ta l  p rocedure  is  as follows. A i r - d r i e d  soil  is packed 
into a me ta l  can, which is  p laced on the dish of an analyt ical  sca le .  The t e m p e r a t u r e  of the soil  is var ied  a c -  
cording to a p r e s c r i b e d  p r o g r a m  by  varying the in tens i ty  of a heat  lamp placed over  the soil  can; the p r o g r a m  
is scheduled so that  the resu l t ing  weight var ia t ion  of the soil  does  not cause  the sca le  pointer  to def lect  beyond 
the l imits  of the m i l l i g r a m  sca le .  The sca le  reading  is conver ted  by  means  of a pho to t rans i s to r  into an e l e c -  
t r i ca l  signal,  which is sent  to the b r idge  of the s ing le-poin t  po ten t iomete r .  During the invers ion  cycle  of the 
b ru shes  of the pickup fo r  the t~PP-09 signals ,  the br idge  acqu i res  an imbalance  due to the evapora t ion- induced  
var ia t ion  of the soil  weight.  The imbalance  of the br idge  of the different iat ing network during equal t ime in-  
t e rva l s  is then r eco rded  on the po ten t iometer  tape as a curve  t rac ing  the ra te  of evapora t ion  f r o m  the s o i l  

In the p a r t  of  the graph  cor responding  to the per iod of decline of the soil  t e m p e r a t u r e ,  the evapora t ion-  
ra te  curve  falls below the t ime (horizontal) axis ,  thereby indicating nega t ive -d i rec ted  evapora t ion  due to the 
absorp t ion  of vapor  by the soi l  f r o m  the surrounding a i r .  The ra t e  of vapor  absorpt ion by the soil  in the expe r i -  
ment  at tains a m a x i m u m  value E max = -  4.3 �9 10-6 g/c m 2 �9 sec = - 0.15 m m / h  during the per iod of mos t  rapid decline 
of the soi l  t e m p e r a t u r e .  

The exper imen ta l  r e su l t s  conf i rm the conclusion in [1] that  the effect  of nega t ive -d i rec ted  evaporat ion 
f r o m  soil  with a d r i ed-ou t  l ayer  is poss ib le  for  a r ep re sen t a t i ve  daily var ia t ion  of the soil  t e m p e r a t u r e  and 
ambien t  a i r  unsatura ted  with mois tu re .  Ground-a i r  vapor  assoc ia ted  with nega t ive -d i rec ted  evapora t ion  under 
na tura l  conditions during the af ternoon hours of the day is absorbed in the hygroscopic  zone of the soil.  The 
nega t ive -d i rec ted  evapora t ion  effect  does not develop into vapor  condensat ion in the soil.  
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O P T I M I Z A T I O N  O F  D R Y I N G  P R O C E S S  IN  C O N V E C T I V E  

W I T H  C R O S S - I N J E C T I O N  OF D R Y I N G  A G E N T  

I .  P .  B a u m s h t e i n ,  M. S. B e l o p o l ' s k i i ,  
a n d  I .  G.  M y a s k o v s k i i  

D R I E R S  

UDC 666.3.047:62-505 

In the case  of d r i e r s  that  use  c r o s s - i n j e c t i o n  of the drying agent  it is l eg i t imate  to pose  the p rob lem of 
opt imizing,  in a ce r t a in  sense ,  the dis t r ibut ion of the dry ing-agent  p a r a m e t e r s  over  the length Of the dr ie r .  The 
solution of the opt imal  p rob l em  is demons t ra ted  in the example  of a conveye r - type  d r i e r  designed for the 
drying of c e r a m i c  blocks.  The min imum expenditure of natural  gas is taken as the Optimality c r i te r ion .  The 
ma themat i ca l  d r i e r  model  n e c e s s a r y  for solving the opt imal  p rob lem is obtained f r o m  the heat  and ma te r i a l  
(with r e s p e c t  to mois ture)  ba lance  equations for  the ma te r i a l  and the drying agent,  with r ega rd  for the a s s u m p -  
t ions that: 1) the t e m p e r a t u r e  and m o i s t u r e  content of the ma t e r i a l  and drying agent  a r e  dis tr ibuted over  the 
length of the d r i e r  and a r e  lumped in its c r o s s  sect ion;  2) the drying ra te  is propor t iona l  to the moi s tu re  con-  
tent  of the m a t e r i a l ,  where  the propor t iona l i ty  fac tor  (drying coefficient) depends on the composi t ion and dimen-  
sions of the blocks and on the p a r a m e t e r s  (velocity,  t e m p e r a t u r e ,  and moi s tu re  content) of the agent;  3) the 
heat  content  of the m a t e r i a l  is a l inear  function of its t e m p e r a t u r e ;  4) heat  t r an s f e r  f r o m  the drying agent  to 
the m a t e r i a l  is r ea l i zed  by convection. The outcome is a ma themat ica l  model  of the d r i e r  in the f o r m  of a 
s y s t e m  of two nonlinear  o rd ina ry  di f ferent ia l  and two nonlinear  a lgebra ic  equations. The adequacy of the model  
as r ep re sen t ing  the r ea l  objec t  has been tested by means of exper imenta l  studies at  the Kuchinsk Combine for 
C e r a m i c  Lining Mate r i a l s ;  the re la t ive  deviation of the analyt ical  and exper imenta l  data does not exceed 6%. 
The opt imal  p r o b l e m  is solved with r ega rd  for  the cons t ra in ts  imposed on the mois tu re  content of the blocks as 
they e m e r g e  f r o m  the d r i e r ,  namely  a ce r ta in  allowed m a x i m u m  determined by technological  specif ica t ions ,  
along with cons t ra in t s  on the ra te  of change of the mo i s tu re  content of the blocks along the length of the d r i e r ,  
so that  it mus t  not exceed the drying r a t e  de te rmined  f r o m  the equation for  the sa fe ty - l imi t  drying curve .  
The control l ing fac tor  is the dis t r ibut ion of the vo lumet r ic  flow of natural  gas along the length of the d r ie r .  The 
following a lgor i thm is used to solve the above - s t a t ed  opt imal  p rob lem:  1) The cons t ra in ts  a re  taken into 
account  by the method of penalty functions ; 2) the re la t ions  dictated by the a lgebra ic  equations a re  sat isf ied by 
se lec t ing the appropr ia t e  values  for  the t e m p e r a t u r e  (tg) and mo i s tu re  content  (d) of the drying agent ,  for which 
the a lgebra ic  equations a re  solved by the Newtonian method for  tg and d; 3) Pon t ryag in ' s  max imum princiPle 
is then applied and express ions  a r e  obtained for  the function H and auxi l ia ry  va r i ab l e s  $1 and ~b2. As a r e su l t  
of solving the equations for ~bl and r i t  is in fe r red  that  ~2 = 0 and that  ~1 is exp res sed  in t e r m s  of integrals  that 
a re  evaluated by numer i ca l  methods;  4) the gradient  approach is used to min imize  the function H. The p r o -  
g r a m  used to imp lemen t  the foregoing a lgor i thm and its cor responding  numer ica l  p rocedure  is wri t ten in 
ALGOL and FORTRAN for compute r s  of  the Minsk and t~SM se r i e s .  The dis tr ibut ion curves  obtained for the 
vo lumet r i c  flow of na tura l  gas along the length of the d r i e r  in the exper imenta l  studies descr ibed  above and by 
calculat ions according to the indicated a lgor i thm for identical  values  of the input p a r a m e t e r s  of the ma te r i a l  
a r e  compared  with one another .  

Dep. 2698-77, May 27, 1977. 
Original  pape r  submit ted J anua ry  14, 1977. 
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D R Y I N G  K I N E T I C S  OF G R E E N  M A L T  I N  A 

I .  L .  T i m o f e e v ,  V.  I .  L a b a i ,  
a n d  A. I .  C h e r n y a v s k i i  

T H I N  L A Y E R  

UDC 663.434 

The drying of g reen  mal t  in a thin l aye r  is invest igated;  the r e su l t s  indicate that  the mal t  drying ra te  
under these  conditions is p rac t i ca l ly  independent of the veloci ty  of the h e a t - t r a n s f e r  agent,  while the t e m p e r a -  
ture  of the drying agent  has a cons iderable  influence. The actual  p r o c e s s  takes place  in the second drying 
period.  

A g raph-ana ly t i ca l  method is devised on the bas is  of the invest igat ions for determining the mo i s tu re  con-  
ductivity of the malt .  The method essen t i a l ly  entai ls  r ep re sen t ing  the drying curve  by a se t  of exponential  
functions,  the sum of which can be e x p r e s s e d  by the following equation under ce r ta in  s impl i fy ing assumpt ions  
[11: 

W--Wcq _ ~ Bnexp(--P~ k-~e~ ) . 
~/o-  ~ q  .=, (1) 

W -- Weq 
The  d r y i n g  c u r v e s  a r e  r e p r e s e n t e d  i n  s e m i l o g  c o o r d i n a t e s  l o g w 0 _  Veeq = t (~)- 

The approx imate  values  of the mois tu re -conduc t iv i ty  coeff icients  of the mal t  for var ious  t empera tu re s  of 
the drying agent  a r e  de te rmined  f r o m  the slope of the curve  segment  having the l eas t  s lope re la t ive  to the T 
axis : 

tga=C ~ ,sec'l, (2) 
R e 

k =  R~tg~ ~ ' mZ/sec" (3) 

The values of the mois tu re -conduc t iv i ty  coeff icients  of g reen  mal t  a r e  de termined more  p r e c i s e l y  by 
numer i ca l  evaluations of Eq. (1) on a digital compute r  for  a specif ied range of t e m p e r a t u r e s  and compar i son  
of the exper imenta l  and computed values of  the mo i s tu re  content of the malt .  

The t e m p e r a t u r e  dependence of k is found to be 

k = A,Wd', m z/see- (4) 

This re la t ion  makes  i t  poss ib le  to calcula te  the value of k with sufficient  accuracy .  

N O T A T I O N  

Td, t e m p e r a t u r e  of drying agent,  ~ W, W0, Weq , ins tantaneous,  initial,  and equi l ibr ium mois tu re  con-  
tents of ma te r i a l ,  %; #n=Vn, roots  of the Besse l  function of the f i r s t  kind of o rder  zero ;  Bn-- 6/# 2, d imens ionless  
constant ;  k, mois tu re -conduc t iv i ty  coefficient ,  m2/sec; T, t ime ,  sec ;  Re, equivalent g ra in  rad ius ,  equal to 
0.0028 m;  fl, m o i s t u r e - t r a n s f e r  coefficient ,  m/ sec ;  A, constant  equal to 3.981 �9 10-46; m,  power exponent, equal 
to 14; n, na tura l  number  s e r i e s .  

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

1. A . V .  Lykov, Theory  of Drying [in Russian] ,  Gos~zmrgoizdat, Moscow (1950). 
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HEAT AND MASS TRANSFER, STRAINS, AND STRESSES 

ASSOCIATED WITH FREEZING IN A LAYER OF FINELY 

DISPERSE WET SOIL 

M. M. Dubina and B. A. Krasovitskii UDC 624.131:551.34 

The f reezing of wet finely d isperse  soils comprises  a complex physical  p rocess ,  which is accompanied by 
heat and mass  t rans fe r  as well as the development of s t r e s ses  and s trains  in the thawed and frozen soil zones. 
It is general ly  known that the interst i t ia l  water  of the thawed zone in the freezing of finely d isperse  soils can 
migra te  toward the freezing front. This process  has the effect of  dehydrating and compacting the thawed zone. 
On the other hand, the inters t i t ia l  water expands during freezing,  separat ing the par t ic les  of the soil matrix.  
The sum total of these p rocesses  governs the development of s t r e s ses  and s t ra ins ,  which can attain ve ry  high 
values and p resen t  a hazard to engineering installations.  

The one-dimensional  problem of freezing of a v o l u m e  of wet soil bounded below by a layer  of pe rmaf ros t  
and above by s t ruc tura l  elements  of an installation is analyzed in order  to derive the fundamental equations 
charac te r iz ing  the process .  The migrat ion of mois ture  in the thawed zone is described by the diffusion equation 
for a porous medium with a deformable matr ix.  The relat ionship between the s t r e s se s  in the matrix of the 
thawed soil and the poros i ty  is formulated within the scope of theory of heredi tary  creep.  

The motion of the interface between the thawed and frozen zones is described by an equation deduced f rom 
the heat-balance equation; the evolution of the poros i ty  and mois ture  fields is related to the quantity of water 
t r ans fe r red  into the solid phase; the phase- t rans i t ion  heat re leased in this case  is related to the jump of the 
heat flux at  the interface.  

The end resu l t  is a sys tem of eight equations describing the process  in question. An approximative 
method is proposed for solving this sys tem by reduction to a sys tem of three f i r s t -o rde r  ordinary  differential 
equations and a ser ies  of finite relat ions ; a numerical  example is given. The results  of the calculations show 
that the f reezing-induced s t r e s ses  under the given conditions attain 4 o r  5 kg' /cm 2, which can produce sizable 
loads on engineering installations. Experiments  give resul ts  of the same order .  

Dep. 2702-77, June 27, 1977. 
Original paper  submitted July 14, 1976. 

HEAT CAPACITY OF A MULTICOMPONENT HETEROGENEOUS 

SYSTEM WITH A CONCENTRATION MATRIX OF MAXIMUM RANK 

Yu.  P .  S a n ' k o  UDC 536.722 

An analytical  descr ipt ion is given for the heat capacity C z (z =p or  V) of multicomponent heterogeneous 
sys tems on the basis of phenomenological  thermodynamics .  The heat capacity Cz is interpreted,  as is cus-  
tomary  in the l i tera ture ,  to mean Cp or C V for constant  masses  M~, M2, . . . ,  Mn of the sys tem components (n is 
the number of components) and constant  p r e s s u r e  p or volume V of the system.  The thermodynamic sys tem,  
t reated in accordance  with the conditions of the definition, is specified by a set  of external  pa ramete r s  S, z, 
M1, M 2, . . . ,  Mn, where all the pa rame te r s  except the f i r s t  (the entropy) are fixed and the entropy can be freely 
varied.  In accordance  with the theory of mult icomponent heterogeneous systems [1], the complete sys tem of 
equations in differential form,  uniquely express ing the dependence of all internal pa ramete r s  of the given ther -  
modynamic sys tem on its external  conditions, has the form 

d ~ i l  ( r ,  ~*,  x l l  . . . . .  x . , )  = d ~ i , ( r ,  z~ ~ ,  x ~  . . . . .  x~,)  (~ = I, 2 . . . . .  n). (i) 

~ d [mjsi (r, z~, xlj . . . . .  x,~i) = dS. (2) 
1"=1 

100 



o r  

~ d (mixij ) ~- 0 (i = 1, 2 . . . . .  n), (3) 

~ dx H = 0 (] = 1, 2 . . . . .  r), (4) 
i=l 

dpj (T, v i,  x , j  . . . . .  Xnj) = 0 (j = 1, 2 . . . . .  r) for z = p (5) 

~ d  {mjvj (T, p, xlj . . . . .  X=J) = 0 for z = V, (5') 
i=t 

w h e r e  T is  the  t e m p e r a t u r e ,  zj i s  the  i n t e r n a l  p a r a m e t e r  of  the  ] - th  p h a s e ,  con juga te  with zj  (vj o r  p) ,  xi j  is  the  
c o n c e n t r a t i o n  of the  i - t h  c o m p o n e n t  in the j - t h  p h a s e ,  mj  i s  the m a s s  of the  j - t h  p h a s e ,  s j  and vj a r e  the  s p e c i f i c  
e n t h a l p i e s  and v o l u m e  o f  the  j - t h  p h a s e ,  and r i s  the  n u m b e r  o f  p h a s e s  of  the  t h e r m o d y n a m i c  s y s t e m .  

T h e r m o d y n a m i c  s y s t e m s  d e t e r m i n e d  by  a s e t  of  e x t e r n a l  p a r a m e t e r s  S, z,  M1, M2, . . . ,  M n, of  which a l l  
bu t  the  e n t r o p y  S a r e  f ixed ,  have  a l l  un ique ly  d e t e r m i n e d  (fixed) i n t e r n a l  i n t e n s i v e  p a r a m e t e r s  in the  c a s e  w h e r e  
the  n u m b e r  o f  p h a s e s  r = n + l  and r = n + 2  fo r  z = p  and the n u m b e r  of  p h a s e s  r = n + 2  for  z = V  [1]. A change  of  
s t a t e  o f  the  i n d i c a t e d  t h e r m o d y n a m i c  s y s t e m s  ( sh i f t  of  e q u i l i b r i u m )  t a k e s  p l a c e  unde r  i s o t h e r m a l  cond i t i ons ,  
and the  h e a t  c a p a c i t y  C z i s  i n f in i t e .  

The  hea t  c a p a c i t y  of  the  t h e r m o d y n a m i c  s y s t e m s  for  r -  n, z = p, and fo r  r-< n+ 1, z = V, i s  g iven  by the  
e x p r e s s i o n  

Osj Osj dz 7 n Osj dx~i dmj 
"v m: dr dT (6) C z = r ~ = r ~ ~ -  OZ; d r  i = l  

Solving the system of linear equations (1)-(5) or the system (1)-(4), (5') for each of the variables dT, dvj, dxij, 
dmj (i=1, 2, ..., n; ]--1, 2, ..,, r) or for the variables of the second system dT, dp, dxij, dmj (i=1, 2 . . . .  , n; 
j = i ,  2, ..., r), we readily obtain paired relations, i.e., the total derivatives of the temperature with respect to 
the internal parameters in the heat-capacity expression (6). 

The expression obtained for the heat capacity of multicomponent heterogeneous systems is a useful 
analytical expression for the description and analysis of the thermal properties of systems. The given analyti- 
cal description of the heat capacity can be used to arrive in analogous fashion at an analytical description of 
other second-order derivatives of the thermodynamic functions of multicomponent heterogeneous systems. 
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I. L.S. Palatnik and A. I. Landau, Phase Equilibria in Multicomponent Systems [in Russian], KhU, Khartkov 
(1961). 
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E S T I M A T I N G  S O L U T I O N  C O N V E R G E N C E  O F  A N O N L I N E A R  

H E A T - T R A N S F E R  P R O B L E M  T R A N S F O R M E D  B Y  T H E  S M A L L -  

P A R A M E T E R  M E T H O D  

G .  B .  C h e r e p e n n i k o v  UDC536 .2 .01  

We c o n s i d e r  a n o n l i n e a r  p r o b l e m  in hea t  t r a n s f e r  b e t w e e n  an  unbounded c y l i n d e r  (0 <-r-<R) and a m e d i u m  
a t  c o n s t a n t  t e m p e r a t u r e  T c with a h e a t - t r a n s f e r  c o e f f i c i e n t  a which  depends  on the s u r f a c e  t e m p e r a t u r e  of  the 
body.  

The  s o u r c e  of  n o n l i n e a r i t y  and the d e s i r e d  s o l u t i o n  a r e  r e p r e s e n t e d  in the f o r m  of  s e r i e s  in  p o w e r s  of  
the  s m a l l  p a r a m e t e r  fi (/3 < 1) : 
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a (T (R, T)) = "~ O~n [~Tn (]~ , .~)]n T (r, T) = ~  fJmTm (r, T), 
t z~O ~r$~O 

and the or iginal  p rob lem is reduced to a sys t em of l inear equations and boundary conditions whose solution can 
be wri t ten as 

T(r, ~)=LTin T' LT b = L [ ~  Tc(m)(~)~rn], (l) 
m=0 

where L is the symbol of the opera tor  used; Tin is the initial condition (in the p resen t  case Tin = 0); T b is the 
boundary condition; Tc(m)(T) represen t s  the sums of the t e rms  of the expansion which depend on the previously 
determined Tk(R , T) (k < m) determined in the p rocess  of car ry ing  out the procedure  of the sma l l -pa r ame te r  
method. 

It can be seen that the solution of the problem converges if we have convergence of the ser ies  under the 
opera to r  sign. It is not possible to investigate the convergence of the se r i es ,  but we have set  up a major iz ing 
ser ies  for it whose convergence conditions, according to the Weiers t rass  cr i ter ion,  a re  also valid for the 
se r ies  being investigated, and therefore  for the desi red solution as well. 

By means of this approach,  it was established that the solution of the problem under considerat ion con-  
verges  if 

am 1 ~n I < ~ < (2) 
Ctm+z Tc Ctm+ z Tc 

In par t icular ,  for a(T(R, T)) = a0+ alflT (R, T), the convergence condition takes the form 

It can be represented as 

~o 1 ao I 
< ~ < - -  - -  (3) al Tc ~1 Tc 

I o/ (T fR, "O) - -  ao [ 
~o [ < 1, (4)  

f rom which it follows that the convergence  of the solution is great ly  influenced by the coefficient a0, i .e. ,  by 
what tempera ture  is taken as the origin of our calculations.  If the "zero"  tempera ture  we take is the t empera -  
ture  at  which the source  of nonlinearity has its maximum value, then ao = amax  and, by (4), the convergence 
condition is automatical ly satisfied. 

The difference Aa = (a(T(R, T))-- a0) is the " increment"  of the value of the source of nonlinearity in the 
range of var ia t ion of  t empera tu re  f rom T(R, 0) to T(R, 7). It can be seen that the g rea te r  the value o f  Aa ,  the 
higher will be the ratio [Aa/ao[ and the worse  will be the convergence of the solution of the problem. Conse-  
quently the rate  of convergence var ies  within a given tempera ture  range. In the general  case it is fair ly high 
near  a t empera tu re  close to zero and becomes worse  as we approach the boundaries of the interval.  This con- 
clusion is confirmed by the resul ts  of the calculations we made. 

It was noted that for other  types of sources  of nonlinearity (which depend on the tempera ture ,  the the rmo-  
physical  p roper t ies ,  the internal  generat ion of heat, etc.), when we use the sma l l -pa r ame te r  method, the con- 
vergence  conditions are  analogous in form. This gives reason to suppose that the conclusions and recommenda-  
tions of our study a re  valid beyond the limits of the par t icular  ease considered.  

Dep. 2131-77, May 4, 1977. 
Original paper  submitted September 3, 1976. 
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I N T E G R A L  E Q U A T I O N S  O F  S T E A D Y - S T A T E  H E A T - C O N D U C T I O N  

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

G.  S .  K i t  a n d  M.  G.  K r i v t s u n  UDC 539.12 

We cons ide r  a t w o - d i m e n s i o n a l  s t e a d y - s t a t e  p r o b l e m  in heat  conduct ion  for  a body with c u r v i l i n e a r  cuts ,  
a t  one g roup  of which the t e m p e r a t u r e  is spec i f ied ,  at  the second  group  of  which  hea t  f luxes a r e  
spec i f ied ,  and at  the  t h i r d  g roup  the  condi t ions  o f  t h e r m a l  p e r m e a b i l i t y  a r e  spec i f i ed .  It is a s s u m e d  that  the 
r e g i o n  occup ied  by the  body is m a p p e d  by  the funct ion z = r c o n f o r m a l l y  onto the e x t e r i o r  of  the unit  c i r c l e ,  
and condi t ions  of  the  f i r s t  o r  s e c o n d  kind a r e  g iven  on its b o u n d a r y .  The  t e m p e r a t u r e  f ield in the t r a n s f o r m e d  
r e g i o n  can  be  r e p r e s e n t e d  by  the  s u m  

r ( ~ , ~ ) = T n (  ~, ~ - } - T , ( ; ,  ~ ,  

where T n is the tempera ture  in the region under considerat ion without any cuts, satisfying the boundary condi- 
tion on the contour of the unit c i rc le ;  T ,  is the tempera ture  due to the p resence  of the cuts. 

The boundary  condi t ions  of  the p r o b l e m  in the t r a n s f o r m e d  r eg ion  can  be wr i t t en  as  follows : 

T ,  :e (t) = f •  (t) - -  r n (t), t r L I, 

lOT, )-'- X \ - - ~ n  J = :~l~177 OTnOn , tEL2, (1) 

[ OT. \• OTn 
~ ) - t, (t) !,~' (t)i (~+- T~) = I,~' (t)l q. (t) - x ~ ,  tr L~. 

OT, i 

I = o, T.lp= , - - 0 o r  - T o  ~ '  (2) 

w h e r e  ~ is the t h e r m a l  conduc t iv i ty  of  the body,  h(t) is the t h e r m a l  p e r m e a b i l i t y  of the cut ;  n is the n o r m a l  to 
the lef t  edge of  the cut,  denoted by the index +; f•  q•  % ( 0  a r e  the g iven  t e m p e r a t u r e  and hea t  f luxes ;  

3 
L = U L~ is the pre image  of the contour along which the cuts are  made in the phys i ca l  plane. 

] =  1 

The p e r t u r b e d  t e m p e r a t u r e  field is to be found in the f o r m  

T. (~, ~ = 2Re F (~), F (~) = 2n---~ [f~ (t) M, (t, ~) + iy~ (t) M 1 (t, ~)] dt + 
/-! 

+ 2 a ~  172 (0 ,u2 (t, ~) - -  q2 (0 .~I. (t, ~)1 dr+ 
L, 

~ N 

' L,f '~(t) M'(t' ~)dt--Xk=l ~ L !  MS(l' Co_o_ + 
�9 2 " (3) 

where  

Mj(t, ~)= T~-~ T-(--l)/ ?~--1 ' i =  1, 2; %=exp(i~); 

[ T1-T-I ~]; M~ (t, ~) = ~ kin (t -- ~) -T- In (7~ -- I) --  In 

2f~ (0 = f+ (0 -- f-  (0; 2~.q~ (0 = Io' (t)[ [q+ (0 + q- (t)]; 

N 

L1 = U L, k, a is the  angle  be tween the n o r m a l  n and the a b s c i s s a  ax i s ;  7j(t) a r e  unknown Rmctions bounded at  
k=  1 

~he ends of  the cuts  ; c k (k = 0, N) a r e  r e a l  cons tan t s  de t e rmined  f r o m  the condi t ions  of  boundedness  at  the ends 
of  the cuts  Llk of  the funct ion 71(t) and the condi t ion  of  boundedness  of  the t e m p e r a t u r e  field at  infinity, ha 
the ke rne l s  Mj the u p p e r  s ign c o r r e s p o n d s  to the f i r s t  bounda ry  condi t ion in (2), the lower  s ign to the second.  

F r o m  the bounda ry  condi t ions  (1), taking accoun t  o f  the e x p r e s s i o n  (3), we have obtained a s y s t e m  of 
s ingu la r  i n t eg ra l  equat ions  for  de t e rm i n i ng  the funct ions 7i(t). We have a lso  wr i t t en  out a s y s t e m  of in t eg ra l  
equat ions for  the c o r r e s p o n d i n g  pe r iod ic  p r o b l e m s  for  an infinite body.  
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The paper  gives the solution of the integral  equation for a periodic sys t em of a rc - shaped  cuts at  the 
edges of which an a r b i t r a r y  t empera tu re  is maintained. 

Dep. 2695-77, June 27, 1977. 
Original paper  submitted March  3, 1977. 

G E N E R A L I Z E D  V A R I A B L E S  OF  T H E  H E A T - T R A N S F E R  P R O C E S S  

IN  M U L T I L A Y E R  P L A T E S  W I T H  H A R M O N I C A L L Y  V A R Y I N G  

T E M P E R A T U R E  

V.  V.  N a s e d k i n  UDC 536.21 

The pa rame te r  of the hea t - t r ans f e r  p roces s  for  harmonic  var ia t ion of tempera ture  is the quantity ~ = 
(a /w)  ~/z, in mete r s ,  determined by the thermal  diffusivity and the cyclic frequency of the oscillation. If the 
pa rame te r  is taken as a charac te r i s t i c  scale ,  the tempera ture  field of a mult i layer plate consist ing of N layers ,  
for boundary conditions of the third kind, will be a function of the following general ized coordinates:  

a) dimensionless t ime or  the phase of the oscil lat ion of the t empera tu re  of the external  movable medium 

FO*~ a n t  

b) the relat ive thicknesses  of the layers  of the plate 

an 
D 1 . . . . .  D n . . . . .  D N , where D n - -  

~r~ ' 

c) the relat ive coordinate D x = x / ~ n  , 

d) numbers  express ing the rat io of the tangents of the angles of inclination of the tangent lines to the 
t empera tu re  curves  at  the junctions of the layers  and on the surfaces  of the plate: W0= Otc l /S  1, W 1 = S I S 2 , . . . ,  

Wn = Sn/Sn+l . . . .  , WN--I = SN-I/SN, WN = SN/~c2. 

The las t  l is t  of quantities can be combined by the notation W n = Wn/Wn+l ; the subscr ip t  after  W indicates 
the number  of the c ross  sect ion to which the given quantity re la tes ;  for the boundary layer  w = a ,  for a layer  of 
the plate w = s, where s = k / ~  W/m 2 �9 ~ s has the meaning of thermal  conductivity of a unit dimensionless layer.  
The quantity s may be defined as the cycl ic  thermal  conductivity, since it se rves  the function of the p ropor -  
tionality factor k when we pass to the relat ive coordinates Dx: 

q = ~" Ox - ~ = s - - ~  w /m  z. 

The use of the general ized coordinates Fo* ,  D, and W is i l lustrated by the equations of the tempera ture  field of 
the plate consist ing of N layers .  Such equations can be obtained if for each layer  we take the charac te r i s t ic  
coordinate axes,  and the damping of the t empera tu re  oscillations and the phase shift a re  considered layer  by 
layer .  In this case the polynomials of the tempera ture- f ie ld  equation for one layer  are  included as a compo- 
nent of the equation for the next layer .  As a result ,  the computer  calculations a re  formulated according to a 
r e c u r r e n t  (cyclic) p rogram.  Such a p rog ram  is universal ,  s ince it is suitable for plates containing any number 
of layers .  Before beginning the calculations,  we introduce N, Fo*, and WN= SN/~c z into the computer  memory ;  
before calculating the next layer  n, we introduce the general ized var iables  Dn and Wn-1 = Sn-1/Sn- 

Dep. 2694-77, June 27, 1977. 
Original paper  submitted January  5, 1977. 
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T A K I N G  A C C O U N T  OF T H E  F I N I T E  

OF  H E A T  P R O P A G A T I O N  

V E L O C I T Y  

K. V.  L a k u s t a  UDC 517.949.22 

In the numer ica l  construct ion of general ized nonsteady tempera ture  fields in one-dimensional  bodies 
described by the solution of the equation 

02,, ou ( a,~ ~_ o .  1 = f(t ,  ~), 

{RI <_z<~R2, o ~ t  < :v (T < + 0o)} 

with the initial conditions 

and the boundary conditions 

(i) 

Ou r "It=0 = r (z); ~ t=0 = % (z) (2) 

we study the problem of taking account of the veloci ty  of heat propagation for the descr ipt ion of thermal  p ro -  
cesses .  Here c is the specific heat capacity;  p is the density; k is the thermal  conductivity; ~r is the relaxation 
t ime of the thermal  s t r e s s ;  f(t, z) is the power of the heat sources ;  el(z) and ~2(z) a re  the initial tempera ture  
and its velocity of propagation;  el(t) and ~2(t) a re  the tempera tures  on the boundaries of the region; Hi (i = 1-~) 
take on the values 0 and 1, depending on the kind of boundary conditions applicable; ~= 0, 1, 2. 

Replacing the derivatives with r e spec t  to the coordinate and to t ime with the corresponding difference 
ra t ios ,  we obtain a f ini te-difference analog of the problem. The algori thm of the computing process  is ca r r ied  
out on the basis of a n  explici t -difference scheme.  

Our investigations of the t empera tu re  fields constructed in this way showed that taking account of a finite 
velocity of propagation of a substance on the M-6000 and ES-1020 computers  is effective when the relaxation 
t ime of the thermal  s t r e ss  is a quantit)- of the o rde r  of 10-2-10 -9 and 10-2-10 -11 sec.  Therefore ,  for relaxation 
t imes which do not lie within these l imits ,  it is desirable  to use the c lass ica l  heat-conduction equation for 
descr ibing the thermal  p rocesses .  

Represent ing Eq. (1) in dimensionless form by the pa rame te r  M = c~/Cq (c 1 is the veloci ty of propagation 
of the longitudinal wave, Cq is the veloci ty of the heat propagation), we car r ied  out a s imulat ion of the problem 
(1)-(3) for different values of M ~. The simulation showed that the tempera ture  increases  as M 2 decreases .  

It was noted that: a) the p rog ram  we worked out is suitable for calculating dynamic t empera tu re  s t r e s s e s ;  
b) use of the c lass ica l  heat-conduction equation leads to er roneous  resul ts  for  the case  of ve ry  small  values of 
t ime. 

The paper includes graphs showing the distribution of dimensionless tempera ture  as a function of a dimen- 
sionless geometr ic  var iable  and of dimensionless t ime, respect ively ,  for fixed values of t ime and the coordinate. 

Dep. 2693-77, June 20, 1977. 
Original paper  submitted March  4, 1977. 

C A L C U L A T I O N  OF T H E  S O L I D I F I C A T I O N  

T A K I N G  A C C O U N T  OF S U P E R H E A T I N G  

V. I .  T u t o r  

P R O C E S S  OF M E L T S ,  

UDC 621.746.6 

The existing methods for taking account of superheating in calculations of the solidification of melts  
assume that the heat of superheating is removed at a separate  stage preceding the solidification, or else 
during the entire t ime of  solidification, proport ional ly  to the mass  of the solidifying metal. Both methods make 
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it possible to de termine  fair ly accura te ly  the total solidification time, but they dis tor t  the picture of the 
format ion of a hard c r u s t  during the initial period,  since they do not take account of the nonuniformity of the 
remova l  of the superheating with r e spec t  to t ime. 

For  a differentiated accounting of the effect  of the heat of superheating on the solidification p rocess ,  
we introduce the concept  of the intensity of l iberation of the heat of superheating:  

dqsup 
/sup = --d-o-- ' 

where dQsu p is the amount of heat o f  superheating liberated by the melt  during the t ime required to solidify 
a volume dv. 

Fur ther  specifying the l inear var ia t ion  of Isup as a function of the volume of the solidified par t  of the 
melt ,  we determine the var ia t ion  of Qsup as a function of v and make use of this relat ion in setting up the heat-  
balance equation for an e lementary  volume of the solidified melt. As a resul t ,  we obtain a solution of the 
problem of solidification of an unbounded plate and an unbounded cylinder  in the form of the function Fo = Fo(6, 
Bi), in which the Four ier  c r i t e r ion  cha rac te r i zes  the time of solidification, the Blot c r i t e r ion  charac te r izes  the 
intensity of cooling of the melt ,  and 6 cha rac t e r i ze s ' t he  relat ive thickness of the solidified part .  

For  the solution of the equation we obtained for 6 under conditions of var iable  intensity of cooling, we 
propose  a graphical -analyt ic  method consist ing of ' the construct ion of the nomograms for 6 = 6(Fo) for different 
values of Bi and the s t ep-by-s tep  determinat ion of 6 f rom the known relat ion Bi = Bi(Fo). 

In ca r ry ing  out p rac t ica l  calculations to determine the kinetics of solidification of melts ,  the determination 
of the relat ion Bi = Bi(Fo) is a mat te r  of considerable  complexity. In the solidification of a melt  in cooled 
metall ic  forms,  it is much eas ie r  to determine the var ia t ion of the specific heat flux q as a function of time. In 
o rde r  to conver t  q= q(t) into Bi = Bi(Fo), we propose a graphical-analyt ic  method consist ing of the following. 
Simultaneously with the calculations needed for construct ing the nomograms for 6 = 6(Bi, Fo), we determine and 
plot on a graph the relat ion G = G(Fo) for different values of Bi. Here G is a dimensionless heat flux which 
represents  the ratio of the t rue specific heat flux to the standard specific heat flux; as the standard,  we take 
the heat flux through the surface  of the solidifying mel t  at  the t ime when the solidification ends (6 = 1), under 
conditions of infinite intensity of cooling (Bi = ~o). The relat ion q= q(t), known f rom experiment  or  calculation, 
is converted into G = G(Fo) and plotted on the nomogram G = G(Fo, Bi). F r o m  the points Of intersect ion of this 
curve with the curves  of the nomogram,  we determine the relation Bi = Bi(Fo), which is used for determining 
the kinetics of the solidification of the melt. The nomograms  6 = 6(Fo, Bi) and G = G(Fo, Bi) must  be constructed 
for identical solidification conditions. In the study we give examples of  the construct ion of nomograms and the 
p rocedure  for the calculations.  We also give an analysis of the effect of superheating on the kinetics of solidifi-  
cation. 

Dep. 2699-77, May 31, 1977. 
Original paper  submitted January  26, 1977. 

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

V. A.  S h u v a l o v ,  V.  V.  G u b i n ,  
E .  E .  K o z l o v s k i i ,  V.  S. K o s t e n k o ,  
A.  E .  C h u r i l o v ,  N. P .  R e z n i c h e n k o ,  
a n d  V. V.  T u r c h i n  

UDC 533.932 

The paper gives the resul ts  of an investigation of the pa rame te r s  of a high-velocity s t r eam of raref ied 
p lasma generated by an ion source  with e lec t ron bombardment.  For stabilization of the discharge in possibly 
smal l  magnetic fields t h e s o u r c e  was equipped with an anode diaphragm. The operat ion of the source was 
charac te r ized  by the following p a r a m e t e r s :  d ischarge cur ren t  0.3 A, discharge voltage relat ive to working 
chamber  100 V, maximum magnetic field at  center  on source  axis ~ 65 Oe. 

Technically pure dry argon was used as the working gas. The accelera ted  ion s t r eam entered the working 
chamber ,  in which the residual  gas p r e s s u r e  was ~ 10 -6 tor r .  The pa ramete r s  of the p lasma issuing f rom the 
source  and par t ia l ly  in the discharge chamber  of the lat ter  were measured  by a movable thermoanemometr ic  
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probe with a flat working surface  2.2 mm in diameter .  The measurements  were made direct ly  on the jet axis 
at  p r e s s u r e s  p = 5 " 10 -5 and 1.5 �9 10 -4 to r r  in the working chamber .  The p r e s s u r e  in the source  discharge 
chamber  in these cases  was p = 1.5 �9 10 -3 and 3.5 t o r t ,  respect ively.  

The e lectron energy distribution was ve ry  close to Maxwellian. The plasma potential ~0 was determined 
by the second derivative method and also f rom the e lectronic  pa r t  of the c u r r e n t - v o l t a g e  charac te r i s t i c  plotted 
on a semilogar i thmic scale.  The p lasma noise collected by the probe was also measured during the experiments  
and the resu l t  was used to check the measuremen t  of the potential. The maximum plasma noise corresponded 
to the p lasma potential. A block scheme for determination of d2Ie/dV 2 is given. The plasma potential ~0 found 
f rom the point dZIe/dV 2 = 0 and the noise maximum corresponded bet ter  with the onset of deviation of the semi-  
logar i thmic cha rac te r i s t i c  f rom l ineari ty than the point of in tersect ion of the asymptotes.  

The mass  velocity U~ of the s t r eam was evaluated f rom the t empera tu re  charac te r i s t ic  Tw = Tw{V) of the 
probe operat ing as a thermoanemometer .  The method of t reat ing the tempera ture  charac te r i s t i c  is described.  
The obtained values of the s t r eam velocity U~ ~- 7.5 �9 105 c m / s e c  agreed sa t i s fac tor i ly  with the values of U~ 
calculated on the assumption that the accelera t ing potential is equal to the difference between the source  anode 
potential and the local p lasma potential.  The spread of the obtained values die not exceed • 7.5%, 

The electronic and ionic par ts  of the probe charac te r i s t i c  were used to determine the charged-par t ic le  
concentration.  

The tempera ture  and concentrat ion of neutrals  in the source  discharge chamber  were determined f rom 
the t empera tu re  charac te r i s t i c  and the probe energy-balance  equation. For p r e s su re s  in the ionization chamber  
pi = 1.5 �9 10 -3 and 3.5 �9 10 -3 to r r ,  Tn = 1570 and 1450~ and nn = 9 �9 1 0 1 2  and 2.3 * 1013 em -3, respectively.  

The presented  resul ts  show the nature of the var ia t ion of the main pa ramete r s  of the high-velocity s t r eam 
when the p lasma f rom the discharge chamber  expands into the vacuum. 

Dep. 2700-77, June 17, 1977. 
Original paper  submitted May 27, 1975, 

E X P E R I M E N T A L  I N V E S T I G A T I O N  O F  X - R A Y  

IN  H I G H E R  F O R M A T E S  

K. D. G u s e i n o v  a n d  G. A.  A s l a n o v  

S C A T T E R I N G  

UDC 536.2 

The authors obtained plots of the intensity of monochromat ic  x rays  (hK = 0.71 A) against the  angle for  liquid 
hexyl, heptyl, and octyl  formates .  

The investigations showed that all the formates  give a sca t ter ing picture of the same type. The difference 
in scat ter ing consisted in the absolute value of the intensity, the increase  in intensity of the f i rs t  maximum, 
and reduct ion of its half-widths on t ransi t ion to higher formates .  Since the main contribution to the intensity 
of the f i r s t  maximum is made by in termolecular  scat ter ing,  we can conclude that an increase  in the length of 
the molecules leads to an increase  in their  degree of order .  

The mean distance between the neares t  molecules can be calculated f rom the relat ion R'= 7.73/S 1 [1]. For 
formates  of normal  s t ruc ture  S 1 = 1.4 ~- I  and ~ =  5.56 A. 

An analysis of the x - ray- in tens i ty  curves  showed that the investigated formates  a re  s imi lar  substances 
and the law of corresponding states can be applied to this ser ies  for  cor re la t ion  of the v iscos i ty  data. 

The obtained exper imenta l  values of v iscos i ty  and density [2] of formates  at different p re s su res  and 
tempera tures  were corre la ted  by the relat ion A~/A~l= f(P/Pl), where A T is the excess v iscos i ty ;  A~l is the dif- 
ference in v iscos i ty  of the liquid at P= 100 bar and T = T b  and vapor at normal  boiling point; p is the density 
of the liquid; Pl is the density of the liquid at P= 100 bar and the boiling point. 
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Fig. 1. Plot  of v i scos i ty  of fo rma te s  agains t  densi ty in 
r e la t ive  coord ina tes :  1) ethyl fo rma te ;  2) butyl fo rma te ;  
3) amyl  fo rma te ;  4) hexyl fo rma te ;  5) heptyl fo rmate .  

The r e su l t  of this t r e a t m e n t  is shown in Fig. 1. The cha rac t e r i s t i c  re la t ion,  which was the s ame  for all  
the subs tances ,  had the f o r m  

2 

- - - -  = Y i  , 

ATh .= 

where  Y0=9.07267; y1=-21.77529;  y2=13.69620. 

The s ca t t e r  of individual points f r o m  the averag ing  curve  was less  than 27o on the average .  
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