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a n d  N. A.  G r i n e v i e h *  

UDC 536.24.536.423.1 

The authors analyze the p rocess  of methanol evaporation and heating when film of this substance 
flows downward along a ver t ica l  tube under a smal l  heat load (q ~ 8000 W/m2). The tes ts  were per formed 
in a quartz column with an inside d iameter  of 0.0145 m and a height of 0.4 m. The i r r igat ion intensity was 
var ied  f rom 0.0025 to 0.15 k g / m - s e c .  The Reynolds number var ied f rom 50 to 2000. Ethyl alcohol, t r i -  
chloroethylene,  and isopropyl alcohol vapors  were used as the heat c a r r i e r .  

The values of the heat t ransfer  coefficient obtained here  for methanol during evaporat ion were close 
to those corresponding to boiling in a large vesse l  or  in a tube, but were much lower than those cor respond-  
ing to condensation. The heat t r ans fe r  coefficient as a function of the i r r iga t ion intensity f i rs t  drops d i s -  
t inct ly to  a cer ta in  minimum. At a Reynolds number above 400, the heat t r ans fe r  coefficient as a function 
of the i r r iga t ion  intensity and of other pa rame te r s  is descr ibed by an equation analogous to the McAdams 
equation for free laminar  flow downward - but with the coefficient 0.9 instead of 0.67. 

On the same apparatus the authors also tested the heating of methanol under conditions of free down- 
ward flow. Methanol vapor was used as the heat c a r r i e r .  The heat t r ans fe r  coefficient could be cal-  
culated f rom the measured  tempera ture  profi les of the film along the column height. Calculations accord -  
lug to McAdams agree closely with the test  resul ts .  The minimum on the curve of heat t ransfer  coefficient 
ve r sus  i r r igat ion intensity does not pass through a minimum but, instead, follows a trend s imi la r  to that 
for  the case of methanol boiling under a small  heat load. The heat t r ans fe r  rate during evaporation is 35% 
higher  than during heating. These observat ions lead to the conclusion that, under a smal l  heat load, the 
mechanism of heat t r ans fe r  in an evapora tor  with a downward flowing liquid film is more  s imi lar  to the 
mechanism of convective heat t r ans fe r  than to the mechanism of film condensation. 

It is also concluded here  that vapor  generat ion at the tube walls, ra ther  than wave generation, has 
some turbulizing effect on the p rocess  of heat t ransfer  during evaporation of methanol.  

I N F R A R E D  H E A T I N G  O F  T H E  H E A R T H  G R A T I N G  AND 

O F  D O U G H  L O A V E S  IN T H E  F I R S T  S T A G E  OF A 

T U N N E L  O V E N  

A.  A.  M i k h e l e v  a n d  M.  M. D v o r t s i n ~  UDC 664.655.041.001.5 

The ar t ic le  deals with the heating of the sp i r a l - rod  hear th  grating and of dough loaves under a con- 
stant density of thermal  flux supplied by an infrared radiation source underneath.  
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With typical thermophysica l  proper t ies  of a dough during the initial stage of baking, and with typical 
s t ruc tu ra l  features  of the hear th  grating, the heating of one grat ing wire and of the dough lying on it is 
t reated here  as a one-dimensional  problem in heat t r ans fe r  involving a f in i te-s ize  and a semiinfirdtely 
large body. 

The express ions  for the tempera ture  of wire and dough as well as for the ratio of heat absorbed by 
the dough to heat received by the radiat ion-sensi t ive  surface of a wire are:  

T,(x,  " ~ ) - - T o 1 = 2 ~  qVx- ieHc [ ~ . ) ,  (1) 

T 2 (x, ~) -- To.., = bF (m q- I) (4T)m i2m erfc ( 2-~a~) 'x  --/~. (2) 

Q2 : : 1 - -4  R [ l ( R2 " R 1~--~ erfc R ] 
- -  , 4alr l  ) 21:1 ~i  2 ~ " a ~  Q - V C  oxp - - -  

- -  err " R 2/~ [ 1 exp R: R erfc (3) 

The energy radiated toward the grat ing is absorbed by the wire and by the dough loaves, but part of 
it is dissipated into the ambient medium. 

The following ratios are  useful for calcutatiug the heat t ransfer  within the f i rs t  stage of a tunnel oven 
with infrared radiation sources :  
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Calculated values agree closely enough with test data. 
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N O T A T I O N  

is the thermal  flux at plane x = 0; 
is the energy flux radiated f rom the reference  surface 1 toward dough loaves and wires of the 
immersed  grat ing segments ;  
is the energy flux radiated f rom surface 1 toward wires of the free grat ing segments  and to 
the ambient medium through gaps in the grat ing;  
is the thermal  flux t ransmit ted through the radia t ion-sensi t ive  surface of immersed  grating 
wires ;  
is the thermal  flux t ransmit ted  through the radia t ion-sensi t ive  port ion of the lower dough loaf 
sur faces  ; 
is the thermal  flux t ransmit ted  through the contact surface between wires  and dough loaves; 
is the quantity of energy received by the radia t ion-sensi t ive  surface of a wire;  
is the quantity of energy received by the dough; 
is the thermal  flux radiated f rom surface 1 and expended on heating the wires in the upper 
layer  of the grat ing free of dough loaves; 
is the thermal  flux t ransmit ted  through the active c ros s  sect ion of the upper grat ing layer  
free of dough loaves ; 
is the t ime; 
is the space coordinate;  
is the wire thickness;  
is the initial wire tempera ture ;  
is the initial dough tempera ture ;  
is the wire tempera ture  at a point x 1 at a time -r; 
is the dough tempera ture  at a point x i at a time ~; 
is the thermal  diffusivity of metal  and dough respect ively;  
is the constant, proport ional  to the tempera ture  at the loaf surface;  
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is the power  exponent;  
a r e  the r e f e r r e d  e m i s s i v i t y  of s y s t e m s  par t ic ipa t ing  in the heat  t r a n s f e r  and consis t ing 
of su r face  1, the wire  and load su r f aces ,  and the medium in plane 2; 
is  the hear th  loading fac tor ;  
is the f ree  c r o s s  sec t ion  in plane 2; 
is  the t h e r m a l  conductivity of me ta l  and dough re spec t ive ly .  

T H E R M A L  C O N D U C T I V I T Y  A N D  E L E C T R I C A L  

R E S I S T I V I T Y  O F  T I T A N I U M  M E A S U R E D  B Y  

T H E  K O H L R A U S C H  M E T H O D  O V E R  T H E  

4 0 0 - 1 1 0 0 ~  T E M P E R A T U R E  R A N G E  

N.  A .  N i k o l ' s k i i  a n d  R .  I .  P e p i n o v  UDC536.2  

Both the t he rm a l  conductivity and the e l ec t r i ca l  r e s i s t iv i ty  of 99.7% pure  t i tanium were  m e a s u r e d  
under  10 -4 m m  Hg vacuum.  The spec imen,  120 m m  long and 5 m m  in d i ame te r ,  was so ldered  to copper  
t e r m i n a l s  and fas tened between e lec t rodes  with wa te r  cooling to a constant  t e m p e r a t u r e .  The spec imen  
was enclosed inside a molybdenum shielding tube 8/7 m m  in d i ame te r .  The ends of this shield were  
so ldered  to wa te r - coo led  copper  f langes.  T h e r m a l  flux leakage f r o m  the l a te ra l  su r face  of the spec imen  
was ove rcome  by holding the t e m p e r a t u r e s  at facing one another  points of the spec imen  and the shield 
equal  along the act ive s pec i m en  length. Such a compensa t ion  was achieved by a s epa ra t e  regulat ion of 
the a l te rna t ing  e lec t r i c  cu r r en t  through the spec imen,  the shield, and the cen te r  hea t e r .  According to 
calculat ions,  an approx imate ly  1 m m  wide gap between spec imen  and shield reduced to a negligible level  
any heat  loss  due to radia t ion.  The appara tus  had been designed so as to allow for  f ree  expansion of both 
s p e c i m e n  and shield during heat ing.  The t e m p e r a t u r e  was m e a s u r e d  with C h r o m e l - A l u m e l  t h e r m o -  
couples .  The thermocouple  e l ec t rodes  were  used a lso  for  measu r ing  the vol tage drop along the act ive 
s p e c i m e n  segment  (l = 15 ram).  This  voltage drop was m e a s u r e d  by the compensa t ion  method with a 
model  R-56 ae po ten t iomete r .  The t h e r m a l  conductivity was then de te rmined  f r o m  the Kohlrausch fo r -  
mula .  The a c c u r a c y  of m e a s u r e m e n t s  was es t imated ,  indicating a 2-3~c mean  e r r o r  in the t he rma l  con-  
ductivity,  a l~c e r r o r  in the e l ec t r i ca l  r e s i s t iv i ty ,  and a 2-3% e r r o r  in the Lorentz  function. 

According to the authors ,  data, the t h e r m a l  conductivity of t i tanium is 20.5 W / m  �9 ~ at T = 400~ 
and then d e c r e a s e s  s l ight ly (by approx ima te ly  5%) over  the 400-1100~ t e m p e r a t u r e  range.  The r e su l t s  of 
this s tudy concerning the t e m p e r a t u r e  c h a r a c t e r i s t i c  of e l ec t r i ca l  r e s i s t iv i ty  of t i tanium agree  c lose ly  with 
publ ished data .  The subsequent ly  ca lcula ted  value of the Lorentz  function for  t i tanium exceeds  i ts  theo-  
re t ica l  value by 30-35% and d e c r e a s e s  with the t e m p e r a t u r e  f r o m  L = 3.4 "10 -8 (W/~ 2 at T = 400~ to L 
= 3 .2 .10  -8 (W/~ 2 at l l00~ 

T r a n s l a t e d  f r o m  Inzhenerno-F iz i chesk i i  Zhurnal, Vol.  24, No. 3, p. 544, March ,  1973. Original  
a r t i c l e  submit ted  October  20, 1971; ab s t r ac t  submit ted July 5, 1972. 
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A V E R A G E D  C H A R A C T E R I S T I C S  O F  A 

W H I R L E D  S T R E A M  

F .  F o K u l a b u k h o v ,  V .  G .  P r a v d i n ,  
a n d  M.  F .  M i k h a l e v *  

UDC 532.55 

The  authors  de sc r ibe  a whir led s t r e a m  by resolving the flow of a c h a r a c t e r i s t i c  fluid e lement  into two 
components :  c i r c u l a r  motion in the force  field N at some angular  veloci ty  and motion of the cur l  cen ter  
along the pipe axis in the force  field M. 

A re la t ion  is es tab l i shed  between the whirl ing force  N, the s t r e a m  p a r a m e t e r s ,  and the tu rbu l ize r  
des ign p a r a m e t e r s .  It is shown that the quantity 

N = 4 R I  2 , ( 1 )  

equal to the ra t io  of the pr inc ipa l  momen tum in the tu rbu l i ze r  ducts to the pipe radius  squared  may se rve  
as the c r i t e r i a l  whirl  p a r a m e t e r .  

A fo rmula  is der ived  for  calculat ing the hydraul ic  d rag  of axial ly s y m m e t r i c a l  b lade- type  turbul izers :  

2 ,~p = o ,  (~,~ + R~) ~ v:~ (z) 
32 R 4 [,~ ( R21 - -  R~) - nab) 2 s i n '  

Relat ion (2) has been ver i f i ed  exper imen ta l ly  in tu rbu l i ze r s  of var ious  designs  for  ve loci t ies  ranging 
f r o m  10 to 35 m / s e c .  The a g r e e m e n t  between calculated and m e a s u r e d  values  of the hydraul ic  drs  ~ in 
mul t i tu rn  b lade- type  tu rbu l i ze r s  appea r s  s a t i s f ac to ry .  

R I 

R2 
n 

a, b 

PS 
VS 

NOTATION 

is the pipe radius; 
is the radius of turbulizer hub; 
is the number of turbulizer turns; 
are the height and width of turbulizer blade; 
is the pitch angle; 
is the angular velocity; 
is the gas density under standard conditions; 
is the gas flow rate under standard conditions. 

S T E A D Y - S T A T E  O V E R L O A D  C A P A C I T Y  O F  T H Y R I S T O R S  

IN A STRUCTURE OVERHEATED BECAUSE OF 

INCOMPLETE CONDUCTION 

Y u .  A .  C h e s n o k o v $  UDC 621.3.032:536.4 

Under speci f ic  conditions, the s t ruc tu re  of a t hy r i s to r  may  conduct d i r ec t  e l ec t r i c  cu r r en t  nofi- 
un i formly .  This  may  be caused by inhomogenei t ies  (construct ional ,  technological ,  and physical)  of the 

*Trans la ted  f r o m  Inzhenerno-F iz i chesk i i  Zhurnal,  Vol. 24, No. 3, pp. 544-545, March,  1973. Original  
a r t i c l e  submit ted  March  14, 1972; ab s t r ac t  submit ted  August 25, 1972. 
tV.  I. Lenin Insti tute of E l ec t r i c a l  Engineer ing,  Moscow. T rans l a t ed  f r o m  Inzhenerno-F iz ichesk i i  Zhur-  
hal, Vol. 24, No. 3, p. 545, March,  1973. Or ig ina la r t i c l e  submit ted  January  10, 1972; ab s t r ac t  sub-  
mit ted June 19, 1972. 
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s t ruc tu re  itself, a low quality of contact tabs (burrs  and pits due to treatment),  or  the par t icu lar  conditions 
of the conver te r  operat ion (e.g., at higher  frequencies) .  

The two-dimensional  l inear equation of s teady-s ta te  heat conduction is solved on an analog R-ne t -  
work, whereupon a relat ion is der ived between the s teady-s ta te  thermal  res is tance  of a TT-2  thyr is tor  
with impressed  contact  tabs and the a rea  of the annular local conduction zone in the s t ruc ture  - when the 
la t ter  var ies  f rom 5 to 1007c of the active s t ruc ture  area .  This relat ion is accura te ly  enough represented  
by a formula  where the thermal  res is tance  is inversely proport ional  to the square root  of the area  of the 
local conduction zone. Solutions are  obtained for a thyr i s tor  operating with bi la teral  and with uni lateral  
cooling. A method is proposed for es t imat ing the superheat  in the s t ructure  at any radial  coordinate point 
when the heat is not completely conducted away. It has been demons t r a t ed  experimental ly  that the residual  
e lec t r i ca l  res i s tance  of a thyr i s to r  is inverse ly  proport ional  to the a rea  of the local conduction zone in 
the s t ruc ture .  The dependence of the device on the a rea  of the local conduction zone is used for es t imat -  
ing the overload capacity of a thyr i s tor .  

SOLIDIFICATION OF A CONDENSED 

DURING THERMAL EVAPORATION 

UNDER VACUUM 

G. S.  A n t o n o v a  

M E T A L  F I L M  

UDC 536.425.539.234 

Studies concerning the s t ruc tura l  cha rac te r i s t i c s  of metal l ic  condensate f i lms which form during 
thermal  evaporat ion under vacuum and studies of t ransient  t empera ture  fields in semiconductor  films 
yield much useful information about both p roces se s .  

Meanwhile, the pat tern  of condensation of metal  vapor  on a cooled substrate  - a p rocess  cha rac -  
te r ized  by a change of the aggregate  state - can be explained fully only if changes occur r ing  in the p rocess  
a re  taken into account. 

In analyzing the p rocess  of heat t r ans fe r  f rom a metal  film on a neutral  substrate ,  therefore,  it is 
appropria te  to consider  the changes of the aggregate state of the fi lm in the sequence: vapor  to liquid and 
liquid to solid. Such a sequence may proper ly  be assumed for determining the deposition pa ramete r s  (at 
the evaporat ion t empera tu re  T e and the substrate  tempera ture  Tb): T e - T S and T b -~ 0.33Ts, with T S de-  
noting the solidification point of a given metal .  

The problem of fi lm solidification is formulated as a problem of coupling two tempera ture  fields T l 
= T e n T  S of the not yet solid fi lm and T 2 = T b + (Ts -Tb)X/~  of the already solid film, with a special  bound- 
a ry  condition given at the moving interface ~ between zones.  

With functions TI(X , ~) and T2(X, T) which sat isfy the initial and the boundary conditions of the given 
problem as well as the differential  equation of heat conduction, it is possible to solve the nonlinear equa- 
tion of the moving interphase boundary between the a l ready solid and the not yet solid zone, then to find 
express ions  for the proport ional i ty  factor  f12 _ ~2/~- which charac te r i zes  the velocity of the solidification 
front and thus constitutes a measure  of the solidification rate, and also to determine the velocity v = d~ 
/ d r  of the solidification front in the condensate film. 

One can determine the numermal  values of ~2/r and v while calculating the heat of phase t r an s fo rma-  
tion r removed f rom the molecular  s t r e a m  of metal  vapor (at a constant volume) as a resul t  of cooling 
down to the subst ra te  tempera ture :  r = c v ( T e - T b )  with c v denoting the specific heat of the given metal  
vapor .  

Trans la ted  f rom Inzhenerno-Fiz icheski i  Zhurnal, Vol. 24, No. 3, p. 546, March, 1973. Original 
ar t ic le  submitted Apri l  4, 1972; abs t rac t  submitted August 31, 1972. 
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The study has  shown: 

an a g r e e m e n t  between calcula ted values  of ~2/'r, which m e a s u r e s  the cooling ra te  of condensed meta l  
f i lms,  and the values  of t he rm a l  diffusivi ty a for  the r e spec t ive  me ta l s  (which m e a s u r e s  the i r  cooling rate),  
which conf i rms  the val idi ty  of the original  p rob l em formulat ion;  

an a g r e e m e n t  between the values  of the fusion heat  r* of bulk meta l  and calcula ted values  r, which 
indicates  that the in ternal  ene rgy  of phase  t r a n s f o r m a t i o n  during fi lm sol idif icat ion may  be e x p r e s s e d  as 
the change in internal  energy  pe r  unit m a s s  of vapor  during cooling on a subs t r a t e ;  

a d e c r e a s e  [nthe sol idif icat ion ra te  v of condensed meta l  f i lms  with a r i se  in the boiling point of meta l  
vapor ,  within the range of re levant  groups  of me ta l s  (light, r e f r ac to ry ,  etc.) in the Per iod ic  Table .  

CALCULATING THE TEMPERATURE 

CHARACTERISTICS OF 

HIGH-CURRENT THERMISTORS 

V. V. Popivnenko UDC 621.316.86.001.24 

A study was made of high-current semiconductor thermistors with often complex geometries, a large 
mass (up to 12.5 g), wide ranges of temperature variation (up to 750~ massive contact tabs, and other 
distinguishing features (not found in low-power semiconductor thermistors), the results of these studies 
indicating that the thermal capacity C, the power dissipation P~, the static and the dynamic dissipation 

factors kst and kdyn, the electrical and the thermal time constants T 0 and "re, and also the dynamic per- 
formance coefficient D of a high-current semiconductor thermistor depend largely on its temperature. For 
calculating the steady-state and the transient performance modes of a circuit with high-current semicon- 
ductor thermistors, therefore, one must know not the thermistor constants and parameters but their tem- 

perature characteristics C = f(0), Pc~ = f(0), kst = f(0), kdy n = f(0), 7 0 = f(0), ~'e = f(0), and D -- f(0) (~ 
denoting the superheat temperature of the semiconductor thermistor). 

Calculation of the ida = f(0) and the kst = f(0) characteristics is based on tests and thus accounts for 
all energy processes occurring in a semiconductor thermistor, and calculation of its static volt-ampere 
characteristic accounts for the conditions of heat transfer. 

It is suggested that the C = f(0) characteristic be calculated from static and dynamic volt-ampere 
data as well as from oscillograms of current as a function of time i = f(t), without the need for inter- 
mediate graphieoanalytical transformations. 

The heat capacity of a semiconductor thermistor is a function of the specific heat of the specimen 
material and of its mass (the specific heat is a function of the temperature), while the dissipation factor 
kst depends on the geometry, the size, the temperature, and the spatial orientation of the device as well 
as on the thermodynamic properties and the state of the ambient medium. The studies have shown that 
dimensional and mass variances from nominal values in a large-scale production of a specific type semi- 

conductor thermistor are insignificant (less than 4~c), while points on kst = f(0), P~ = f(~), and C = f(~) 
curves for specimens of various ratings are dispersed from the mean curves by not more than 5~c. These 
curves are averaged temperature characteristics of given types of semiconductor thermistors, necessary 

for the determination of their kdy n = f(0), ~-0 = f(0), ~'e = f(0), and D = f(0) characteristics. 

Trans l a t ed  f r o m  Inzhenerno-F iz ichesk i i  Zhurnal, Vol. 24, No. 3, pp. 546-547, March,  1973. Or ig i -  
nal a r t i c le  submit ted  March  10, 1970; abs t r ac t  submit ted  July 25, 1972. 
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The formulas  given here  for calculating these charac te r i s t i c s  apply to any type of semiconductor  
the rmis to r s .  In many cases  such as, for example, h igh-cur ren t  semiconductor  the rmis to r s  of the "honey- 
comb" construct ion the most  often used kst  = f(0), kdy n = f(0), and C = f(0) charac te r i s t i c s  can be ex-  
p res sed  in analytical form and thus in a form suitable for  automated computer-a ided design procedures .  

An analysis  of the resul ts  has shown that the tempera ture  charac te r i s t i c s  of h igh-cur ren t  semicon-  
ductor  the rmis to r s  operating under a heavy load va ry  over wide ranges.  When tempera ture  0 changes 
f rom 50 to 450~ for example, the value of kst  becomes 1.9 higher, the value of kdy n becomes 2.7 t imes 
higher,  and the value of C becomes 3.0 t imes higher  in the case of a ,honeycomb,  semiconductor  the r -  
mi s to r .  

Knowing the tempera ture  charac te r i s t i c  of a semiconductor  thermis tor ,  one can not only quickly, 
simply, and ra ther  accura te ly  calculate its s teady-s ta te  tempera ture  but also refine the t ransient  calcula-  
tions for c i rcui ts  with semiconductor  t he rmis to r s .  

TEMPERATURE FIELD OF THE STATOR OF 

AN ENCLOSED AND FINNED INDUCTION 

MOTOR WITH ASYMMETRICAL COOLING 

A. I. Borisenko, I. I. Mosina, 
T. N. Travkina, and A. I. Yakovlev 

UDC 621.313.04.1 

The art icle  deals with the tempera ture  profile of a s ta tor  section underneath its finned housing. The 
core  is subdivided into two zones (Fig. 1): the yoke or  zone 1 and the slotted core (teeth and coils) or zone 
2. The tempera ture  Ti(r  , ~v) in these zones is descr ibed by the l~oisson equation in cyl indrical  coordi -  
nates :  

-7-o-7 r--g;-~ )+r0 0r -~-, 

The boundary conditions are:  convective heat t r ans fe r  (0 -< ~ --- ~i) 

OT1 
--t'sta-~r lr=R, $1= ~zfSfin(Tf--T)lr=R; 

thermal  flux through the base between feet (~o 1 < ~o < ~r) 

- -  k . -  OT1 
sta Or r=Rl -~" gx; 

thermal  flux f rom ro tor  to s ta tor  through the airgap 

2 OT~] _ 

- -  'ira Or Jr=R~-- g2" 

The condition of s y m m e t r y  with respec t  to the OO I axis is 

OT i OT~[ =0. 
Ocp ~=o----- acp ]~=u 

Continuity of the t empera tu re  function and of the thermal  flux function at r = R 2 is expressed  as 

aT 1 aT2 
T 1 (R~, r : T~ (R2, q~); T (R~, q~) = ~ (R2, r 

Trans la ted  f rom Inzhenerno-Fiz icheski iZhurnal ,  Vol. 24, No. 3, pp. 547-549, March, 1973. Origi-  
nal ar t ic le  submitted March 31, 1 9 7 1 ;  abs t rac t  submitted August 31, 1972. 
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Fig. 1. Schematic d iagram of a s ta tor  sect ion 
and its tempera ture  profile, for  a model A4- 
100L4 e lec t r ic  motor .  Numbers at the curves  
denote t empera tures  in ~ 

with the area  of the heat emitt ing core surface S1, the surface of fins Sfin, the coefficient of heat t ransfer  
between fins ~f, the fin tempera ture  at the root Tf, the ambient air  tempera ture  TA, the density of ther -  
mal flux f rom core through base gl, the density of thermal  flux f rom rotor  to s ta tor  g2, and 

' P_2_~ pl 
, ~ ] l -  ;~sta" 

Here Pl denotes the specific losses in the s ta tor  yoke region and ;~sta denotes the thermal  conductivity along 
the s tack 

P ~  in the stator teeth region; 
sta 

~, /2 pC u in the stator yoke region, 
kCu 

with the specific losses in the s ta tor  teeth region P2, the specific s ta tor  copper losses  PCu, and the ther-  
mal conductivity of copper )~Cu" 

The problem is solved by the Four ie r  method of separat ing the var iables .  In order  to determine the 
integrat ion constants, f rom the boundary condition the authors derive an infinite sys tem of equations which 
is then solved by success ive  approximations.  The tempera ture  field of the s ta tor  of a model A4-100L4 
e lec t r ic  motor  is shown in Fig. 1. 

S O M E  C O N C E P T S  IN T H E  

T H E R M A L  C I R C U I T S  

Y u .  A.  G a v r i l o v  

T H E  C R Y  O F  

UDC 536.21 

In o rder  to find approximate solutions to problems of heat t r ans fe r  within a sys tem of bodies, one 
often makes assumptions which allow the tempera ture  field of each body to be considered uniform or va r i -  
able in one direct ion only. In such cases  the sys tem of bodies may be treated as a thermal  circui t  and 
represented  graphical ly  by an equivalent c ircui t  d iagram.  Thermal  c i rcui ts  without active elements but 
consist ing of thermal  res i s tances  and conductances only have been descr ibed in the technical l i tera ture  

Institute of P rec i s ion  Mechanics and Optics, Leningrad.  Trans la ted  f rom Inzhenerno-Fiz icheski i  
Zhurnal, Vol. 24, No. 3, p. 549, March, 1973. Original ar t ic le  submitted January  20, 1972; abs t rac t  sub-  
mitted June 19, 1972. 
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[1, 2]. The boundary conditions of a p rob l em and the p r e sence  of e i ther  heat  sources  or  heat  sinks may  
be r ep re sen t ed  by act ive c i rcui t  e l emen t s  in the f o r m  of t e m p e r a t u r e  or  t he rma l  flux s o u r c e s .  The p r o p e r -  
t ies  of and the symbols  for  these e lements  a re  analogous to those of and for  conventional voltage and c u r -  
cent sou rces  in e l ec t r i ca l  c i rcui t  d i a g r a m s .  The phys ica l  analog of an act ive e lement  in a l inear  t h e rma l  
c i rcui t  would be an ideal heat  pump which mainta ins  a s t ipulated t e m p e r a t u r e  d i f ference  or  t h e r m a l  flux 
level  r e g a r d l e s s  of the load. The effect  of a heat  c a r r i e r  on the t e m p e r a t u r e  of bodies can be accounted 
for  by a r e s i s t ance  whose r ec ip roca l  value is p ropor t iona l  to the product  of t he rma l  capaci ty  and m a s s  flow 
rate  of the heat  c a r r i e r .  Fo r  a t r ans ien t  p roce s s ,  f u r t h e r m o r e ,  the t h e r m a l  c i rcui t  mus t  contain t h e rma l  
capac i t i e s  analogous to e l ec t r i ca l  capac i tances  in e l ec t r i ca l  c i rcu i t s .  

T h e r m a l  c i r cu i t s  can be analyzed by methods and laws der ived in the e lee t i ' ica l  c i rcui t  theory  (theo- 
r e m  of var ia t ions ,  method of the equivalent  source ,  c o m p l e x - n u m b e r s  notation of quas is teady p r o c e s s  
quanti t ies,  t rend toward automated compu te r - a ided  designs,  etc.) .  The validi ty of this approach can  be 
demons t r a t ed  if the laws of Four ie r ,  Newton-Riechmann ,  S t e f a n - B o l t z m a n n ,  and energy  conserva t ion  
a re  e x p r e s s e d  in a f o r m  analogous to Ohm's  and Kirchhoff ' s  laws for  e l ec t r i c  c i rcui ts ,  and if an open 
t h e r m a l  s y s t e m  can be t r a n s f o r m e d  into a c losed one. In o rde r  to apply the methods,  the fo rmulas ,  and 
the ready  solutions f r o m  c i rcu i t  theory  to t h e r m a l  c i rcu i t s ,  it is sufficient  to rep lace  cu r ren t s ,  vol tages ,  
e l e c t r i c a l  r e s i s t a n c e s  and capac i tances  by the i r  r e spec t ive  t he rma l  analogs .  Moreover ,  the inductance 
as well  as the power  of act ive  e lements  and the heat  d iss ipa ted  in r e s i s t a n c e s  a re  all  a s sumed  equal to 
z e r o .  

1. 

2. 

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

G. N. Dul 'nev and ~ .  M. Semyashkin,  Heat  T r a n s f e r  in Radioelec t ronie  Appara tus  [in Russian],  
Izd.  Ene rg i ya  {1968). 
G. N. Dul, nev and N. N. Tarnovsk i i ,  T h e r m a l  Operat ing Modes in E lec t ron ic  Appara tus  [in Rus-  
sian], Izd. ~ n e r g i y a  (1971). 

A P P L I C A T I O N  O F  T H E  E X P A N S I O N  T H E O R E M  

T O  T H E  D E T E R M I N A T I O N  O F  T H E  

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

M.  I .  D u b o v i s  

A solution is obtained to the equation of heat  conduction 

or~ ( o~r~ + ,~r~ ~+w~(~), (1) 

where  w = 0, 1, 2. The init ial  t e m p e r a t u r e  of each l ayer  is constant .  The boundary conditions at the out-  
s ide su r f aces  a re  of the th i rd  kind, functions of t ime .  Conditions of the f i r s t  and of the second kind r e -  
p r e s e n t  spec ia l  c a s e s .  P e r f e c t  contact  conditions a re  a s sumed  at the inside boundary s u r f a c e s .  A Laplace  
t r a n s f o r m a t i o n  of E q. (1) into an o rd inary  di f ferent ia l  equation is p e r f o r m e d  and the solution to the la t te r  
is found as a l inear  combinat ion of two eigenfunction$. The a r b i t r a r y  constants  a re  de te rmined  f r o m  a 
s y s t e m  of l inear  equations cor responding  to the boundary conditions for  the l aye r s .  The or iginal  function 
is found in the fo rm of a s e r i e s  of res idues  at the poles .  If the t r a n s f o r m s  of the given functions a re  not 
f r ac t iona l - r a t iona l ,  then one a lso  uses  the Convolution T h e o r e m .  Discussed  a re  p rob l ems  involving the 
appl ica t ion of the Expansion T h e o r e m  to the solution of this p rob lem.  Shown a re  two f o r m s  of the solution 

T r a n s l a t e d  f rom Inzhenerno-F iz ichesk i i  Zhurnal, Vol. 24, No. 3, pp. 549-550, March,  1973. Or ig i -  
nal a r t i c le  submit ted  May 19, 1971; a b s t r a c t  submit ted August 25, 1972. 
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in t r ans forms ,  the rule of reducing the cha rac te r i s t i c  determinant  and the par t i cu la r  determinants  to a 
power ser ies ,  the rule for writing in complete fo rm the elements  of the charac te r i s t i c  determinant  and, in 
the case of an infinitely large plate, the rule for  writing in complete form the determinant  elements ob- 
tained by the f i rs t  differentiat ion of the cha rac te r i s t i c  determinant,  also a calculation scheme is shown in 
which the charac te r i s t i c  de te rminan t  and the par t i cu la r  determinants  are  expressed as sums of products  
of s econd-o rde r  determinants ,  and formulas  are  derived for  calculating the f i rs t  t e rms  (coefficients) of 
power se r ies  which represen t  those de terminants .  These coefficients are  then used in calculations for  
determining the order  of the zero  pole of the so lu t ion- t ransform.  A relat ion is established between the 
ze ro  pole and the kind of boundary conditions. As an example, calculations are  shown (in general  form) 
with a double ze ro  pole.  

ONE APPROXIMATE SOLUTION TO THE 

SOLIDIFICATION PROBLEM 

V. I .  L o z g a c h e v  UDC 536.421.4 

When a melt  is bounded by an i so thermal  plane and the solidification front propagates  inward in the 
di rection normal  to that plane, then the thickness of the solidified layer  is a following function of t ime: 

with constant fl determined f rom the well known relation in [1 ]. 

Formula  (1) is valid for a constant amount of subcooling r s. We now find an express ion for y when 
the amount of subcooling is given as a cer ta in  function of time r s = f(t) at a constant superheat  of the melt .  

Let the following jumps in the amount of subcooling at the boundary plane rs~ < rs2 < . . . < rsn  occur  
consecutively within respect ive  time intervals  Ate, At 2 . . . . .  At n. We assume that the corresponding 
smoothing of the tempera ture  curves  according to formula  (1) is effected by those jumps without any inertia,  
and that then At i will represent  exactly the buildup time of a solid layer  under the condition rs i .  
quently, 

~t, § At~ + ... + At,~ = t (2) 

and formula  (1) will apply to every  segment .  

The thickness of a built up layer  after  n jumps is, according to formula  (1), 

y~, ~ . . . . . .  :: ~. ~._~ -. At., (3) 

with in_ 1 denoting some fictitious buildup time of layer  Y i , 2 ,  . . . ,  n-i as if condition fin prevai led all the 
t ime.  

Coase-  

Analogously, we can write 

Yl. 2 ..... +~ = ~,+1 lYC + Atn§ (4) 

When Atn+ 1 = 0, then evidently Yn = Yn+l" Equating (3) and (4) at Atn+ ~ = 0 yields r ecu r r ence  re la -  
tions for the fictitious time t n. 

t n - -  ( i n _  1 - -  Atn) , i n - 1  - -  ~+~ ~ 
- - -  ( t . - 2  § M n - 1 )  . . . .  

Trans la ted  f rom Inzhenerno-Fiz icheski i  Zhurnal, Vol. 24, No. 3, pp. 550-551, March,  1973. Origi-  
nal ar t ic le  submitted October 11, 1971; abs t rac t  submitted July 10, 1972. 
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Inse r t ing  the thus obtained values  of tn_2, tn_ 3 . . . .  , consecu t ive ly  yields ,  in the final analys is ,  

n--I 

I Z ~at~. 
1 

Inser t ing  this into fo rmula  (3), we find 

l/~ ~Atl 
1 

or,  inasmuch  as an in tegra l  sum is under  the s q u a r e - r o o t  he re ,  at the l imit  At i ~ 0 fo rmula  (2) yields 
f inally 

0 

The re la t ion  fl = f(~-) is de te rmined  according to the fo rmula  in [1] for  a given function rs ( t  ) . 
s tance,  for  sma l l  values  of/3 we have 

~s 1 / ant (~) - - -  r, (~). 
~lrl 

E x p r e s s i o n  (5) is valid for  any/3 within the indicated accuracy .  Fo rmula  (5) is valid also when the 
me l t  is not superhea ted  ( r / =  0). For  this case  an equation has  been der ived  in [2] which r e l a t e s  r s ( t  ) to 
y(t) at any t ime.  If the value for  y(t) f r o m  fo rmula  (5) is inse r t ed  into this equation, for  sma l l  values  of 
y, then the exp re s s ion  for/3 in [1] (in the f o r m  of a s e r i e s )  is Obtained with r 1 = 0. F o r  instance,  wi th  
s m a l l  va lues  of t3 the fo rmula  for /3 in [1] yields  when r I = 0: 

Let t ing r s ; kt  n, m o r e o v e r ,  we obtain f r o m  f o r m ~ a  (5) 

2k~ t n+l 
y 2 ~  

q n + l  

Inser t ing  these  va lues  of r s and yZ into the Lyubov formula ,  we obtain an identity at smal l  values  of t. 

1 .  

2. 

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

A. N. Tikhonov and A. A. Samarsk i i ,  Equations of Mathemat ica l  Phys ics  [in Russian],  Moscow 
(1958). 
B. Ya. Lyubov, A. L. Roitburd, and D. E.  Temkin ,  in: Growth of Crys t a l s  [in Russian]  (1961), 
Vol. 3, p. 68. 

(5) 

For  in-  

PECULIARITIES OF TEMPERATURE CALCULATIONS 

IN THE THEORY OF ULTRASONIC WELDING 

V .  F .  A p a n a s e n k o  UDC 621.791 

F o r  calculat ing the t e m p e r a t u r e  field of a po lymer  welded ul t rasonica l ly ,  a ma themat i ca l  model  has  
been  developed which d e s c r i b e s  the effect  o fu l t r a son i cv ib ra t i ons  on the plas t ic  m a s s  and which is based  on 

T r a n s l a t e d  f r o m  Inzhene rno-F iz i chesk i iZhurna l ,  Vol. 24, No. 3, p. 552, March,  1973. Original  
a r t i c l e  submit ted  November  24, 1971; ab s t r ac t  submit ted July 21, 1972. 

400 



the Rzhevkin r ep re sen ta t i on  [1]. According to this model,  d i rec t iona l  u l t rasonic  radia t ion is t rea ted  as a 
"sound beam n emit ted f r o m  a unique ~horn. 

Pursu ing  this g e o m e t r i c a l  approach,  we a s s u m e  that the ,beam~ is made up of tubes 0.1~ in d i a m -  
e te r ,  with ~ denoting the wavelength of longitudinal v ibra t ions  in the welded po lymer .  This  makes  it f e a s i -  
ble to apply he re  the acous t ics  p rob l em  of a f in i te- length  tube segment  [1] and thus to take into account the 
finite d imens ions  of the wel~led package .  In solving the p rob lem,  one ca lcu la tes  the acoust ic  p r e s s u r e  
along a tube. With the acoust ic  p r e s s u r e s  given at the ent rance  to the tubes, cor responding  to the wave 
radia t ion function along a spout radius ,  it becomes  poss ib le  to de t e rmine  the acoust ic  p r e s s u r e  field of 
the sec t ion  plane within the sound zone. 

F r o m  the acoust ic  p r e s s u r e  we calcula te  the energy  of the u l t rasonic  field at a sepcif ic  point.  This  
energy is then multiplied by the ultrasonic absorptivity and this yields the energy lost on heating the poly- 
mer and on irreversible deformations in it. Assuming that the heat released in the polymer by ultrasonic 
vibrations is maximum during resonance between thermal and acoustic waves at frequencies which are 
harmonies of the operating ultrasonic frequency, we then determine the energy lost on heating. This quan- 
tity is found, according to the Zener theory [2], as the product of the total energy absorbed in the polymer 
and the loss factor. From the heatIng energy thus determined, we can easily calculate the temperature 
change at the specific point. 

The variation in the temperature field of polystyrene during ultrasonic welding was calculated on a 
"Nairi" computer and compared with temperature measurements made with model ~PP-09 electronic 
potentiometers. The difference between theoretical and experimental thermograms amounted to 5-7~c 
in the time and 3-19~c in the location of a specific point. 

Thus, the problem of sound propagation along a finite-length tube segment and the Zener theory are 
both applicable for rough theoretical calculations of the temperature field. 

I. 

2. 
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CHARACTERISTICS OF HEAT REGENERATORS WITH 

THE GAS PRESSURE VARYING IN TIME 

I. M. Shnaid UDC 536.27 

The most characteristic feature of the process in Stirling and Ericson regenerative heating and re- 
frigerating engines with a pulsation tube and similar devices operating on an unsteady flow of the working 
medium is that the gas pressure varies in time. The classical Nusselt-Gausen theory of a heat regen- 
erator is not applicable under such conditions, because the number of differential equations describing the 

mathematical model of a regenerator increases and they become more complex: 

Engineer ing  Inst i tute  of the Ref r ige ra t ion  Industry,  Odessa .  T r a n s l a t e d  f r o m  I n z h e n e r n o - F i z i c h e s -  
kii Zhurnal,  Vol .  24, No. 3, pp. 552-553, March;  1973. Original  a r t i c le  submi t ted  May 3, 1972; a b s t r a c t  
submit ted  July 19, 1972. 
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where  

RT Oq,n dp p OT 
-s ox + ~t - - U  " ot = ~  

7 ~ OT Cp OT ~ dp 
{ ~-~ T " O ' - 7 - + - Y - - ' q " ' ~  § 
I 0Tto 
[ Ot +, 6 (Tto - -  T) =0,  

= KA~ . 6 -  KAq~ 
V ' pu~ctoV~o " 

Most  in te res t ing  a r e  those solut ions to s y s t e m  (1)-(3) which do not depend on the init ial  conditions 
and a r e  per iodic  in t ime,  cor responding  to the s t eady - s t a t e  opera t ion of a r e g e n e r a t o r .  The approx imate  
per iod ic  solut ions a r e  sought in the f o r m  

T (x, t) ----- Te (x) ~ Ts (x) sin cot -[- Tc (x) cos cot, 

T w (x, t) : Twe (x) '-- Tws  (x) sin o~t -~- Twc (x) cos rot, 

qm (x, t) :: q.~ (x) sin ot + qmc (x) cos or. 

with the assumpt ion  that 

O) 

(2) 

(3) 

(4) 

(5) 

(6) 

p A: Pe "+" Ps sin cot. (7) 

Relat ions (4)-(6) r e p r e s e n t  the s imp le s t  functions of the v a r i a b l e s  x and t, automat ica l ly  sa t i s fying 
the condition of per iod ic i ty  in t. An analys is  of the solut ions based on these re la t ions  will r evea l  the m o s t  
c h a r a c t e r i s t i c  f ea tu res  of the p r o c e s s  in heat  r e g e n e r a t o r s  with a v a r i a b l e - p r e s s u r e  gas  flow. 

In o r d e r  to de t e rmine  the coeff icients  in Eqs.  (4)-(6), the author uses  the var ia t iona l  method of 
" l e a s t  s q u a r e s ,  and thus e n s u r e s  the bes t  " o v e r a l l ,  a ccu racy  of the sought approx imate  solution. 

The  obtained solution is in s a t i s f ac to ry  a g r e e m e n t  with tes t  data .  On this bas i s ,  then, the author 
examines  how the r e g e n e r a t o r  eff ic iency depends on i ts  des ign p a r a m e t e r s  and on the phase  re la t ions  be -  
tween t e m p e r a t u r e ,  p r e s s u r e ,  and flow ra te .  

It is shown that p r e s s u r e  f luctuations in the gas  s t r e a m  have an apprec iab le  effect  on the r e g e n e r a t o r  
c h a r a c t e r i s t i c s .  If the gas  p r e s s u r e  and the gas  flow ra te  a r e  in phase  opposition, for  example ,  then at 
the , h o t t e r ,  end of the r e g e n e r a t o r  the gas  leaving will be at a h igher  t e m p e r a t u r e  than the gas enter ing  
through the s a m e  sec t ion .  

x 
t 

P 
T 

qm 
T w 
7 

A 
K 

V 

V w 

Pw 
e w 
T 

co = 2~/1" 

~s the 
is  the 
is the 
is  the 
is  the 
is  the 
is  the 
is  the 
is the 
is the 
is  the 
is the 
is the 
is  the 
is the 
is the 
is the 
is the 

NOTATION 

space  coordinate  along the r e g e n e r a t o r ;  
t ime;  
gas  p r e s s u r e ;  
gas  t e m p e r a t u r e ;  
m a s s  flow ra te  through a given r e g e n e r a t o r  sect ion;  
t e m p e r a t u r e  of r e g e n e r a t o r  head; 
adiabat ic  exponent;  
spec i f ic  heat  at constant  p r e s s u r e ;  
constant ;  
pa s sage  sec t ion  in the r e g e n e r a t o r ;  
heat  t r a n s f e r  coeff icient ;  
heat  t r a n s f e r  su r face  of a r e g e n e r a t o r  head; 
vo lume of gas  in the r e g e n e r a t o r ;  
volume of a r e g e n e r a t o r  head; 
densi ty of a r e g e n e r a t o r  head;  
specif ic  heat  of a r e g e n e r a t o r  head; 
per iod;  
angular  f requency.  
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SOLUTION OF CERTAIN REVERSE 

IN IGNITION THEORY 

P R O B L E M S  

A.  M.  G r i s h i n  UDC 533.6.011.6 

Solving the problem of heterogeneous ignition at the interface between two hal f -spaces  filled with fuel 
and oxidizer respect ively  [1 ] and solving the problem of ignition of a react ive body in the shape of a plate 
f2] or  of a solid of revolution [3] near  the stagnation point in a s t r eam of hot oxidizer reduces to solving 
nonlinear integral  equations of the Vol ter ra  kind: 

T 

r r ~ - - -  - 7 ' 
0 

with A = 1 + K~ in the f i rs t  problem and A = Kg in the other problems,  with ~Pw denoting the intensity of 
nonlinear heat sources  at the surface due to heat generated by heterogeneous chemical  reactions,  and with 
the other  symbols  here  the same as in [2]. 

The solution to the problem of homogeneous ignition of a reactive condensate by a constant thermal  
flux [3] can also be reduced to an equation of the Vol te r ra  kind (1). 

The r eve r se  problem of ignition corresponding to these severa l  cases  here is formulated as fol!ows: 
to find the intensity of nonlinear surface sources  ~w which will make the dimensionless  tempera ture  0w(T ) 
r ise  according to any stipulated law. 

It is quite evident that Eq. (1) with respec t  to q~w represen ts  the Abel equation in [4], whose solution 
yields 

,$ 

~w-  /~-  dr . l ' c - - t  " 
0 

If the r ight-hand side of Eq. (2) is considered known at 0 -< ~- -< ~', f rom tests,  then, assuming the 
rate of the chemical  react ion to follow the Arrhenius  Law and using two values for the r ight-hand side, 
one obtains a sys tem of two equations for determining E and qk 0. Considering then that one f i r s t - o r d e r  
heterogeneous react ion occurs  and that little reagent  has burned out at t ime 0 < t < t , ,  one finds: 

E =  RTw,Tw. .1  n Pwffo.w [ Two f..wPw~ 
Tw~-- Twl 9w~flto , qkocepwl = [~w exp  Two.--TwI-" In  ~j . ( 3 )  

Analogous formulas  for E and qk 0 are  obtained aiso for a homogeneous ignition of the reagent.  

The effective values of kinetic constants can be found also by minimizing the functional 
t ,  

e (4) I = i'. [[ (t) - -  qU]"- dr, U = kopc exp  - -  RT 
0 

for v = 1 with the p roper  choice of E and qk 0. 

NOTATION 

~-, is the dimensionless  ignition time; 
t .  is the real ignition time; 
R is the universal  gas constant;  
E is the energy;  
q is the thermal  effect of a reaction;  
k 0 is the pre-exponent ;  
c o is the initial concentrat ion of deficient active gaseous component; 
~9 w is the r ight-hand side of Eq. (2) in dimensional  form; 
p is the density; 

Trans la ted  f rom Inzhenerno-Fiz icheski i  Zhurnal, Vol. 24, No. 3, pp. 554-555, March, 1973. Orig-  
inal ar t icle  submitted December  6, 1971; abs t rac t  submitted June 22, 1972. 
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Y 

Twi--Tw(tl), Tw2--Tw(t2), 0 < t  l < t  2 < t , .  
is the order of reaction; 

S u b s c r i p t  

w refers to the boundary between media. 

1~ 
2. 

3. 
4. 
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