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Using a special  regular iz ing algori thm, the induction quenching of steel  samples  is mathemat i -  
cally modeled, allowing optimal conditions for the p rocess  to be chosen. 

1. The modern level of development of computational techniques is such as to allow apparatus state sen- 
so r s  to be replaced by p r o g r a m  sensors  in many cases  of technological  p rocesses ,  which extends the possibil-  
ites of solving control  problems for industrial  equipment. To this end, mathematical  models which ref lect  the 
basic features  of the physics of the process  are  being developed; the purpose of the p rog ram is to output ce r -  
tain cha rac t e r i s t i c s  of the resul t .  However, the formulation of the control problem assumes  that the function 
rea l ly  control l ing the p rocess  is unknown and must  be determined f rom the ta rge t  cha rac te r i s t i c s .  In this case 
some inverse  problem is an element  of the mathemat ical  model, and the creat ion of a p rog ram sensor  requires  
the use of Tikhonov [1] regular iz ing  a lgor i thms.  

These questions will be considered in the present  work for the example of modeling the inductional quench- 
ing of long cyl indr ical  samples ,  as a resu l t  of which cer ta in  minute effects in the behavior  of the process  output 
cha rac t e r i s t i c s  may be observed.  

Note that intr insical ly  inverse  problems in heat-conduction theory have been considered in a sufficiently 
broad c i rc le  of works,  for example,  [2-5], where their c o r r e c t  formulation and regular iz ing a lgor i thms were 
developed. However,  in those cases  where an inverse  problem is an element of a modeling problem, the ques-  
tion of the economy of the a lgor i thm a r i ses ,  and the evolut ionary charac te r  of the heat-conduction p rocesses  al- 
lows, as will be shown below, special  a lgor i thms of this type to be developed [6]. 

2. In the induction quenching of steel samples  by high-frequency currents ,  there are  three stages of the 
p rocess :  a) fast  heating to a t empera tu re  of ~1000~ b) more  or less prolonged isothermal  holding; c) fast 
cooling by a fluid flow immers ing  the surface.  For  the quenching of long cyl indrical  samples,  the desi red be- 
havior of the surface t empera tu re  is the ta rge t  cha rac te r i s t i c  for heating in a longitudinal magnetic field (Fig. 
1). However,  it cannot be specified by means of boundary conditions in formulating the problem, not only be- 
cause the tempera ture ,  s t r ic t ly  speaking, is not real ized,  but mainly because volume heating is used, and the 
source  densi ty depends on the rea l ly  controll ing function • the magnitude of the magnetic field at the surface 
of the sample,  which is proport ional  to the cur ren t  intensity in the induction loop for a small  gap, and so itself 
must  be determined from the specified ~P(t). Thus, modeling the f i rs t  two stages involves the simultaneous de- 
terminat ion of the t empera tu re  field and the function • 

In this case the t empera tu re  field is descr ibed by a sys tem of Maxwell and heat-conduction equations; 
these are  nonlinear,  since the thermal  and e lec t romagnet ic  cha rac te r i s t i c s  of the mater ia l  are  also functions 
of the t empe ra tu r e .  Their  behavior on heating is known [7]. Methods of solving the boundary problems for such 
sys tems  on a computer  without any simplifying assumptions with regard  to the behavior  of the coefficients are  
well developed [8, 9], and the general  a lgor i thm for solving this sys tem on any time segment [tO), t(2)] for 
a r b i t r a r y  initial and physically co r r ec t  boundary conditions 

- : ( 1 )  

or Ir=R 

where ~(u) a specified function is assumed to be known. For each • the tempera ture  field is determined 
everywhere ,  including the sample surface:  u(R, t) = v[t, • 
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Fig. 1. Sample su r face  t e m p e r a -  
tu re  for  heating t H and i so the r -  
mal  holding t h. 

The co r respond ing  a lgo r i thm was rea l i zed  in [9] within the f r a m e w o r k  of the two-d imens iona l  model (r, 
t )  and the expe r imen ta l ly  ve r i f i ed  (for fas t  p r o c e s s e s )  a s sumpt ion  of negligible heat t r a n s f e r  to the sample  su r -  
face;  �9 (u) ---0 on heat ing.  

The following a lgo r i thm of succes s ive  conditional min imiza t ion  of the n o r m  of the deviat ion of v[t, • f rom 
the specif ied ~p(t) i s  then rea l i zed .  The comple t e -hea t ing  t ime in t e rva l  [0, T) is divided into par t s :  its_l, ts] , 
s = 1, 2 . . . . .  n (t0=0)* and, co r r e s pond i ng l y , t  • is r ep laced  by the p iecewise  constant  function {Xs}. For suf-  
f iciently la rge  n, this approx imat ion  is as  accu ra t e  as  could be wished,  and {• s} may  be found f rom a sequence 
of va r ia t iona l  p r o b l e m s ,  each  of which is wr i t ten  for only one va r i ab le  

- r -~ ~ ( 2 )  
rain (Z--  ~-i)  2, ~EXs,8 ~ {Z :lfv~ [/, ~1 - -  ~s:J~ ~ t ~  }, 

is 

where  fir it, ~ ] -  ~]1~-~ J" {v~ it, X ] -  ~(t)}~dt; 6 is a m e a s u r e  of the deviat ion f rom the "des i red"  r pe rmi t ted  in 
tS~ 1 

the given in te rva l ;  Vs[t, • is de t e rmined  by the d i r ec t  p rob lem desc r ibed  above for the segment  [ts_~, ts] with 
the f ie ld-cont inui ty  condition a t  the point ts_ 1 (initial). This  a lgo r i thm is s i m i l a r  to the d y n a m i c - p r o g r a m m i n g  
scheme  for  contro l  p rob l em s  [10], accu ra t e  up to t e r m s  in the ope ra to r  v[t, X] r e p r e s e n t e d  in this case  by a 
s y s t e m  of pa r t i a l  d i f fe rent ia l  o p e r a t o r s ,  the d i f ference  being that  he re  only a d i r ec t  approach  to var ia t iona l  
s ea r ch  ( f rom 0 to T) is used,  and s tabi l i ty  is achieved as  a r e su l t  of the introduct ion of a sequence of local r e g -  
u la to rs .  This  d e t e r m i n e s  its economy.  

The proposed a lgo r i thm RSp is substant ia ted  as Tikhonov condit ionally regular iz ing .  It  has been e s t ab -  
l ished,  for  example ,  that  under  conditions co r re spond ing  to the cons ide red  "d i rec t "  p rob lem (in pa r t i cu la r ,  in 
view of the m a x i m u m  pr inciple  for the heat -conduct ion equations),  and provided the specif ied ~(t) co r r e sponds  
to the unique "accu ra t e"  control l ing function {Xs}, then for any m e a s u r e  of the e r r o r  6:  llv[t, • ' W]<-5, 
t he re  ex is t s  a sequence {Ss} (6s-<5/n) such that  the sequence in Eq. (2) has a solution ~ s }  and m a x l ~ s - X s l - - 0  
as 6 ~ 0 .  

In [6], it was shown on models  that  RSp is eff icient  in the c lass  of p i ecewi se - smoo th  functions with a suf-  

f iciently sharp  max imum,  w h i e h a r e  c h a r a c t e r i s t i c  of the control  p rob l ems  cons idered ,  if  the t rans i t ion f rom 
rapid  r i s e  in t e m p e r a t u r e  through the Curie  point to maintenance of the t e m p e r a t u r e  at  a constant  level is taken 
into account .  

Obviously,  the t e m p e r a t u r e  field in each  subsequent  its_l, ts] is ca lcula ted  s imul taneous ly  with • and is 
fixed as  soon as  • has  been found with the requ i red  accu racy .  

In pa r t  I of Fig. 2, r e s u l t s  ca lcula ted  for the control l ing function x(t), and s imul taneous ly  the t e m p e r a t u r e  
field, using R~, a r e  showp  in c o m p a r i s o n  with expe r imen ta l  data for  one set  of quenching conditions.  The cal -  
culat ions a s s u m e  n = 177, 62 = 10 -2. 

The s e r i e s  of these ,  and subsequent ,  ca lcula t ions  provides  the bas i s  for  conclusions regard ing  the t a rg e t  
spec i f ica t ion  of the cons idered  technological  p r o c e s s  (Sec. 4). 

*This divis ion does not coincide with the d i f f e r ence -g r id  s tep used in n u m e r i c a l  solution of the d i rec t  p rob lem 
[9]. 

Th is  r e p l a c e m e n t  does not n e c e s s a r i l y  mean  approx imat ion  of x(t), s ince d i s c r e t e  control  in the induction is 
poss ib le .  
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Fig. 2. Tempera tu re  field u (~ magnetic field 
at surface  • (A/mm), and convec t ive -hea t - t r ans -  
fer  coefficient H ( k c a l / m . h .  deg) for heat ingand 
holding (I) and cooling (II): a) calculation; b) ex- 
per iment;  c) • d) H; 1) sur face ;  2) r =  16 .5mm;  
3) center  of sample,  St. 40; R = 24 mm, t H = 27 
sec,  t h = 28 see, u H = 870~ f= 2500 Hz. 

3. To develop a model of the process  at the fas t -cool ing stage, when the t empera tu re  dependence of the 
ma te r i a l ' s  the rmal  eha rac t e r i s t i c s  obtained in slow p rocesses  does not cor respond  to the physical real i ty [11], 
and var ious  hypotheses regarding  the hea t - t r ans fe r  law at the surface a re  possible (film or bubble boiling, con- 
vective heat t r ans fe r  [12]), a mathemat ica l  exper iment  was per formed on a eomputer .  For eaeh of the two pos- 
sible hypotheses regard ing  the behavior of k(u) and c~/(u), the a lgor i thm R g was used to solve the inverse prob- 

lem for H*(t), whieh eharaeterizes the heat-transfer law at the surface. Additional information was specified 
here, in the form of the real surface temperatures: ~(t) obtained experimentally [13] with a certain error 5. 
The heat-transfer condition in Eq. (i) was written for q~(u)~-H(u) (u-u0), where u 0 is the temperature of the sur- 
rounding medium (~ 25~ and since the surface temperature is known the following relation was established: 
H(u) = H*(t). Obviously, the sequence of problems in Eq. (2) may also be written in the ease with the substitu- 
tion • but the operator vii, HI is then defined by a homogeneous nonlinear heat-conduction equation. 

As a result of the experiment, it was found possible to choose a phenomenological model of the cooling 
process within the framework of which the thermal eharaet~risties remain eonstant in layers heated up to and 
above the austenitic-transformation temperature, right up to the struetural transformation to martens[te [Ii]. 
Then eonveetive heat transfer with the medium oeeurs at the surface, which is phys ieally verified at large 
velocities of the cooling liquid bathing the sample. In part II of Fig. 2, the dependence H*(t) obtained for the 
same parameters of the process as above is shown, together with the temperature field and a comparison with 
experiment. 

Note that the other hypothesis, that the thermal eharacteristics in all the layers are the same as in heat- 
ing, although it gives some "smooth" dependence H*(t) differing from a constant, leads to sharp divergence of 
the temperature field from the results of physical experiment. 

The eomputer mathematical experiment, based on the use of a Tikhonov regularizing algorithm for the 
solution of the corresponding inverse problem, allows the construction of the quenching model to be improved. 

4. The program calculated within the framework of the model developed above may serve as the state- 
cha rac te r i s t i c  sensor  of the object of a technological  p rocess ,  specifically,  the t empera tu re  field and the con- 
t rol l ing magnetic field of the inductor.  With sufficient provision of the process  with computational techniques, 
this sensor  may serve  as the object of the dynamic equation of heating under quenching. 

On the other hand, t reat ing the data on the t empera tu re  field in dynamic conditions allows definite effi- 
ciency cha rac t e r i s t i c s  of the process  to be obtained. These cha rac t e r i s t i c s  will be taken to be the calcination 
depth (the thickness of the surface layer) ~i with a specified i -percen t  mar tens i te  content and the "effective 
hardness"  of the sample [14] 0 (the s ta t is t ical  moment  for the tors ional  forces) .  Each will be regarded as a 
function of the holding t ime for a specified t ime of rapid heating and various values of the rate of surface Cool- 
ing (different H0): Ai = Z~i(th) , 0 = 0(th). Since the phase-s ta te  d iagrams of carbon steel are  known [15], the dis- 
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Fig. 3. Th ickness  of s e m i m a r t e n s i t e  s t r u c t u r e  A i, m m  (i= 50%); 1) H o = 
5000 k c a l / m . h - d e g ;  2) 12,000; 3) 40,000; 100,000; St. 45; R = 20 ram;  
t H = 4 s e c ;  UH=880~ f = 2 4 0 0 H z .  

Fig. 4. Effec t ive  ha rdness  of sample :  1) Ho= 5000 k c a l / m . h . d e g ;  2) 
1200; 3)100,000;  St. 45; R = 2 0 m m ;  t H = 4  sec ;  UH=880~ f=2400Hz .  

t r ibut ion  of the pe rcen tage  aus teni te  content  over  the sample  c r o s s  sec t ion  at  the end of heating may  be found 
f r o m  the known t e m p e r a t u r e  field at  this  t ime .  In turn,  knowing the cooling ra t e  of each  sample  layer  a t  any 
momen t  of t ime ,  it  is poss ib le ,  using the the rmokine t i c  supe rcoo led -aus t en i t e  decay curves  (C-shaped curves  
[16]), to d e t e r m i n e  the pe rcen tage  m a r t e n s i t e  content  in each  l ayer  of the sample  as  a r e su l t  of cooling for  each  
set  of p a r a m e t e r s  c h a r a c t e r i z i n g  the preva i l ing  condit ions,  and the reby  to find Z~(th). Since the co r respond ing  
t r e a t m e n t  can be comple te ly  a lgor i thmized  and, hence,  may  be automated  on a compute r ,  this  p r o g r a m  s e r v e s  
as  the s enso r  for  the quenching ef f ic iency index. 

One of the no:mograms obtained for  ~i(th) when i = 50% for  d i f ferent  H 0 and a ce r ta in  se t  of  o ther  p a r a m -  
e t e r s  of the sample  and the quenching conditions is shown in Fig. 3. The ef fec ts  obse rved  in Fig. 3 a r e  that: a) 
the re  ex i s t s  a l imi t ing calc inat ion depth with r i s e  in holding t ime,  so that  i nc r ea se  in the la t te r ,  which faci l i -  
t a tes  through heat ing of the s ample ,  does not lead to i nc rea se  in quenched- l aye r  th ickness :  on su r face  cooling, 
the heat  flux in terna l  to the su r face ,  which r i s e s  with i nc rea se  in heat ing depth, r educes  the cooling ra te  in the 
inner  l ayer  of the s am p l e ;  b) the re  ex is t s  a m a x i m u m  value of Ai(th) which is r eached  at  r e la t ive ly  shor t  hold- 
ing t i m e s .  This  is because  the above-ment ioned  phys ica l  p r o c e s s  " c o m p e t e s "  with the p roce s s  of i nc rease  in 
heating depth, which r i s e s  with r i s e  in t h [6]. The n o m o g r a m s  obtained give a quant i ta t ive e s t ima t e  of this ef-  
fect ,  and s e r v e  as  the object  of the i nc r ea s e  in ef f ic iency of the technologica l  p r o c e s s  of quenching. 

In Fig. 4, n o m o g r a m s  a re  shown for 0(th) for  the s a m e  p a r a m e t e r s  of the p r o c e s s .  These  n o m o g r a m s  a re  
obtained as  a consequence of the preceding,  s ince the s ta t ic  moment  in uniquely es tab l i shed  f r o m  the ha rdness  
d is t r ibut ion  over  the c r o s s  sect ion,  and the la t te r  depends on the percen tage  content  of d i f ferent  phases  in each  
layer ,  de t e rmined  in the preceding  s ta te  of the ana lys i s .  The shif t  in the m a x i m u m  to the r ight  on the cu rves  
shown occur s  because  the in te rna l  heat  f luxes which impede the growth in quenched- layer  th ickness  a l so  faci l i -  
t a t es  a smoo the r  d is t r ibut ion of m a r t e n s i t e  s t r u c t u r e  over  the l ayer  (decrease  in " cu rva tu re"  of the ha rdness  
cu rves ) .  Es t ima t ion  of the posi t ion of the m a x i m u m  or  the value of t h a t  which the requ i red  value of 0 is ob- 
tained,  O H < 0max, as  der ived  by p r o g r a m m i n g  methods ,  is a l so  an a i m  of economizing  the technological  p roces s .  
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K I N E T I C S  O F  T H E  R E M O V A L  O F  L I Q U I D  F R O M  

P O R O U S  B O D I E S  IN  A F L U I D I Z E  D B E D  U N D E R  

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

E .  N .  P r o z o r o v  

C A P I L L A R Y -  

UDC 66.015.23.936.8 

A theory  of m a s s  t r a n s f e r  in c a p i l l a r y - p o r o u s  bodies  is p roposed  which al lows for t h e r m o g r a d i -  
ent t r a n s f e r  of a bound subs tance  in liquid form.  The r e su l t s  obtained a r e  used to calcula te  the 
p r o c e s s  of dry ing  of c e r a m i c  a r t i c l e s  in a fluidized bed. 

Exis t ing methods of calculat ing p r o c e s s e s  of drying of c a p i l l a r y - p o r o u s  bodies  under i so the rmal  and non- 
i s o t h e r m a l  conditions a r e  based mainly  on analyt ica l  solutions of the s y s t e m  of d i f ferent ia l  equations of heat 
and m a s s  t r a n s f e r  known f r o m  the phenomenological  theory  of i r r e v e r s i b l e  p r o c e s s e s  [1, 2]. The main obstacle  
to the wide use  of these  equations is the cons iderab le  nonl inear i ty  of the p r o b l e m - t h e  dependence of the kinetic 
coeff ic ients  appea r ing  in them on the concentra t ion  of the bound substance  and the t e m p e r a t u r e  [3-5]. Under 
i s o t h e r m a l  dry ing  conditions (in the case  of bodies  of smal l  s ize) ,  ca lcula t ions  with al lowance for the dependence 
a m = f(5, t) a r e  made by zonal methods [4]. In the p re sence  of a t e m p e r a t u r e  gradient  within the ma te r i a l  being 
dr ied,  the number  of c r i t e r i a  de te rmin ing  the kinet ics  of the p roce s s  grows cons iderab ly  [6], and it becomes  
imposs ib le  to use  the zonal method of calculat ion.  In such cases  one a r t i f i c ia l ly  s e p a r a t e s  t h e h e a t -  and m a s s -  
exchange p r o c e s s e s  and al lows for the influence of the t e m p e r a t u r e  field on the kinet ics  of the m a s s  t r a n s f e r  
using functions obtained f r o m  e x p e m m e n t  for  the re la t ion  between the v o l u m e t r i c - m e a n  concentra t ion and t e m -  
p e r a t u r e  [7], which a r e  subsequent ly  used in calculat ions of t r a n s f e r  p r o c e s s e s  in s y s t e m s  having a solid phase 
under  q u a s i - i s o t h e r m a l  condit ions.  However ,  numerous  expe r imen ta l  data give evidence of t e m p e r a t u r e  g rad i -  
ents which e x e r t  cons iderab le  influence on the kinet ics  of the drying p r o c e s s  [8-10]. 

Moreove r ,  i t  should be noted that  a phenomenological  examinat ion  of the s ta ted p rob lem does not allow 
one to c h a r a c t e r i z e  the fluxes of the bound subs tance  in a porous body. 
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