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A model is proposed which allows for  the difference between instantaneous and slow deformations 
during loading and unloading (of a mixture based on minera l  binding substances).  At different 
constant deformation ra tes  the model ref lects  the dependence of the relaxation phenomena on the 
velocity and descr ibes  t he  thixotropy loop. 

In our investigations of the theological  proper t ies  of f o a m - c o n c r e t e  mixtures by the creep method under 
simple shear  [1] and in the same medium (adobe) at a more  mature  age under axial compress ion  and tension 
[2], as well as under simple shear  in the presence  or  absence of normal  s t r e s s  [3-5], the difference between 
the instantaneous and slow deformations during loading and unloading was clear ly and rel iably t raced.  There-  
fore ,  we proposed a new rheological e lement ,  a ratchet  with an imperfect ion,  which can be called a genera l -  
ized St. Venant e lement  [1-5]. For  the rheological  descript ion of media possess ing  fluidity this element is 
connected to the S c h o f i e l d - S c o t t - B l a i r  model as shown in Fig.  1; the se r ies  connection of the second Newton-  
St. Venant e lement  to the indicated model provides the function ~ = f(T) with a p iecewise- l inear  cha rac te r  [1] 
by which we approximate the nonlinear fluidity curve.  

When T c < T < T d the equation of state of the model during loading, i . e . ,  when the general ized St. Venant 
e lements  do not come into play, has the form 

T ~ T  o ~ -  - -  (1) 
113 t. ., '1~ ] 

When T O < ~- < V c the second t e r m  and n2171/~73 drops  out of the left-hand side of Eq. (1). 

l 
'c 

Fig.  1. Rheological model 
of a thixotropic medium with 
a nonlinear fluidity cha rac -  
ter is t ic .  
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C o n s t a n t  S t r e s s  a n d  U n l o a d i n g  

Solving Eq. (1) with r = cons t  (~c < ~ < rd  ) and the i n i t i a l  condi t ions  

t = O ,  ~ ( o ) =  ~ (2) 

t = 0 ,  ~;(0)= ~ + ~- -~o  + ~ - - ~ c ,  

we obta in  

~, = ~ + - -  exp - -  + t + - -  t. (3) 

When T 0 < �9 < z c the l a s t  t e r m  fa l l s  out of Eq. (3) (the so lu t ion  of the equa t ion  of the S c h o f i e l d - S c o t t -  
B l a i r  mode l ) .  

Solving the equa t ion  T + n 2 ~  = 0 to e s t a b l i s h  the law of r e v e r s e  f luidi ty  a f t e r  un load ing  with �9 = T1, and 
u s i n g  the in i t i a l  cond i t ions  

- -  ~ z ~ % tt + ~ --S-C- t,, (4) T1 T2 _ _  ~ - -  
t = t,, ~, (t,) = - ~ i +  

~52 ~h ~h 

t = t , ,  - - 9  

we obtain 

( t - - t  0 T--~2 exp + ~ + ~  + - -  + - - t , ,  (5) 
~ 2  n2 ~h ~13 

where  the f i r s t  t e r m  denotes  the i n v e r s e  f luidi ty  while  the o the r s  denote the r e s i d u a l  de fo rma t ion .  As fol lows 
f r o m  (5), the r e s i d u a l  d e f o r m a t i o n  of the m e d i u m  is caused  by two de f o r ma t i on  m e c h a n i s m s ,  v i s c o p l a s t i c  
de fo rma t ion  and the p l a s t i c  de fo rma t ion  p r o p e r ,  i n h e r e n t  to a so l id  body and d e s c r i b e d  us ing  the g e n e r a l i z e d  

St. Venan t  e l e m e n t .  

To d e t e r m i n e  the 13 rheo log i ca l  c h a r a c t e r i s t i c s  of the mode l  shown in F ig .  1 (its n ine  p a r a m e t e r s  and 
the c h a r a c t e r i s t i c s  ~5| n 1 , n 2 , and 7/* which depend on them) one m u s t  use the de pe nde nc e s  T (t) = f(~) (T = 

const)  and ~ = ~v(~) (~ = cons t ) .  

The va lues  of ffi,, ~52, ffi| 'h, ~2, n,, n2, %, and ~'c a re  d e t e r m i n e d  by the g e n e r a l l y  known methods .  The 
four  r e m a i n i n g  c h a r a c t e r i s t i c s  can be c a l c u l a t e d  f r o m  the dependences  

TABLE I. Numerical Values of Rheological Characteristics of a 
Gas-  Concrete Mixture at the Moment of Maximum Swelling Rate 
at Different Temperatures 

Plasticity characteristics 

swelling temp. ,  
~ 

time after 
outing, min 

To 

Pa 

40 570 1350 1100 716 
50 670 1050 388 293 
60 120 760 --  --  

V~cosity characteristics 

swelling temp. ,  t ime after. 
"C pouring, min 

40 16 
50 8 
60 3 

4,20.105 10.104 
0,96.105 8,39.104 
0,60.105 

Pa �9 sec 

3,85.104 
1,52.104 
0,26.104 

4,26.104 
1,82.104 
0,27.104 

swelling t emp. ,  
*C 

40 
50 

Elasticity, relaxation, and retardation characteristics 

t ime after ~i 1 [ ~ii 2 ffi| 
pouring, rain Pa 

16 3,56-104 3,40-10 r 1,74-104 
8 2,46. l04 1,84- 104 1,05.104 

- ,  I n, 
S~C 

I 

11,8 I 2,95 
3,9 4;56 
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YestlI ' ~1" rh ~lz' 

An e x a m p l e  of the t h e o l o g i c a l  c h a r a c t e r i s t i c s  which we i nves t i ga t ed  is given in Table  1. 

F r o m  an a n a l y s i s  of Table  l it is  s e e n ,  f i r s t ,  tha t  a g a s - c o n c r e t e  m i x t u r e ,  in v a r y i n g  ~ b y  about  an 
o r d e r  of m a g n i t u d e ,  p o s s e s s e s  a r e l a t i v e l y  low c o n s i s t e n c y ,  c h a r a c t e r i z e d  by the " d e g r e e  of s t r u c t u r e  d e s t r u c -  
t ion ,"  i . e . ,  by the r a t i o  ~ll/~la, which l i es  in the r ange  of 10-15.  Second,  it  i s  e s t a b l i s h e d  that  in the r ange  of 
t e m p e r a t u r e  v a r i a t i o n  the va lue s  of the t h e o l o g i c a l  c h a r a c t e r i s t i c s  d e c r e a s e  m a r k e d l y  with a d e c r e a s e  in t e m -  
p e r a t u r e ,  which  a g r e e s  with the concep t s  of the m o l e c u l a r - k i n e t i c  t heo ry  in app l ica t ion  to i t s  use  in d e f o r m a -  
t ion p r o c e s s e s .  

A C o n s t a n t  D e f o r m a t i o n  R a t e  (T = c o n s t  = v)  u p o n  a 

( S t e p w i s e )  I n c r e a s e  in  V e l o c i t y  

a) F o r  7 0 < r < r c  we have  the equa t ion  

~2 /1  

Taking  z - T 0 = exp (a t ) ,  we obtain the c h a r a c t e r i s t i c  equat ion  of the homogeneous  d i f f e r en t i a l  equat ion 
and the va lues  of i t s  r o o t s :  

l + [ n i + n 2 ( l +  ~12rh)] r162 

- - [n , ' - I -n2( l+-~2)}-+-( [n,+na( l+ ~l' l]~--4n,n2 
~h /J 

g t , 2 - -  2tzin2 

We in t roduce  the des igna t ions  

Us ing  the so lu t ion  of (7) 

and the in i t i a l  condi t ions  

we a r r i v e  at  the e x p r e s s i o n  

1 1 . ;  cq - -  
Ill  /2 2 

�9 + c  + + , o  

t=o,  -~(o)=o, t=o,  ~(0)=@| 

�9 ,o-r ' ) ] ( - z )  ---- , T o - - ~ h v  +T0q-~hV exp :-- t 
[ n 2 - - / ' / 1  /21 n l  

�9 �9 - - r -  lhv exp - -  + lhO. 
n 2  - - h i  FL 1 /'t I 

b )  F o r  r e < r < T d we have an equa t ion  ob ta ined  a f t e r  obvious  t r a n s f o r m a t i o n s  o f  ( 1 ) :  

~-~~ - g T , + ~  2 ~2) ~,~2 
"1- - -  '~ "~ = 1"13+ @ n 3 n 2 ~ .  

Tak ing  �9 - r c = exp  (a t ) ,  we r e p r e s e n t  the c h a r a c t e r i s t i c  equat ion and i ts  r o o t s  in the f o r m  

1 + ( ~la + "qerl3 ~la ) ~lan2 ~2 = O, 
t ~, - ~ T + ~  +'%, ~<+ ~, 

{__( .2-- ' 1 / / [  rla q.. n:rl, "q: )2 4 , ~ , }  [ ~hn~,-'  i t s  "~' nz'rla -4-~- -2- -" t -n2 /  ~ -{- "4- n 2 2 

We in t roduce  the des igna t ions  

1 1 
CZ3 , ; e Z i ~ - -  

/23 ~24 " 

(8) 

(9) 

(lO) 

(11) 

(12) 

(13) 

(14) 

(15) 

(16) 

(17) 
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F i g .  2. Dependence  of s h e a r  s t r e s s  
on d e f o r m a t i o n  t i m e  (de fo rma t ion )  
f o r  a v i s c o e l a s t o p l a s t i c  m e d i u m  
d e s c r i b e d  by  the  m o d e l  of F i g .  1, 

v!  > v 2 > v 3 . 

P r o c e e d i n g  a s  in c a s e  a) ,  i . e . ,  u s i n g  the so lu t ion  of Eq.  ( 1 4 ) i n  the f o r m  T = v c + C ~ e x p ( - - ~ )  + 

C~exp ( - - t - - ) + ~ b v  and the i n i t i a l  cond i t i ons  

t = O ,  x (O ) - -x  c, t = O ,  ~(O)=ffJ| (18) 

we obta in  the e x p r e s s i o n  

= r  e -  . ~ ( B |  +Tl3V exp - -  + . , (B| ~1.~ v exp ~ l +~av.  (19) 
n 4 - - n 3  n 3  n 4  - -  n ~  - ' n 3  

Le t  us  a n a l y z e  the c h a r a c t e r  of the  d e p e n d e n c e  ~-(t) = f(v) on the e x a m p l e  of (13) by  i n v e s t i g a t i n g  (11) at  
the  m a x i m u m .  E q u a t i n g  the d e r i v a t i v e  of (11) to z e r o ,  we obta in  

exp ~- ~ t~ = -  . , 
\ nln2 , Cznl 

f r o m  which  

* *1  [ Ctn*~ 

n2 - - h i  

Subs t i t u t i ng  C n and C2 f r o m  (11), by  u s i n g  (12) we can  a s c e r t a i n  tha t  

. .  { [  ( ) t,~ = n,n2(n*2 - -n~)  - i  In .n'n2 . (B| %. ~hv, 
n 2  - -  Y / 1  / ' / l  nl 

o * * 

+ % + ~ h V  ~ I n  , ~5~v- , - . 

We f ind  the va lue  of the  m a x i m u m  s t r e s s  Tma x a t  t = t m by r e p l a c i n g  t by  t m in (13). 

(20) 

(21) 

The c h a r a c t e r  of  the d e p e n d e n c e  T = T(t) i s  p r e s e n t e d  in F i g .  2, f r o m  which  i t  i s  s een  tha t  tml(V ~) > 

tm2(V 2) > tm3(V 3) and Tmax(V 1) > Tmax(V 2) > ~max(V 3) when v I > v 2 > v 3 . Such a p i c t u r e  fu l ly  c o r r e s p o n d s  to 

p r o p o s i t i o n s  known f r o m  f u n d a m e n t a l  w o r k  on r o t a r y  v i s c o s i m e t r y ,  such  as  [6], f o r  l i qu id l ike  s y s t e m s  and 
e l a s t i c  l i q u i d s ,  and fo r  v i s c o e l a s t o p l a s t i c  m e d i a  in a c e r t a i n  r a n g e  of v a l u e s  oi  T = eons t  = v,  not  too low and 
not  too h igh .  As  seen  f r o m  F i g .  2, one does  not  o b s e r v e  a mono ton i c  r i s e  of the funct ion ~(t) wi thout  e x t r e m a  
f o r  ~ = c o n s t ,  c h a r a c t e r i s t i c  f o r  r e l a x a t i o n  p h e n o m e n a  in a m e d i u m  d e s c r i b e d  by  the Shvedov - B ingham m o d e l .  
It i s  s een  f r o m  Eq.  (13) tha t  a mono ton i c  c h a r a c t e r  (without a m a x i m u m )  fo r  the funct ion  T(t), o r ,  which  i s  the 
s a m e  th ing ,  T(T), i s  t h e o r e t i c a l l y  p o s s i b l e  only fo r  v a n i s h i n g l y  low v a l u e s  of v .  M o r e o v e r ,  i t  fo l lows  f r o m  
(13) and (19) tha t  bo th  r e l a x a t i o n  and r e t a r d a t i o n  m e c h a n i s m s ,  i n h e r e n t  to the m o d e l  p r o p o s e d  by us  [1], t ake  
p a r t  in the e x t r e m a l  d e p e n d e n c e  T(t), wh ich  fo l lows  f r o m  the p r e s e n c e  of the t e r m s  n ~ and n 2 in the  se  e x p r e s s i o n s .  

The p r o c e d u r e  f o r  d e t e r m i n i n g  the f ive  i n d e p e n d e n t  r h e o l o g i c a l  c h a r a c t e r i s t i c s  of Eq.  (13) and the s ix  
c h a r a c t e r i s t i c s  of Eq.  (19) c o n s i s t s  in the  f i v e -  and  s i x - f o l d  v a r i a t i o n  of ~ = c o n s t  = v and the so lu t ion  of the  
s y s t e m  of a l g e b r a i c  e q u a t i o n s  u s i n g  c o m p u t e r  t e c h n o l o g y .  

A C o n s t a n t  D e f o r m a t i o n  R a t e  ( ~  = e o n s t  = v )  u p o n  a 

( S t e p w i s e )  D e c r e a s e  i n  V e l o c i t y  

Upon a s t e p w i s e  o r  s m o o t h  d e c r e a s e  in 3 ,  the  e l e m e n t s  "~1 and "~2 e n t e r  into the w o r k .  F o r  the f i r s t  un load ing  
v a r i a n t  (F ig .  3a) ,  a l l o w i n g  f o r  the f ac t  tha t  AB = T 3 -- T c ,  a f t e r  s i m p l e  g e o m e t r i c a l  t r a n s f o r m a t i o n s  we obta in  

988 
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F i g .  3. A r e a  of t h i x o t r o p y  l o o p :  a) f o r  ITs,21 > 1 73 - 7c I ; b) f o r  

l"~l,2l < I ~'3 - r e  I .  

B P  - -  A B  % ~ "r e . 

~1" 11" 

~h 
B E  = B P  11i = ~ (% - -  re); 

A E  = B E  - A B  = ( % - -  Te) ( ~I~, - - 1 )  = 

w h e r e  ~* i s  d e t e r m i n e d  f r o m  (6) and  

11'. (T~ - Tr 
113 

W i t h  a l l o w a n c e  f o r  (22),  
e q u a t i o n  of the  p r o b l e m  h a s  t he  f o r m  

T a k i n g  

AT = C E  = T'~l+ 11' (% - -  Tc). (22) 
113 

in accordance with Eq. (i) t ransformed for the section r < T < ~'c (see Fig.  3), the 

(23) 

x - - %  +-~i,2 + rh (T3__TC) = exp(ut) ,  (24) 

we o b t a i n  the  c h a r a c t e r i s t i c  e q u a t i o n  in t he  f o r m  (8) a n d  i t s  r o o t s  in  the  f o r m  (9). 

t ~_ t �84 
11' ( % - - T c ) + C i e x p ( - - - ~ -  1 , C ~ e x p ( - - - - - ~ ] + ~ , v  (25) 
~1~ \ nl / \ n2 / 

U s i n g  the  s o l u t i o n  of (23) 

2 :  = :  T O - -  T t ,  2 - - -  - -  

and  the  i n i t i a l  c o n d i t i o n s  

we f i nd  

t = 0, "r(O) = %---~t.2, t = 0, "~(O) = (!i~v, (26) 

�9 ~ = xo  - - * * ,  2 - -  1 - l -  - - t  % - -  T o - -  "~C---  ~hV. 

�9 ' [ ' ( ,  ,, ,, )]} n , n 2  ~ 5 ~ v §  - - r -  3 + ~ - -  - -  To - -  - -  " r c - -  lhV 

�9 �9 . "% 14-  - - - T o - - - - ~ c ' - 1 1 ~ V  exp - -  
n2 - -  ni nl 113 / ~]3 

F o r  the  s e c o n d  o v e r l o a d i n g  v a r i a n t  ( F i g .  3b) in  the  s e c t i o n  MA (T c < 7 < 1"3) 

T - -  Ti,2 - -  r e @ - ~ -  @ -{- @ n2 == 113V. 

(27) 

(2 8) 

9 8 9  



T a k i n g  T - T1, 2 -- T c = exp (at)  and p r o c e e d i n g  by ana logy  with  the c a s e s  p r e s e n t e d  above  f o r  the f i r s t  

i n i t i a l  cond i t ion  ~'(0) = ~3 - T-~1,2 [the s e c o n d  one r e m a i n s  the  s a m e  a s  in (12), (18), and (26)], we f ind  the s o l u -  
t ion of (28): 

"l" ="~t,'~ -}- T c -}- "t'3 - -  2Ti,2 - -  ~C n~n'2 ffJ| 1 
rt2 --- n{ /21 

+ ]j ( + ) {  • (2x,,m + "r e + ~hV - -  %) exp - -  -~ nlrt2 
n2 - -  nl 

X ~5| 1, (2TI,Z_}_TC.271,]SU ,i;8 ) exp - - ~  + q s v .  (29) 
nt 

In the  s e c t i o n  AN (T 0 < T < TC) 

AP AB _ -~,21. 

A+~ = AC = A P q , - -  ~',2{'h __ 1~,2} (1 + '1t /" 
'1" \ ~13 ! 

The equa t ion  f o r  the  un load ing  a long  AN i s  

+-+o++,,++(, + ", I+[,+,+,+~(, + , ~ ,  . +,~"')1++n~"~+:"'~ +, 
T a k i n g  + - T O + ~ , 2  [1+(nl/7/3)] = e x p ( a t ) a n d  u s i n g  T(0) = +c a s  the  f i r s t  i n i t i a l  condi t ion  [the s e c o n d  one r e -  
m a i n s  the  s a m e  as  in (12), (18), and (26)], we ob ta in  the  so lu t ion  of (30) in the  f o r m  

+--,-+,~ (, + ~) + {+~176 + ~)-,,,o 
,++n~ [+++,(  + ,,~_.,+)]}~ +++ ++[  , , + + % - -  % + ' q , + + ~ t , z  - -  , , ~ |  

n4 - -  n3 t+3 I]3 \ n3 ] n4 - -  n3 n~ 

The p r o p o s e d  r h e o l o g i c a l  m o d e l  (F ig .  1) r e f l e c t s  the  " she l f "  a t  the m a x i m u m  va lue  of T = cons t  = v ob-  
t a i n e d  in o u r  e x p e r i m e n t s  on a c e m e n t  t e s t  wi th  the  r e p e a t e d  a p p l i c a t i o n  of T m a x .  Such a " she l f  ~ was  a l s o  
o b s e r v e d  in the  t e s t s  of o t h e r  a u t h o r s ,  such  a s  [7]. 

The p r o c e d u r e  fo r  d e t e r m i n i n g  the r h e o l o g i c a l  c h a r a c t e r i s t i c s  e n t e r i n g  into  Eqs .  (27) and (31) does  not  
d i f f e r  f r o m  tha t  d e s c r i b e d  in the  p r e c e d i n g  s e c t i o n .  

A r e a  o f  T h i x o t r o p y  L o o p  

F o r  the  f i r s t  un load ing  v a r i a n t  (F ig .  3a) 

SDCEN " ~ -  DC D N  sin ~ = (xa --~1,2 - -  % -4- h'r) Ax, 
"h 

SApe = S~ve  - -  SABp = ('r3-- TO 2 ('h + 'ls) 
2n~ 

2 ~  ,~ ('r8 - -  "re) (T8 - -  ( m ~ - q s ) ( ' r 8  - -  "re) 
118 [ ~18 (32 )  

Sthixotr.i ~ Soc~v  ~ SAps = 
2~h~ 

F o r  t h e  s e c o n d  un load ing  v a r i a n t  (F ig .  3b),  u s i n g  the obv ious  e q u a l i t y  S t h i x o t r .  I I +  SNACK - SBCL + 
SAMBD, we a r r i v e  at  the  e x p r e s s i o n  

[ - (  ~]b + ] 2,12 "ro--'rl.z 1-4- rh " r c _ ' r , . 2 i l +  ' h )  - - r l~ , . a (n t+na)  ~ , .~ ( ' r a - - '~ ,2 - - ' r c ) (n ,+~h)  (33) 
~18 ~h ] _ _ - -  .+ 

Sthixo t~.n= 2~n, ~,n8 
The area of the figure in the T-- ~ axes has the physical meaning of power per unit volume. In [8] it is 

treated as the power required to accomplish steady flow, and is comprised of the power required to maintain 
Newtonian flow with T = T I and of the power required to destroy the structure of a consistent medium at the 
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Fig.  4. D i ag ram of calculat ion of the coefficient  of 
specif ic  th ixotropy a r e a .  Dashed line) exper imenta l ly  
de te rmined  thixotropy a r e a ,  r ep laced  by the polygonal 
a r e a  when using the l e a s t - s q u a r e s  method,  in a c c o r -  
dance with Fig. 3a, b. 

same value of T = T 5- In the present report this specific power characterizes the "memory" of the medium 
for the previous mechanical action, in the given case, to the stepwise increase in T = const along the NPA 
branch of Fig. 3a or the KLD branch of Fig. 3b, while the numerical value of the thixotropy is proportional to 
the numerical value of this ~memory." 

In our experiments in determining the thixotropy area of a cement mixture containing crushed sand in a 
ratio of 1.5 : I by weight and a water content of 0.35 of the weight of dry components (T = const was varied in 
the range of 1-530 sec-I using a RheotestRV rotaryviscosimeter) the specific power (the area of the thixotropy 
loop) was 2- 10 -4 J.sec-l.m-3. 

However, the absolute value of the specific power is insufficiently informative by itself. We therefore 
introduce the concept of the "coefficient of specific thixotropy area" Ssp, 

S~xo~ (+,) 
S sp - -  0.5.1:+i ' (34) 

which r e p r e s e n t s  the ra t io  of the a r e a  of the thixotropy loop at  the ordinate T1 of the Nshelf" to the a r e a  c h a r a c -  
t e r i z ing  the power  requ i red , to  mainta in  Newtonian flow (Fig. 4). This  coeff icient  (its value is 0.16 in our ex-  
per iment )  c h a r a c t e r i z e s  the contribution of the thixotropic  s t ruc tu re  dest ruct ion to the v iscoplas t ic  flow of the 
med ium.  

NOTATION 

z, T, shea r  s t r e s s  and shea r  s t ra in ;  Pes t I I ,  e s tab l i shedf low veloci ty  in the section ~'c < ~" < ~d; t ,  t ime;  
~1, ~ ,  ~3, ~?*, g r ea t e s t  p las t ic  v i scos i ty  of p rac t i ca l ly  undest royed s t ruc tu re ,  v i scos i ty  of e las t ic  lag,  v i s -  
cosi ty  of s t a r t  of s t ruc tu re  des t ruc t ion ,  and p las t ic  v i scos i ty  of s t ruc tu re  des t ruc t ion ,  r e spec t ive ly ;  n,=~)~/@l, 
s t r e s s  re laxat ion t ime ;  n2=~h/@2 , delay (retardation) t ime  of e las t ic  s t ra in ;  @,, @v ~=(~1(~2/(@~+(~2), shea r  modufi 

* * n* n~, reduced coeff icients  of of instantaneous and lag e las t ic i ty  and l o n g - t e r m  e las t ic  shea r  modulus;  n~, n2, 3, 

re laxat ion  - r e ta rda t ion  phenomena;  70 , ~c, Td, T~, ~2, p las t ic i ty  l imi t s  of s t a r t  of flow of p rac t i ca l ly  unde- 
s t royed  s t ruc tu r e ,  of s t a r t  of s t ruc tu re  des t ruc t ion ,  of end of s t ruc tu re  dest ruct ion (s tar t  of emergence  onto 
Newtonian sect ion),  and genera l ized  St. Venant e l emen t s  in Hooke and Kelvin e lements  of model  in Fig.  1; 

u m a x i m u m  value o f ~ f o r  Hooke and Kelvin e l emen t s ;  ~'3, cu r r en t  value of s t r e s s i n t h e  sect ion v c < T < 
T d of s t ruc tu re  des t ruc t ion .  
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OPTIMIZED COMPOUND CURRENT LEADS 

V. K. Litvinov, V. I. Kurochkin, 
and V. I. Karlashchuk 

UDC 536.483 

A method is  given that p rovides  an acceptable  approximat ion to minimiz ing  the energy  consump-  
t ion on the bas i s  of the finite h e a t - t r a n s f e r  coeff icient  and the additional hea t  sou rces .  

Economy and reliability of the current leads are frequently the decisive factors in the design of a cryo- 
genic magnet system. Here we present some results from theoretical studies on optimized leads that enable 
one to implement designs providing maximum economy and reliability at the drafting stage. 

Detailed studies have been made [1-5] on current leads by means of the recuperation coefficient/3, which 
represents the criterion for nonideal cooling. It is assumed that the recuperation coefficient is known from 
experiment for leads of constant cross section and that the value is in the range 0.5 -< fi < 1; the heat-transfer 
coefficient defines the actual cooling process, and this can be used in a method in which fl is a specified cri- 
terion for minimizing the energy consumption [6]. Then the recuperation coefficient is governed by the spe- 
cified temperature differences along the normal part of the current lead. The method allows one to use a 
specified deviation from minimum energy consumption in calculating the geometrical parameters of the lead 
when this is of variable cross section and the local heat-transfer coefficients are known. 

We consider the heat-balance equation for a lead in the stationary one-dimensional approximation [1-5]: 

d T  r 12p)~ 
dq --  c p m - -  - - ,  (1) 
d T  d T  q 

dx  ~.S 
- -  - -  - -  ( 2 )  

d T  q 

and the expres s ion  for  the cu r r en t  d imens ions ,  which is der ived  by t r ans fo rming  (2) in conjunction with the 
equation for  the heat  balance involving the cooling vapor  in the s t eady- s t a t e  one-d imens iona l  approximat ion.  

We also a s sume  that the t h e r m a l  conductivity of the cooling vapor  is  negligible and that the h e a t - t r a n s f e r  
conditions a re  identical  ove r  the en t i re  sur face  of the lead: 

Technical  Phys ics  Inst i tute ,  Academy of Sciences of the Ukrainian SSR, Donetsk.  T rans l a t ed  f r o m  
Inzhenerno-F iz ichesk i i  Zhurnal ,  Vol. 37, No. 2, pp. 360-365, August,  1979. Original a r t ic le  submit ted 
June 13, 1978. 
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