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An analytical procedure for computing the dynamic characteristics of 
steam case-tube heaters is proposed. The technique is illustrated by an 
example. 

The dynamic  c h a r a c t e r i s t i c s  of h e a t e r s  a r e  c o m -  
puted by c o n s t r u c t i n g  p a r t i a l  d i f f e r e n t i a l  equa t ions  d e -  
s c r i b i n g  the convec t ive  hea t  t r a n s f e r  p r o c e s s  be tween  
the  hea t ing  s t e a m  and p roduc t  s e p a r a t e d  by a conduc -  
t ive  p a r t i t i o n  in the  h e a t e r .  

An a n a l y t i c a l  e x p r e s s i o n  for  the  dynamic  c h a r a c t e r -  
i s t i c s  can  be ob ta ined  by s i m u l t a n e o u s  so lu t ion  of the  
d i f f e r e n t i a l  equa t ions  c o n s t r u c t e d  fo r  the  n o n - s t e a d y -  
s t a t e  hea t  t r a n s f e r  p r o c e s s .  

We make  the fo l lowing a s s u m p t i o n s  in o r d e r  to s i m -  
p l i fy  our  m a t h e m a t i c a l  i n v e s t i g a t i o n :  

1) We can a s s u m e  deve loped  t u r b u l e n t  flow of the  
fluid, as  a r e s u l t  of which the t e m p e r a t u r e  of  the  p r o d -  
uct  can  be c o n s i d e r e d  u n i f o r m  o v e r  the  p ipe  c r o s s  s e c -  
t ion;  th i s  enab l e s  us to a l low only  for  the t e m p e r a t u r e  
v a r i a t i o n  in the d i r e c t i o n  of flow (the poin t  of  e n t r y  into 
the h e a t e r  i s  t aken  as  the  o r ig in ) ;  

2) the  s p e c i f i c  hea t s  r e m a i n  cons tan t ;  
3) the d e n s i t y  of  the  p roduc t  is  cons tan t ;  
4) the m e c h a n i c a l  e n e r g y  of the  p roduc t  (i. e . ,  i t s  

k ine t i c  and po ten t i a l  e n e r g i e s )  i s  neg l ig ib l e  a s  c o m -  
p a r e d  with i t s  t h e r m a l  ene rgy ;  

5) we can neg l ec t  the  a c c u m u l a t i n g  c a p a b i l i t y  of the  
hea t  e x c h a n g e r  wal l ;  as  i s  shown in [1], such an a s -  
sumpt ion  is  l e g i t i m a t e  in c a l c u l a t i n g  hea t  exchange  
equ ipment  and can  be r e g a r d e d  as  the  f i r s t  a p p r o x i m a -  
t ion of the  ac tua l  p r o c e s s .  Th is  en t a i l s  r e p l a c i n g  the  
hea t  exchange  coe f f i c i en t s  in the  d i f f e r en t i a l  equa t ions  
by hea t  t r a n s f e r  coe f f i c i en t s ,  and the wal l  t e m p e r a -  
t u r e s  by the t e m p e r a t u r e s  of the  hea t  c a r r i e r s  f lowing 
on the oppos i t e  s ide ;  

6) the convec t ive  hea t  t r a n s f e r  coe f f i c i en t s  a r e  p r a c -  
t i c a l l y  independen t  of the  expend i tu r e  and t e m p e r a t u r e  
of the hea t  c a r r i e r s ;  

7) i d e a l  m i x i n g  of the hea t  t r a n s f e r  agen t  t a k e s  p l ace  
in s ide  the  c a s e .  

DETERMINING CAPACITANCE FROM THE STEAM 
SIDE 

the s t e a m  feed r a t e  changes  by the amount  G 1 in the  
t i m e  dt as  

G~i" = G2i'o + V~ d (~!~ Uv ) + 
dt 

-+- G2occT 1 -]- C 3 dT1 - ~  + F~k o ( T , -  T2) + Q,, (2) 

w h e r e  Vld(T1Uv) i s  the  e n e r g y  a c c u m u l a t e d  in the  vo l -  
ume V 1 in the  t i m e  dt (the e n e r g y  of expans ion  o r  c o m -  
p r e s s i o n  of the  s t e a m ) .  

We a s s u m e ,  m o r e o v e r ,  tha t  the t e m p e r a t u r e  of the  
ou t s ide  wal l  of the s t e a m  j a c k e t  i s  equal  to the t e m p e r -  
a t u r e  of the  s t e a m  in the  j a c k e t ;  th is  i s  a l lowed for  by 
the t e r m  C3dT 1 in Eq. (2). 

Subs t i tu t ing  the  va lue  of G2 f r o m  (1) into e x p r e s s i o n  
(2), r e c a l l i n g  tha t  Gl0 = G20 in the  s t eady  s ta te ,  and a s -  
suming  tha t  the t h e r m a l  l o s s e s  a r e  cons tan t ,  we w r i t e  

dY1 
61 (i" - -  TlO ) = - -  V1Tlo ~ -  q- 

V, d(ylUv) q_ Ca dT1 ' d----~ ~ - +  G,o v' 4- Flko(T ~-72) .  (3) 

F o r  s m a l l  dev ia t ions  of the v a r i a b l e s  we have 

y~ = ~',~ + a 71; Uv = U,,~ + l] Ta �9 (4) 

Since in t ense  mix ing  o c c u r s  in the  case ,  the p a r a m -  
e t e r s  of the s t e a m  space  v a r y  with  r e s p e c t  to t i m e  only, 
i . e . ,  aT1/Ox = 0 and (~(YlUv)/Ox)= O. 

E x p r e s s i o n  (3) t h e r e f o r e  b e c o m e s  

dTa 
G, (i"-- 71o ) = y ~ + 61or~ -k- Flko (71-- To_)I (5) 

w h e r e  

y = [V1 (Um - -  Tao ) a -k- V 1 '~lm[ ~ -Jr- C3l. (6) 

The s t e a m  feed r a t e  th rough  the h e a t e r  GI0 depends  
on the d e g r e e  of  opening of the  r e g u l a t i n g  va lve  ~0, i t s  
spec i f i c  p e r m e a b i l i t y  C, and the p r e s s u r e  d rop  a c r o s s  
the  va lve  (Pm - Pl0) [4]: 

Glo =3|.6eef~oC ~ V~Pm--Plo. (7) 

The m a t e r i a l  ba l ance  equat ion for  the  s t e a m  space  
for  a cons tan t  l eve l  of the condensa t e  is  

GI=GZ-.~-V1 dY1 ( l)  
dt 

A s s u m i n g  that  the  t e m p e r a t u r e  of the condensa t e  i s  
equal  to the s t e a m  t e m p e r a t u r e  T t [2, 3], we can w r i t e  
the t h e r m a l  ba l ance  equat ion for  the  s t e a m  s p a c e  when 

When the va lve  i s  opened by a f u r t h e r  amount  A~, the 
p r e s s u r e  in the  h e a t e r  e a s e  changes  by  A P  1 and the 
s t e a m  expend i tu re  changes  by  the  amount  Gi.  

A s s u m i n g  tha t  the  s t e a m  p r e s s u r e  in the  ma in  i s  
cons tant ,  we have  

610 § Ol = 

=31.6~ef(~0 + Ai)cV-~o VPm-Plo-apl. (8) 
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Rep lac ing  V P m - - P l o - - A p  ~ by its a p p r o x i m a t e  ex-  
p r e s s i o n ,  sub t r ac t i ng  (7) f r o m  (8), and omi t t ing  t e r m s  
of the second o r d e r  of s m a l l n e s s ,  we obtain 

G 1 = 31.6 eef C ~ ] / ~ m - -  PloA~ -- 

_ 31.6 e e f ~ o C V ~ a P  ~ (9) 
2 V-Pm--.Plo 

In t roducing the notat ion 

1 
a) R ~ = ~ ;  r o = i " - - T a o ,  

b) a = 3 1 . 6 e e f C V ' ~  o V P m - P ~ o ,  

31.6 8ef C ] / ~ o  Eo~ c )  a ' =  - (10) 
2 V Pro-- Plo 

and taking account  of the s m a l l  p a r a m e t e r  va r i a t i ons  
APt = ~?Tl, we obtain f r o m  e x p r e s s i o n  (9) the following 
dynamics  equat ion for  the s t e a m  space :  

dT, 
ar o A~ = y ~ + (G,o + a'ro) T~ + .  (T~ - T~). (11) 

DETERMINING THE CAPACITANCE FROM THE 
PRODUCT SIDE 

The thermal balance equation for an incompressible 
fluid characterizing the heat flux per element of length 

of the product conduit can be constructed on the basis 
of the following considerations. 

The heat influx per volume element is 

F~k~ (T~ - -  T2). (12) 
fL 

This heat  i n c r e a s e s  the produc t  t e m p e r a t u r e  at the 
r a t e  

dT2 _ OTz + v OT__~2 (13) 
dt Ot Ox 

The t h e r m a l  ba lance  equat ion fo r  a vo lume e le -  
mea t  of the p roduc t  is 

OT 2 1 OT2- + v (T~ - -  T~), (14) 
Ot Ox C1RI 

where  

C 1 = [Ly~ c I . (15) 

SUM EQUATION OF THE HEATER 

F r o m  (11) and (14) we obtain 

RI Y ~ + R1 (Glo+ a'ro) T1 + 

+ (T 1 - -  T~) = RVo a A~, 

OT 2 OTz 
C1R1 ~ -  + C1Rlv Ox = T1 - -  T2. (16) 

Let us introduce the notation 

a )  a 1 = X Ra; a~ = C1R1, 

b) as = R1 (Gxo + a'ro); a4  = Rlroa. (17) 

S y s t e m ( 1 6 )  then b e c o m e s  

OT~ (t) 
a 1 - -  

Ot 
+ (aa + 1) T~ (t) - -  T~ (x, t) = a,A~(t), 

_ _  oT ,  (x, t)~ as 07" 2 (x, t) - T 1 (t) + T~ (x, t) = - -  a2v (18) 
Ot Ox 

The ini t ial  condit ions for  the h e a t e r  under  c o n s i d e r -  
ation (for va r i ab l e  componen t  t e m p e r a t u r e s )  for  t = 0 
and x > 0 a r e  

T I ( 0 ) = 0 ; - o r l ( o )  =0;  T~(x, 0)=0;  OT2(x' 0) 0; 
Ot Ot 

A~ (0) = 0. (19) 

The boundary  condit ions for  x = 0 and t > 0 a r e  

72(0, t) 4:0,  ~ 1 7 6  t) - o ;  A~=h~( t ) .  (20) 
0x 

The solution of s y s t e m  of pa r t i a l  d i f fe ren t ia l  equa-  
t ions (18) can be found by the wel l -known methods  of 
opera t iona l  ca lcu lus .  

Applying d i r ec t  and i n v e r s e  Laplace  t r a n s f o r m a t i o n s  
under  the indicated ini t ia l  and boundary  condit ions,  we 
obtain an e x p r e s s i o n  for  the t e m p e r a t u r e  of the product  
t r a n s f o r m e d  with r e s p e c t  to the v a r i a b l e  t, 

~P(P) { l _ e x p [ _ ~ ( P ~ )  x ] } h ~ ( p ) +  T2(x' P) = ~ - ~  v 

+ { e x p l  r r2(o, p), (21, 

whe re  
1 1 

~(p) = p -~ ; (22) 
a 2 a 2 (alp + a 3 + I) 

1 
(p) (23) 

a S (alp + a 3 + I) 

The t e m p e r a t u r e  of the produc t  at the h e a t e r  outlet  

T~(L, p) = ~ *  (p) {1 - -exp  [--  q~ (p)~:]} 5~_ (p) + 

+ [exp[--~(p)'~]} T~(0, p). (24) 

The va r i ab l e  deg ree  of opening of the regula t ing  

is  

v a l v e / ~  (p) is the regula t ing  p a r a m e t e r ;  the t e m p e r a -  
tu re  T 2 (0, p) of the product  en te r ing  the h e a t e r  at 
x = 0 is  the pe r tu rba t ion .  

The t r a n s f e r  function 

H 2 (p) = exp [-- ~ (p) x] (25) 

r e p r e s e n t s  the r e l a t ionsh ip  be tween  product  t e m p e r -  
a t u r e s  at the in take and outlet  of the h e a t e r  fo r  a con-  
s tant  deg ree  of opening of the regula t ing  va lve .  

The t r a n s f e r  function 

_ * (p) , (p) 
Hl(p ) - - ~  1-- exp[--cp (p) ~]} = - ~  [1-- H2 (p)] (26) 

is  the r e l a t ionsh ip  between the t e m p e r a t u r e  of  the 
p roduc t  at the h e a t e r  outlet  and the regu la t ing  p a r a m -  
e t e r  &~ for  T2(0 , t) = 0. 
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Fig. I. Block diagram of the heater. 
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Fig .  2. E x c u r s i o n  c h a r a c t e r i s t i c  of h e a t e r  in the r e gu l a t i ng  " p e r c e n t a g e  
opening  of the r egu l a t i ng  va lve  A~--product  t e m p e r a t u r e  at  out le t  T 2 n 
channel  for  a p e r t u r b a t i o n  of A~ = 35~)i opening  of the r e g u l a t i n g  va lve .  

1) T h e o r e t i c a l  c h a r a c t e r i s t i c ;  2) ex lper imenta l  c h a r a c t e r i s t i c .  



JOURNAL OF ENGINEERING PHYSICS 385 

Hence, the block d i a g ra m  of  a hea t e r  with ideal  
mixing in the case  takes  the f o r m  shown in Fig.  1 
if  we neglect  heat  capac i ty  of  the wall .  

REACTION TO A JUMP PERTURBATION.  P E R T U R -  
BATION IN PRODUCT T E MPE RAT URE  AT THE HEAT- 
ER INTAKE 

If T2 (0, t) is a s tep function equal to 0 for  t < 0 and 
to T20 for  t > 0, and if  A~(t) = 0, then the dynamic  ex-  
cu r s ion  c h a r a c t e r i s t i c  of  the hea t e r  with t e m p e r a t u r e  
pe r tu rba t ion  of  the p roduc t  at the intake can be found 
by expanding Hz(p) in an infinite s e r i e s  and subject ing 
each t e r m  of the r e s u l t  to i nve r se  t r a n s fo rm a t ion .  It 
is  n e c e s s a r y  to bea r  in mind he re  that  s ince T2 (0, t) = 
= T20 = const  for  t > 0, the t r a n s f o r m a t i o n  of  T2(0, p) 
y ie lds  the quant i ty  T20/P. 

Then 

H~ (p) = T2(L' p) = 1 H2 (p). (27) 
7'2o p 

Substituting in the value of H2 (p) f r o m  (25) and q~(p) 
f r o m  (22), we obtain 

H'2 (p) -- 1 [exp (-- p x)] x 
P 

• exp exp (28) 
, a2 (alp + a3 ~- 1) 

Let us expand the las t  exponential  fac tor  in e x p r e s -  
sion (28) in a s e r i e s  and c a r r y  out the i nve r se  t r a n s -  
fo rmat ion  of Eq. (28), 

at(aa+ 1) ) 

n = l  

where  

6 ( t - - z ) = 0  for  t < x ;  u ( t - - z ) = 0  for  t < ~ ;  

6 ( t - - z ) = l  fo r  t > ~ ;  u ( t - - x ) = l  for  t>~z. 

Analysis  of expres s ion  (29) indicates  that a l ready  
for  t -  �9 -> 1 see the t e r m  

t - - T  ] 
exp , �9 x 

a, (a a + 1) 

z / " ( t - z ) ~ - ~  

x 2 n! (n - -  1)! ~ 0.0036. 

This means  that to within a smal l  e r r o r  we can con-  
s ide r  the hea te r  as a d e l a y e d - r e s p o n s e  ampl i f ie r  link 
along the "intake product  t e m p e r a t u r e - o u t l e t  product  
t e m p e r a t u r e "  channel.  

The hea te r  equation along this channel  can be w r i t -  
ten as 

T2(p)=exp(--Px)exp (--~) T2o" (30) 

The gain of the ampl i f ie r  link, in the chosen nota-  
tion, is given by 

~r ( Flko 

PERTURBATION IN STEAM EXPENDITURE 

If A~ (t) is a s tep function (the t r a n s f o r m a t i o n  A~ (p) 
yields (1/p)A ~), i . e . ,  the pe r tu rba t ion  in regula t ing  
valve opening takes  the f o r m  of a jump by the amount  
A~ at the instant  t = 0, and if T2(0, p) = 0, then the dy-  
namic  excurs ion  c h a r a c t e r i s t i c  of the hea te r  can be 
found f r o m  the following expres s ion  for  the t r a n s f e r  
function (with al lowance for  (26)): 

HI (p) -- T2 (L' p ) _  1 Hx(p)= 
A~ p 

1 ~(p) [ l_H2(p) ] .  (32) 
P ~ (P) 

Substituting the values of ~0(p), r and H2(p) f r o m  
(22) and (28) into (32), expanding the f ac to r s  of the r e -  
sulting expres s ion  into e l e m e n t a r y  f rac t ions  [2], and 
c a r r y i n g  out inverse  Laplace t r an s fo rma t ion  using the 
cont rac t ion  formula ,  we obtain an expres s ion  for  the 
or ig inal  of the function H'l(p), 

h;(0= a.a~I1 01-~ exp(--~)+ 
_ 02__ exp ( t )) 4 0 1 -  0~ - -  ~ -  fo r  0 t -~(i~, 

- . 

01 -- 02 a2 01 t ' 

__02 [1--exp ( �9 a~- -O~) j  • 
+ Ox-- 02 a2 02 

( xexp -- for  t ~ %  

(33) 

(34) 

where 0 i and 02 are the roots of the equation 

I92 "J- Q7 al ~- (12a3 -t- a2 ) f + ala2aa = O. (35) 

If r/a 2<-0.22, then for t > Twehave 

h i ( t ) ~  l q - - -  exp -- - -  

a2aa 01 - -  02 , 

Thus, the dynamic excursion characteristic of the 
heater in the regulating "degree of opening of the regu- 

lating valve-product temperature at heater outlet ~ chan- 
nel can be expressed as follows: 
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fo r  ~'/a 2 <- 0 .22 ,  

T2(t)= a-4 [ o~--O'o------~exp ( - - ~ ) ~ -  

+ 0~--0~-0~ exp ( - -  t 2 - ) ]  A~ f o r  O~t .~z ,  

T~(t)-- a~a2 a4" [ 1 +  o~a~--01--O~ exp ( - - O Q - ) - -  

a 2 - - 0 ~ e x p  ( - - ~ ) 1  h ~ f ~  t > x ; 0 ~ - - 0 2  (37) 

f o r  "r/a2 > O. 22 

T~(t)= a_A [1 0~ e x p (  - ~ )  
a 3 01 - -  O~ - -  -t- 

-~ 01--0202 exp ( - - ~ ) ]  A~ f o r  0~.~t .~T,  

T 2(t) = a~ 1- -exp  - -  - -  
a 3 

01 [ 1 - -  exp "~ (a~ - -  01) 
0 r - -02  a201 ] exp ( - - ~ ) +  

[ 1 _ O ~  1 - -  exp  x 
O~ - -  02 a~ 02 

x e x p  - -  h~ f o r  t ' > x .  (38) 

To d e t e r m i n e  the  gain,  t i m e  c o n s t a n t ,  and l a g  in  t h e  

r e g u l a t i n g  c h a n n e l  of  t he  h e a t e r  we  m u s t  c o n s t r u c t  t h e  

e x c u r s i o n  c h a r a c t e r i s t i c  d e s c r i b e d  by E q s .  (37) o r  
(38). 

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

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

In i t i a l  da ta  f o r  t he  L a n g  t h r e e - s t e p  t o m a t o  pulp  h e a t -  
e r :  e l e v e n  t u b e s  in p r o d u c t  condu i t  c l u s t e r ;  o u t s i d e  d i -  

a m e t e r  of t u b e s  0.055 r e ; t u b e  w a l l  t h i c k n e s s  0.0025 m;  

tube  l eng th  I= 3 . 5  m ;  o u t s i d e  d i a m e t e r  of  c a s e  0 . 5  m ;  
c a s e  w a l l  t h i c k n e s s  0. 008 m m ;  P m  = 4 9 .  1 0 4 N / m 2 ;  

P10 = 7. 845 �9 104 N / m  2 ; v o l u m e  f e e d  r a t e  of  p r o d u c t  
t h r o u g h  h e a t e r  v2 = 3 . 3 3  �9 10 -3 m 3 / s e c ;  k~ = 291 J / ~  �9 
�9 m 2. s e c ;  i " = 2 . 7 "  1 0 6 J / k g ;  Ti0 = i ~ = 4 8 8 .  10 a J / k g ;  
c2 = 0 . 4 8 -  103 J / k g .  ~ c 1 = 4 . 0 2 . 1 0  s J / k g .  ~ 

72 = 1 0 2 1 . 4  k g / m 3 ;  so l i d  c o n t e n t  of  pulp  5%; C ~ 32; 

a e f  = 0 .736 ;  ~0 = 0.5; 
a) f r o m  the  t a b l e  f o r  d r y  s a t u r a t e d  s t e a m  and f r o m  

(4) f o r  ~ 0  = 7 . 8 4 5  �9 104 N / m 2 w e  ob ta in  T im = 1.005 
kg /m3;  c~=O 0 3 1 6 k g / m  3" ~ U V = 2 . 5 4 "  10 s J / k g ;  
p = 1 . 1  �9 103. = 6 . 1 3  �9 103 N / m  2 �9 ~ J / k g  �9 ~ 

b) on the  b a s i s  of  the  g e o m e t r i c  d i m e n s i o n s  of  t he  
h e a t e r  we  find tha t  V 1 = 0.349 mS; C = 153 .32  �9 103 J / k g ;  
F 1 = 18 .85  m2; f = 216 �9 10 -4 m 2 ; 

c) f r o m  e x p r e s s i o n  (6) w e  o b t a i n  t he  v a l u e  7 = 175.8 �9 
�9 103  J / ~  

d) f r o m  e x p r e s s i o n  (15) we  ob t a in  C i = 875 �9 10 a J /  
/~ 

e) f r o m  (17a) and (10a) we  ob t a in  a I = 3 2 . 1  s e c ,  a 2 = 

= 160 s e c ;  
f) to d e t e r m i n e  the  c o e f f i c i e n t s  aa and a 4 we  f i r s t  

ob t a in  the  f o l l o w i n g  v a l u e s  f r o m  (7) and (10): Gl0 = 

= 0 .2125  k g / s e c ;  r 0 = 2 .213  " 10 .6 J / k g ;  a = 0 .426  k g /  

/ s e e  �9 % o p e n i n g  of  t he  r e g u l a t i n g  v a l v e ;  a '  = 1 .6  �9 10 .3 
k g / s e c  �9 ~ We then  f ind f r o m  (17b) that  a s = 0 .795,  

a 4 = 1 .72  ~ K / %  o p e n i n g  of  t he  r e g u l a t i n g  v a l v e ;  

g) ~" = 3lf/v 2 = 6 4 . 3  s e c ;  

h) h e a t e r  g a i n  in  t h e  p e r t u r b i n g  " p r o d u c t  t e m p e r a t u r e  
at  i n t a k e - p r o d u c t  t e m p e r a t u r e  a t  o u t l e t "  c h a n n e l  i s  g i v -  

en  by (31) 

K r = e x p  --m-2 =0.67; 

i)  t he  h e a t e r  e q u a t i o n  in t he  p e r t u r b i n g  c h a n n e l  i s  

T2(p) =exp  ( - - p .  64.3)0.67 T20; 

j)  s i n c e  T / a  2 > 0 .22 ,  i t  f o l l o w s  tha t  in o r d e r  to d e -  
t e r m i n e  the  d y n a m i c  p r o p e r t i e s  of  t h e  r e g u l a t i n g  c h a n -  
ne l  of  t he  h e a t e r  i t  i s  n e c e s s a r y  to c o n s t r u c t  t he  e x -  
c u r s i o n  c h a r a c t e r i s t i c  d e s c r i b e d  by Eq .  (38). 

T h i s  c h a r a c t e r i s t i c  i s  shown in  F i g .  2. 
F r o m  the e x c u r s i o n  c h a r a c t e r i s t i c s  we f ind that  ~ = 

= 2 0  sec ,  T F = 1 0 6  s e c ,  KF = a 4  X [ l _ e x p (  % ) ] =  
a 3  a 2 

= 0.71 ~ K/% open ing  of t he  r e g u l a t i n g  v a l v e .  

T h e  d a s h e d  c u r v e  r e p r e s e n t s  t h e  e x p e r i m e n t a l  
e x c u r s i o n  c u r v e .  

NOTATION 

C is the specific carrying capacity of the regulating valve at its 
maximum opening; C 1 is the specific heat of the product, J/~ C a is 
the specific heat of the outer surface of the case, J/~ F 1 is the heat 
exchange surface between the steam and product, m2; G 1 is the variable 
steam feed rate by weight relative to the nominal feed rate G10, kg/ 

/see; O 2 is the variable condensate feed rate relative to the nominal 
. feed rate G20, kg/sec; L is the over-all lengthofthe product conduit, m; 

Pl is the steam pressu;'e in the heater, N/m2; Pt0 is the average steam pres- 
sure in the heater, N/m2; Pm is the steam pressure in the main, N/m2; 
Q1 is the thermal loss, J/see; T 1 is the variable steam pressure, ~ T~ is 
the variable product temperature, ~ U V is the internalenergy of the 
steam, I/kg; U m is the internal energy of the steam under average oper- 
ating conditions, J/kg; Vi is thevolume of the steam space, mS; c 1 is the 
specific heat of the product, J/kg �9 ~ c c is the specific heat of the 
condensate (c c = 4.19 �9 10 s J/kg �9 ~ f is the cross sectional area of 
the product stream, mZ; i0 is the enthalpy of the condensate under aver- 
age operating conditions, J/kg, which is numerically equal to the 
initial steam temperature T10; i" is the enthalpy of the steam enter- 
ing the heater, J/kg; ko is the over-all heat transfer coefficient, J/m 2. 
�9 sec �9 ~ p is the differentiation operator; t is the time, sec; v is the 
velocity of the product, m/see; a is a coefficient allowing for the de- 
pendence of steam density on temperature, kg/m 3 �9 ~ K; /3 is a coeffi- 
cient allowing for the dependence of the internal energy of the 
stream on temperature, J/kg �9 ~ y is the effective specific heat of 
the steam space, J/~ Y10 is the specific weight ofthesteam, kg/mZ; 
Ylm is the specific weight of the steam under average operating con- 
ditions, kg/mS; 3, 2 is the specific weight of the product, kg/m 3 e ef is a 
correction factor which allows for the effect of expansion; g the 
degree of opening of the regulating valve, expressed as the % opening 
of the regulating valve; ~ is a coefficient allowing for the dependence 
of the pressure of the saturated steam on its temperature, N/m z �9 ~ 
T = L/v is the total time of travel of the product through the heater, see. 
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