
A N A L Y S I S  O F  T H E  H E A T  T R A N S F E R  IN A T U B U L A R  

H I G H - D E N S I T Y  P O L Y E T H Y L E N E  P O L Y M E R I Z E R  

A.  V. K h a c h a t u r ' y a n t s  a n d  M. K. Z a i t s e v a  UDC 678. 742.2.02:536.24 

A s e m i e m p i r i c a l  method is used for  de termining the h e a t - t r a n s f e r  coeff icients  in a 
po lymer i ze r .  The phase consti tut ion of the e thy lene -po lye thy lene  s y s t e m  is analyzed 
for  the purpose of evaluating the exper imenta l  data. 

A tubular r eac to r  for  polymer iz ing  ethylene under high p r e s s u r e  (p _~ 100 M N / m  2) c o m p r i s e s  a 
long ( severa l  hundred mete r s )  th ick-wal led tube with a jacket  containing the coolant liquid. While such a 
r e a c t o r  has fea tu res  which make it super io r  to an autoclave,  its design r equ i r e s  a r a the r  p rec i se  ca lcu la -  
tion of the t e m p e r a t u r e  field d e t e r m i n e d  by the s imul taneous p r o c e s s e s  of heat genera t ion (the reac t ion  is 
highly exothermal)  and heat  t r an s f e r  through the tube wails.  Calculation of the heat  t r an s f e r  is difficult 
because  of the lack of tes t  data on the heat t r ans f e r  f r o m  the reac t ing  medium. 

The purpose  of this s tudy is an exper imenta l  ana lys i s  of the heat t r an s f e r  in a tubular po lymer i ze r  
and a der ivat ion of numer ica l  f o rmu la s  for  designing industr ial  r eac to r s .  Such a device operat ing under 
no rma l  conditions is analyzed here  by the s emiempi r i ca l  method res t ing  on the following p remises :  

1) the po lymer i ze r  is t rea ted  as  an ideal ex t ruder  [1] (speed, t empe ra tu r e ,  and concentrat ion of 
components  in the reac t ing  mix tu re  a s sumed  uniform a c r o s s  a t r a n s v e r s e  tube section); 

2) the t e m p e r a t u r e  dis tr ibut ion in the reac t ing  medium along the tube can be descr ibed  by a func-  
t ional re la t ion  (a polynomial,  for  instance),  which approx ima tes  the r e su l t  of t e m p e r a t u r e  m e a -  
su remen t s  pe r fo rmed  over  a sufficiently long stabil izing period under given conditions: 

T := f (z); (1) 

3) t h e  reac t ion  ra te ,  the ethylene t r ans fo rma t ion  (conversion) level,  and the ra te  of heat g e n e r a -  
tion a r e  de te rmined  by a s imul taneous solution of Eq. (1) and the equations of ma te r i a l  balance 
for  the components of the reac t ing  mixture:  

dg~ p~ 
- -  r 5 i =  1, 2 . . . . .  j. (2)  

dz 6 

The kinetic equations 

dgi 
r i = -  =r~(g~, p, T) 

dx 

a r e  considered f i r s t  in the quas i s teady  approximat ion  [2]; the n e c e s s a r y  constants  a r e  de te rmined  f r o m  ex-  
per imenta l  data [3]. 

The procedure  for calculat ing the h e a t - t r a n s f e r  coefficients  is as follows: 

1. The r e a c t o r  is subdivided into s eve ra l  segments  of equal lengths and the heat balance is e s t ab -  
l ished for  each segment:  

a) the heat genera ted  by the reac t ion  is 

Q g,~ GAHpAx, 
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Fig.  1. Typ ica l  c a l cu l a t i on  of heat  b a l a n c e s  and h e a t - t r a n s f e r  coef f ic ien t s  for  tube s e g -  

m e n t s :  qw, W / m ;  St, ~ 

Fig.  2. E x p e r i m e n t a l  va lues  of h e a t - t r a n s f e r  coef f ic ien ts  for  an  i n d u s t r i a l  r e a c t o r  [1,10) 
e x p e r i m e n t  n u m b e r s ] .  

where  Ax n = x n +1 - X n  is  the i n c r e m e n t  of c o n v e r s i o n  level  a c r o s s  the n - t h  s egmen t ,  as c a l -  
cula ted;  

b) the heat  expended on r a i s i n g  the gas t e m p e r a t u r e  is  

Q o. = GcpAT, 

where  AT n = T n +1 - Tn  is  the t e m p e r a t u r e  drop  a c r o s s  the n - t h  s egmen t ,  as  r ead  off the cu rve  
(1); 

c) the heat dissipated through the tube wall is 

Qw = Q~--  Oo, 

or per  un i t  s e g m e n t  length  

l n 

2. A cu rve  is  piotted r e p r e s e n t i n g  the q d - d i s t r i b u t i 0 n  a long the tube.  The t e m p e r a t u r e  of the 6001- 
ant  l iquid T o is  a s s u m e d  cons t an t  (in the t e s t  r e a c t o r  i t  did not v a r y  by m o r e  than  1-2~ and 
equal  to the gas t e m p e r a t u r e  at  the point where  qw = 0 (de te rmined  graphica l ly ) .  

3. The m e a n  t e m p e r a t u r e  d i f f e rence  a long a s e gme n t  

is calculated next, where  

4. 

6T = T - - T  o 

_ T~+I -k T~ 

2 

The h e a t - t r a n s f e r  coef f ic ien t  for  a s e g m e n t  is  defined as  

k~--  qw 
6T 
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TABLE 1. Essent ia l  P a r a m e t e r s  of Tested Oper-  
ating Modes in an Industrial Reactor  

Test No. / .Pressure, 
(Figs.2,41 MN/m 2 

Gas flow Concentra- 
rate, Ition of 
kg/sec initiator; 

IPP m 

Conversion 
level, % 

measured calculated 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

125 
128 
132 
135 
137 
140 
141 
143 
144 
144 

l l  33 
,33 

1,33 ,33 
,33 
,33 
,33 
,33 
,33 
,33 

35 
23 
29 
32 
26 
25 
23 
20 
23 

9,5 
9,7 
9,.7 

11,5 
9,8 
9,6 
9,85 

10,1 
9,0 

10,3 

10,4 
10,0 
9,8 

l1,0 
10,4 
10.1 
9,8 

10,1 
8,7 
9,5 

A typical calculation is shown in Fig. 1. 

Calculations were performed for the reac to r  
operating modes which met the following requ i re -  
ments: a) the discrepancy between calculated and 
measured conversion values did not exceed • 
b) the graphically determined temperature  of the 
coolant liquid did not differ by more  than �9 5 ~ C f rom 
its actual temperature .  

The essential  average  parameter  values for 
the various tested operating modes of an industrial  
reac tor  a re  given in Table 1; the experimental data 
obtained by the procedure given here  are  shown 
in Fig. 2. It is evident f rom the diagram that the 
hea t - t rans fe r  coefficient decreases  rapidly along 

the tube. The wide spread of test points can be explained not only by the measurement  e r r o r s  and by the 
inaccuracy of the calculation procedure but also by a strat if icat ion in t e rms  of pressure :  higher heat-  
t ransfer  coefficients correspond to higher pressures .  

We will now consider  the phase constitution of the react ing medium under conditions prevailing in 
an industrial  polymer izer  (p _> 100 M N / m  2, T = 440-550~ According to the experimental  studies in 
[4, 5], at re la t ively low p r e s s u r e s  and tempera tures  the polyethylene-ethylene sys tem is heterogeneous: 
one phase (the "gas~) consists  of a lmost  pure ethylene, while the other (the ~Iiquid n) is a solution of ethyl-  
ene in melted polyethylene. As the p ressure  and the tempera ture  a re  ra ised,  the solubility of ethylene in 
polyethylene increases ;  at a cer ta in  definite level the entire gas has been dissolved and the sys tem becomes 
homogeneous. The equation which descr ibes  this t ransi t ion to a homogeneous sys tem has been derived in [6]; 

(1 - -  ~ - 1 )  (~  _ l )  = - -  T__~_* B (x) ,  ( 3 )  
p* 

where 

7" = T / T * ;  p = p/p*; 

T* = 293.23~ p* = 61 MN/m 2, 

In Fig. 3 the phase d iagram of the polyethylene-e thylene  sys tem is shown; the boundary between the 
heterogeneous and the homogeneous state corresponds to Eq. (3). On the same diagram are  plotted t r a j ec -  
tor ies  of the reac tor  process  (change of state of the medium during its flow through the tube) for three 
modes of operation each corresponding to a different pressure .  The solid lines here refer  to a pressure  
drop Ap = 0 along the tube (i.e., the pressure  drop in the flowing medium is small  relat ive to the absolute 
reac to r  pressure)  and the dashed lines refer  to a linear overall  p ressure  drop Ap = 20 M N / m  2 (measure-  
ments  on an industrial  reac tor  yielded Ap = 15-20 MN/m2). A compar ison of t ra jec tor ies  has shown that 
considerable p ressu re  drops observed in the reac tor  resul t  in significant shifts of the phase constitution of the 
react ing medium toward heterogeneity.  It can be seen in Fig. 3 that at r eac to r  exit p res su res  up to ~ 150 M N / m  2 
the react ing medium is heterogeneous along the entire tube, which is favorable for the formation of a moving film 
of the ~ liquid" phase at the tube wall. The polymer,  which is continuously produced by the reaction,  reaches  the 
tube walls byway  of turbulent pulsations and the fi lm grows in thickness (while remaining quite thin as compared 
to the tube diameter) ,  causing an inc rea se  ini ts  thermal  res is tance  and a decrease  in the hea t - t r ans fe r  coeffi-  
cient all along the reactor .  

F rom the phase d iagram one can also evaluate the ~liquid ~ content of a phase. For  this, f rom the 
point on the t ra jec tory  which corresponds to a specific state of the reacting mixture one must  draw a 
horizontal  line till it in tersects  the phase boundary, whereupon one determines the polymer concentration 
in the film. By making such an evaluation with two different t ra jec tor ies  for two different p ressu res ,  one 
can ver i fy  that a higher p ressu re  corresponds  to a lower polymer concentration in the film and, conse-  
quently, to a lower-v iscos i ty  ~liquid ~ and a thinner film. This accounts for the strat if icat ion of test  values 
of k T with respec t  to pressure .  

In order  to evaluate the test  data in Fig. 2 in t e rms  of the total thermal  res is tance ,  which defines 
the hea t - t r ans fe r  coefficient, we set up an express ion for the thermal  res i s tance  of the film: 

1042 



Fig. 3 

f~?(Tr)  | ., 

I �9 .o o 

Fig.  4 

o o ~I A 

Fig. 3. Phase diagram of the polyethylene-ethylene system and reactor process 
trajectories: I) p = 125 MN/m~; 2) 145 MN/m2; 3) 180 MN/m2; I) homogeneous region; 
II) heterogeneous region; III) transition boundary. 

Fig. 4. Approximation of test data by Eq. (5); notation as in Fig. 2. 

RF - k ,  -22  + 2z~- d 

The t h e r m a l  r e s i s t a n c e  t e r m s  ins ide  the b r a c k e t s  of (4) can be ca lcu la ted  without diff icul t ies .  R F 
depends on the p r e s s u r e  and on the space  coord ina te  (or, m o r e  p r ec i s e ly ,  on the r e s i d e n c e  t ime of the 
r e a c t i o n  m e d i u m  in the appara tus ) :  

R~ = : (p, ~r), 

w h e r e  

(4) 

Z 
-Cr ~ - - .  

V 

The data w e r e  evaluated  by the Brandon  m u l t i p l e - c o r r e l a t i o n s  method [7], a s s u m i n g  that  the va r ious  
p a r a m e t e r s  af fec t  the value  of R F suf f ic ien t ly  independent ly  of one ano ther ,  i .e . ,  that  

RF --: :(p) ~ (~). (5) 

As a resu l t ,  we have obtained the fol lowing r e g r e s s i o n  equation: 

R F = (0.0358 - -  0,00122~ r § 0,0000392z~) (5 - -  0,029p), (5a) 

The deg ree  of a p p r o x i m a t i o n  c a n  be e s t ima ted  with the aid of Fig.  4. The tes t  data c o r r e s p o n d  to 
Eq. (5a) with a m e a n - s q u a r e d  e r r o r  of 15~c, 

A bas ic  d r a w b a c k  of Eq. (5) is that  it does not account  f o r  the ef fec ts  of h y d r o d y n a m i c  flow p a r a m -  
e t e r s  on the t h e r m a l  r e s i s t a n c e  of the f i lm.  A c c o r d i n g  to a t heo re t i ca l  ana ly s i s  of the l amina r  f i lm flow 
in a tube [8], the f i lm th ickness  (and, t h e r e f o r e ,  i ts  t h e r m a l  r e s i s t ance )  depends on the Reynolds  n u m b e r  
f o r  the inner  c o r e  of gas ,  namely :  

5 
R ,  ~ - d  ~ Re-~ (6) 

Since the gas  r a t e  was  cons tan t  in all  t e s t s  (Re = 6.  105), we m a y  now t r a n s f o r m  Eq. (5) with the 
aid of Eq. (6) into 

= Rle40.05 (1 - -  0.034, r + 0,00109,2t)(i - -  0,0058p). (7) RV 

Equat ion (7) accoun t s  f o r  the effect  of e s sen t i a l  p a r a m e t e r s  on the t h e r m a l  r e s i s t a n c e  of the f i lm 
and m a y  be used for  ca lcu la t ing  the t e m p e r a t u r e s  in r e a c t o r s  at  p r e s s u r e s  p _< 150 M N / m  2. 
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As indicated by Fig. 3 at higher pressures  the reacting system can exist in a heterogeneous state 
only near the tube entrance section. Only a homogeneous solution passes through the main reactor  sec-  
tion and, at 10w conversion levels, its viscosity may become sufficiently low to sustain a turbulent flow. 
Thus, one may assume that raising the pressure improves the heat t ransfer  in a reactor.  

Cp 
d 
f 
G 
g is the 
AHp is the 
k T is the 
l is the 
p is the 
Q is the 
R is the 
r is the 
T is the 
v is the 

x is the 
z is the 
a is the 
p is the 

is the 

"r is the 

N O T A T I O N  

is the specific heat, J /kg"  deg; 
is the diameter,  m; 
is the cross-sect ional  area of the tube, m2; 
is the gas flow rate, kg /sec ;  

mass content of a component in the mixture; 
heat effect of the reaction, J /kg;  
heat-transmission coefficient, W / m .  deg; 
tube length, m; 
pressure,  MN/m2; 
rate of heat generation (absorption), W; 
thermal resistance,  m.  deg/W; 
rate of reaction, sec-l;  
temperature,  ~ 
velocity of the reacting mixture, m / s e c ;  
conversion level in the reactor ,  %; 
axial coordinate in the reactor ,  m; 
heat- t ransfer  coefficient, W / m  2- deg; 
density, kg/m3; 
thermal conductivity, W/ r e .  deg; 
time, sec. 

S u b s c r i p t s  

i denotes the i-th component of mixture; 
n denotes the n-th segment of tube; 
o denotes external diameter of tube; 
w denotes wall of tube. 
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