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D E F I N I T I O N  O F  T E R M S

T H E R M A L  I N S U L A T IO N  F o r  t h e  p u r p o s e  of  t h i s  s t u d y  t h e r m a l  

i n s u l a t i o n  i s  d e f i n e d  a s  a m a t e r i a l  -which w i l l  r e t a r d  th e  f low of h e a t  

b e t w e e n  m e d i a  of d i f f e r e n t  t e m p e r a t u r e s  a s  to  r e d u c e  th e  e n e r g y  l o s s  

a n d  c o s t  of e q u i p m e n t  n e e d e d  t o  m a i n t a i n  th e  t e m p e r a t u r e  d i f f e r e n c e  to  

e c o n o m i c a l l y  a c c e p t a b l e  l e v e l s .

K F A C T O R  T h e r m a l  c o n d u c t i v i t y ,  th e  r e c i p r o c a l  of  t h e r m a l  i n s u l a t i o n ,  

i s  c o m m o n l y  r e f e r r e d  to  a s  th e  k  f a c t o r .  T h e  k  f a c t o r  i s  d e f i n e d  a s  

h e a t  f low p e r  u n i t  t i m e ,  p e r  u n i t  a r e a ,  p e r  u n i t  t e m p e r a t u r e  

d i f f e r e n c e ,  p e r  u n i t  t h i c k n e s s  of  m a t e r i a l .  T h e  u n i t s  t h a t  a r e  u s u a l l y  

u s e d  a r e

k  = B t u / ( h r ) ( f t 2 ) ( o F / i n )

T h e  l o w e r  the  k  f a c t o r  the  b e t t e r  t h e  i n s u l a t i o n  q u a l i t y .

D E N S I T Y  T h e  w e i g h t  of  a u n i t  v o l u m e  of m a t e r i a l .  In  t h i s  p a p e r  th e  

u n i t s  w i l l  b e  i n  p o u n d s  p e r  c u b i c  fo o t ,  ( l b s / f t ^ )

C R E A M  T I M E  ( I n i t i a t i o n  t i m e )  T h e  t i m e  i n t e r v a l  b e t w e e n  m i x i n g  the 

f o a m  a n d  th e  v i s i b l e  s t a r t  of  th e  f o a m i n g  r e a c t i o n .  T h e  s t a r t  of th e  

r e a c t i o n  i s  d e n o t e d  b y  the  m i x t u r e  t u r n i n g  a c r e a m y  c o l o r  o r  the

m i x t u r e  j u s t  b e g i n n i n g  to  r i s e .



Xll

R I S E  T I M E  T h e  t i m e  f r o m  m i x i n g  th e  f o a m  c o m p o n e n t s  to  th e  t i m e  the  

f o a m  s t o p s  r i s i n g  in  a n  o p e n  c o n t a i n e r .

T A C K  F R E E  T I M E  T h e  t i m e  f r o m  th e  m i x i n g  of the  f o a m  c o m p o n e n t s  

to  th e  t i m e  a w o o d e n  s p a t u l a  t o u c h e d  to  th e  f o a m  s u r f a c e  j u s t  c e a s e s  to  

s t i c k  to  it .

S U R F A C T A N T  A s i l i c o n e  m a t e r i a l  u s u a l l y  b l e n d e d  in t o  t h e  " B "  

c o m p o n e n t  w h i c h  l o w e r s  s u r f a c e  t e n s i o n  a n d  r e d u c e s  b u b b l e  c o l l a p s e .

U R E T H A N E H  0



C H A P T E R  I

D E F I N I T I O N ,  S C O P E  AND L I M I T A T I O N S

T h e  P r o b l e m

I n a d e q u a t e  u n d e r s t a n d i n g  a n d / o r  c o n t r o l  of  the  p o ly u re th a n e  

r i g i d  f o a m  p r o c e s s  n o r m a l l y  r e q u i r e s  f i v e  to  t e n  p e r c e n t  o v e r p a c k  

of c a v i t i e s  to  o b t a i n  c o r r e c t  f i l l  a n d  f o a m  c h a r a c t e r i s t i c s .  T h i s  

p r a c t i c e  of  o v e r p a c k i n g  h a s  r e s u l t e d  in  e x c e s s i v e  w a s t e  a n d  c o s t .

M o t i v a t i o n  a n d  s p o n s o r s h i p  f o r  t h i s  r e s e a r c h  w a s  i n i t i a t e d  

b y  W h i r l p o o l  C o r p o r a t i o n  to  e n a b l e  t h e m  to  r e d u c e  th e  c o s t  of 

p r o d u c i n g  r e f r i g e r a t o r  c a b i n e t s .

E c o n o m i c  I m p o r t a n c e  of  S tudy

S o lv in g  of  p r o b l e m s  a s s o c i a t e d  w i th  o v e r p a c k  of c a v i t i e s  

w i l l  c o n t r i b u t e  s i g n i f i c a n t l y  to l o w e r i n g  i n d u s t r i a l  c o s t  of  r i g i d  f o a m  

s y s t e m s .  T w o  a r e a s  of  c o s t  s a v i n g s  in v o l v e  th e  f o a m  i t s e l f  a n d  the  

s u p p o r t  e q u i p m e n t .

T h e  e x c e s s  m a t e r i a l  r e q u i r e d  a b o v e  the  t h e o r e t i c a l  a m o u n t  

to f i l l  r e f r i g e r a t o r  c a v i t i e s  c o s t s  one m a n u f a c t u r i n g  c o m p a n y  a r o i n d

" T h o s e  i n d u s t r i e s  u s i n g  r i g i d  f o a m  a s  a n  i n s u l a t o r  

1

$ 1 300 .  00 p e r  day .



a r e  u s u a l l y  c o n s u m e r  o r i e n t e d  a n d  h i g h l y  c o s t  c o m p e t i t i v e .  U n d e r

2

s u c h  c i r c u m s t a n c e s  a d i f f e r e n c e  of  1 . 0  p e r c e n t  i n  l o s s  f a c t o r  m a y  

r e p r e s e n t  m a n y  t h o u s a n d s  of  d o l l a r s  -which c o u l d  b e  th e  d i f f e r e n c e  

b e t w e e n  a p r o f i t a b l e  o p e r a t i o n  a n d  a m a r g i n a l  o r  l o s s  p o s i t i o n ,  "(d)

T h e  o t h e r  a r e a  t h a t  o v e r p a c k  a f f e c t s  d i r e c t l y  i s  th e  c o s t  of 

f i x t u r e s .  T h e  c o s t  of f i x t u r e s  m a y  r e a c h  50 p e r c e n t  of  th e  t o t a l  c o s t  

of  a n e w l y  i n s t a l l e d  f o a m  s y s t e m .  (1) T h e  r e a s o n  f o r  e x p e n s i v e  f i x t u r e s  

c o m e s  a s  a r e s u l t  of  e x c e s s i v e  p r e s s u r e s  d e v e l o p e d  d u r i n g  f o a m i n g .

In  u s u a l  o v e r p a c k i n g  p r o c e d u r e s  th e  p r e s s u r e s  c r e a t e d  b y  th e  r i s i n g  

f o a m  m a y  b e  b e t w e e n  tw o  a n d  s e v e n  p o u n d s  p e r  s q u a r e  in c h .  W h en  

l o o k i n g  a t  a l a r g e  a r e a ,  s u c h  a s  one  s id e  of  a r e f r i g e r a t o r ,  t h e  t o t a l  

f o r c e  m a y  r e a c h  15, 000 p o u n d s .

M e t h o d

T o  o b t a i n  a g o o d  f e e l ,  p e r s p e c t i v e ,  a n d  o r i e n t a t i o n  to  th e  

r e s e a r c h ,  i t  w a s  d e c i d e d  to  f i r s t  v i s i t  the  W h i r l p o o l  p l a n t  in  Evansv i l l e^  

I n d i a n a ,  to  s e e  f i r s t h a n d  t h e i r  p o l y u r e t h a n e  f o a m  s y s t e m  a n d  to 

b e c o m e  a c q u a i n t e d  w i th  a n d  i n t e r v i e w  t h o s e  w ho  h a d  e x p e r i e n c e  w i th  

t h e  f o a m  p r o c e s s .

T h e  n e x t  s t e p  w a s  to  c o m p l e t e  a l i b r a r y  r e s e a r c h  a n d  g l e a n  

p e r t i n e n t  i n f o r m a t i o n  on the  r i g i d  f o a m  p r o c e s s ,  e x p e r i m e n t a t i o n

t e c h n i q u e s ,  a n d  r e s u l t s  of  o t h e r  r e s e a r c h e r s .



T h e s e  tw o  s t e p s  h e l p e d  i n  i d e n t i f y i n g  p r o c e s s  v a r i a b l e s .
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l i m i t i n g  the  r e s e a r c h ,  a n d  s e l e c t i n g  and  d e s i g n i n g  a p p r o p r i a t e  

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

S c o p e  of S tudy

T h e  s c o p e  of  t h i s  r e s e a r c h  w a s  to  d e t e r m i n e  th e  s e n s i t i v i t y  

of th e  p r o c e s s  to  p r e - m i x e d  v i s c o s i t i e s ,  t e m p e r a t u r e ,  m i x  r a t i o ,  

a n d  m i x i n g  t i m e  o r  b l e n d a b i l i t y  of  the  f o a m  i n g r e d i e n t s ;  a n d  

t e m p e r a t u r e  d i m e n s i o n s  a n d  s u r f a c e  f i n i s h  of  the  m o l d  on  th e  r i g i d  

p o l y u r e t h a n e  f o a m  p r o c e s s .  T h e  o v e r a l l  g o a l  w i l l  b e  to  d e c r e a s e  the  

p e r c e n t a g e  o v e r p a c k  n e e d e d  w h i l e  m a i n t a i n g  th e  c o r r e c t  " k "  f a c t o r  

o r  t h e r m a l  p r o p e r t i e s  of  the  f o a m .  B o th  e x p e r i m e n t a l  a n d  

l i t e r a t u r e  r e v i e w  w i l l  b e  u t i l i z e d  to  a c c o m p l i s h  t h i s  g o a l .

L i m i t a t i o n s

T h e  f o r m u l a t i o n  u s e d  in  the  e x p e r i m e n t a l  t e s t s  w i l l  b e  the  

p a r t i c u l a r  s e t  of  i n g r e d i e n t s  u s e d  b y  W h i r l p o o l  to  f i l l  t h e i r  

r e f r i g e r a t o r s .  T h i s  w i l l  b e  th e  on ly  f o a m  i n g r e d i e n t  s y s t e m  

e x p e r i m e n t e d  w i th .  S i n c e  t h i s  f o r m u l a t i o n  i s  of  p r o p r i e t a r y  n a t u r e ,  

t h e  e x a c t  m a n u f a c t u r e r ' s  n a m e  w i l l  n o t  b e  u s e d .  T h e  f o r m u l a t i o n

i s  l i s t e d  b e l o w  b y  p e r c e n t  w e ig h t .



T a b l e  1

F o a m  S y s t e m  F o r m u l a t i o n

M a s t e r b a t c h P e r c e n t  b y  W e i g h t

R e s i n 67.  727%
S u r f a c t a n t . 756%
W a t e r . 481%
C a t a l y s t . 463%
C a t a l y s t . 072%
F r e o n  R -11 30.  501%

100. 000%

T h e  m i x  r a t i o  f o r  the  t-wo i n g r e d i e n t s  w a s  c a l c u l a t e d  to  be

M a s t e r b a t c h  = 140 P a r t s  
I s o c y a n a t e  TDI  100 P a r t s

T h e  f o r m u l a t i o n s  u s e d  t h r o u g h o u t  i n d u s t r y  a r e  v a r i e d  a n d  

e a c h  c o m p a n y  h a s  w o r k e d  up t h e i r  ow n " b e s t "  f o r m u l a t i o n .  S o m e  

of t h e  w e l l  k n o w n  c o m p a n i e s  t h a t  h a v e  r i g i d  f o a m  f o r m u l a t i o n s  a r e :  

D u P o n t ,  M o b a y ,  U p j o h n ,  P P G  I n d u s t r i e s ,  O l in ,  U n i R o y a l  a n d  

U n io n  C a r b i d e .

T h e  f i l l i n g  of a r e f r i g e r a t o r  c a v i t y  w a s  s i m u l a t e d  d u r i n g  

e x p e r i m e n t a l  r e s e a r c h  b y  u s in g  a s p e c i a l l y  c o n s t r u c t e d  t e s t  c e l l .  

T h e  c h a n g i n g  v i s c o u s  n a t u r e  of  the  f o a m  a s  i t  r i s e s  up a c o l u m n  w a s  

t a k e n  in t o  a c c o u n t  in  d e s i g n i n g  th e  t e s t  c e l l .  T h e  t e s t  c e l l  w a s  

c o n s t r u c t e d  to  m a i n t a i n  t h e  s a m e  v o l u m e  to  s u r f a c e  r a t i o ( 2 )  a s  

f o a m  r i s e s  up one  s id e  of  a r e f r i g e r a t o r .  R e f r i g e r a t o r  c a b i n e t s  a r e

u s u a l l y  f i l l e d  l a y i n g  on t h e i r  b a c k .
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F i g .  1. R e l a t i o n s h i p  b e t w e e n  r e f r i g e r a t o r  c a b i n e t  
a n d  f ive  i n c h  d i a m e t e r  t e s t  s a m p l e

T h e  c a l c u l a t i o n s  u s e d  in  m a i n t a i n i n g  s i m i l i t u d e  b e t w e e n  th e  

r e f r i g e r a t o r  a n d  t e s t  c e l l  a r e  s h o w n  b e l o w .
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W i s  th e  w i d t h  of  the  r e f r i g e r a t o r ,  L  i s  the  l e n g t h  of  the  s i d e ,

a n d  D i s  th e  d i a m e t e r  of the  t e s t  c e l l .
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H u m i d i t y

It  h a s  b e e n  f o u n d  t h a t  h u m i d i t y  h a s  s o m e  e f f e c t s  u p o n  th e  

f i n a l  f o a m  c h a r a c t e r i s t i c s .  D u r i n g  th e  t e s t s ,  h u m i d i t y  w i l l  b e  

m o n i t e r e d  a n d  th e  d a t a  w i l l  b e  p r e s e n t e d ,  b u t  no  a t t e m p t  w i l l  b e  m a d e  

to  c o r r e l a t e  t h i s  d a t a  to  t h e  f i n a l  r e s u l t s  of  th e  e x p e r i m e n t s .  I t  i s  

t h o u g h t  t h a t  i t s  e f f e c t s  w i l l  b e  n e g l i b l e  w i th  r e s p e c t  to  t h e  o t h e r  

v a r i a b l e s .

k  F a c t o r

D e n s i t y  a n d  f o a m  c e l l  s i z e  w i l l  b e  u s e d  to  d e t e r m i n e  th e  

f i n a l  c h a r a c t e r i s t i c s  of  t h e  f o a m  i n s t e a d  of  u s i n g  the  k f a c t o r  

d e t e r m i n a t i o n .  T h e  r e l a t i o n s h i p  b e t w e e n  k  f a c t o r  a n d  d e n s i t y  i s  

s h o w n  i n  F i g u r e  2 a n d  b e t w e e n  k f a c t o r  a n d  c e l l  s i z e  in  F i g u r e  3.

A t  l o w e r  d e n s i t i e s  the  k  f a c t o r  i s  a l s o  l o w e r  u n t i l  an  

o p t i m u m  p o i n t  i s  r e a c h e d ,  b e t w e e n  1. 5 a n d  2 l b s / f t ^ .  T h e  l o w e r  

d e n s i t y  i s  w a n t e d  b e c a u s e  of  th e  low c o n d u c t i v i t y  of  t h e  g a s  i n  th e  

c e l l s ,  (3) b u t  t h i s  on ly  h a p p e n s  to  a p o i n t  a s  t h e  d e n s i t y  d e c r e a s e s  

th e  c e l l  s i z e  i n c r e a s e s .  T h i s  g i v e s  r i s e  to  i n t e r c o n n e c t e d  c e l l s  

w h i c h  i n c r e a s e s  c o n v e c t i o n  c u r r e n t s .  T h e  c e l l s  a r e  a l s o  w e a k  and  

a r e  e a s i l y  r u p t u r e d .  (1)  T h e r e f o r e ,  th e  t h e r m a l  c o n d u c t i v i t y  

i n c r e a s e s  a t  d e n s i t i e s  b e l o w  1. 5 l b s / f t ^ .

The  r e l a t i o n s h i p  b e t w e e n  c e l l  s i z e  a n d  k f a c t o r  i s  a l m o s t

l i n e a r ( 4 ) .  A s  the  c e l l  s i z e  i n c r e a s e s  the  e f f i c i e n c y  d e c r e a s e s .
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F i g .  2. R e l a t i o n s h i p  b e t w e e n  k  f a c t o r  a n d  d e n s i t y

S O U R C E :  L a n e ,  R o g e r  I. 1965.  P r o c e s s i n g  h a n d b o o k  
r i g i d  u r e t h a n e  f o a m ,  p .  2. W e s t p o r t ,  C o n n .  : T e c h n o m i c

K-VALUE

F i g .  3. R e l a t i o n s h i p  b e t w e e n  c e l l  s i z e  a n d  k  f a c t o r

S O U R C E :  B u i s t ,  J .  M. a n d  G u d g e o n  H. 1968.  P o ly u r e t h a n e  
t e c h n o l o g y ,  p .  212.  L o n d o n :  M a C l a r e n .



A c t u a l  p r o d u c t i o n  e q u i p m e n t  w i l l  n o t  b e  u s e d  d u r i n g  th e
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e x p e r i m e n t s .  M ix in g  w i l l  b e  a c c o m p l i s h e d  by  u s i n g  a h i g h  s p e e d  

s t i r r e r  w i th  a tw o  i n c h  d i a m e t e r ,  t h r e e  p r o p e l l e r  b l a d e ,  a n d  

m e t e r i n g  b y  u s e  of a b a l a n c e  s c a l e  f o r  one  i n g r e d i e n t  a n d  a s y r i n g e  

f o r  th e  o t h e r .  A l l  p r o d u c t i o n  o p e r a t i o n s  w i l l  b e  s i m u l a t e d  u s in g  

s p e c i a l l y  d e s i g n e d  e q u i p m e n t .

T h e  l i m i t a t i o n s  m a y  b e  s u m m a r i z e d  a s :  (1) A s a m p l e  t e s t  

c e l l  w i l l  b e  u s e d  to d e t e r m i n e  f low in  a r e f r i g e r a t o r  c a v i t y ;  (2) 

H u m i d i t y  w i l l  b e  m o n i t o r e d  b u t  n o t  c o r r e l a t e d  w i th  t h e  o t h e r  d a t a ;  

(3)  D e n s i t y  a n d  c e l l  s i z e  a n d  s t r u c t u r e  w i l l  b e  u s e d  to  d e t e r m i n e  the  

f o a m ' s  t h e r m a l  q u a l i t i e s ;  a n d  (4) A c t u a l  p r o d u c t i o n  e q u i p m e n t  w i l l  

n o t  b e  u s e d  d u r i n g  t e s t s .



C H A P T E R  II

B A C K G R O U N D

T h i s  c h a p t e r  a c q u a i n t s  the  r e a d e r  -with r i g i d  p o l y u r e t h a n e  

f o a m i n g .  I t  ■will c o n t a i n  i n f o r m a t i o n  on the  fo l l o w in g :  (1) P o l y u r e ­

t h a n e  a s  a n  i n s u l a t o r ;  (2) C o m p o s i t i o n  of  r i g i d  p o l y u r e t h a n e  f o a m ;  

(3) R e s e a r c h  of o t h e r s  c o n c e r n i n g  o v e r p a c k i n g ;  a n d  (4) E x p l a n a t i o n  

of  t h e  f o a m i n g  s y s t e m .

P o l y u r e t h a n e ,  a n  
I n s u l a t i n g  M a t e r i a l

P o l y u r e t h a n e  f o a m  w a s  s e l e c t e d  a s  an  i n s u l a t i n g  m a t e r i a l  

b e c a u s e  of i t s  k  f a c t o r .  D o n a l d  S. G i l m o r e  R e s e a r c h  L a b o r a t o r i e s  

(5)  r e p o r t e d  on s o m e  c o m p a r i s o n s  c a r r i e d  out  b e t w e e n  i s o c y a n a t e  

b a s e d  r i g i d  f o a m s  a n d  o t h e r  i n s u l a t i n g  m a t e r i a l s .  F o r  e a c h  of  the  

m a t e r i a l s  the  k  f a c t o r  w a s  m e a s u r e d  a t  2 5 ° C .  T h e  m e a s u r e m e n t s  

s h o w e d  t h a t  th e  p o l y u r e t h a n e  f o a m s  h a v e  an  i n s u l a t i o n  e f f i c i e n c y  

a b o u t  t w i c e  t h a t  of  o t h e r  c o m m o n  i n s u l a t i n g  m a t e r i a l s .  T h e s e  t e s t s  

a l s o  s h o w e d  t h a t  t h e  k  f a c t o r s  of  a l l  i n s u l a t i n g  m a t e r i a l  d e c r e a s e d  

a s  t e m p e r a t u r e  d e c r e a s e d ,  b u t  the  r i g i d  f o a m s  d e c r e a s e d  a t  a

9

s l o w e r  r a t e .



T a b l e  2
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T y p i c a l  k  F a c t o r s  f o r  C o m m e r c i a l  I n s u l a t i o n

M a t e r i a l  k  F a c t o r
B t u / ( h r ) ( f t 2 ) ( O F / i n )

A s b e s t o s 1. 08
P o w d e r e d  G y p s u m 0. 50
W ool  F e l t 0. 48
F o a m e d  G l a s s 0. 40
S a w d u s t 0. 36
W a l l b o a r d ,  I n s u l a t i n g  type 0. 34
R o c k  W oo l 0. 30
C o r k 0. 30
A n i m a l  W ool  a n d  H a i r  F e l t 0. 25
P o l y s t y r e n e  F o a m 0. 25
F i b e r g l a s s 0. 24
R i g i d  P Y C  F o a m 0. 17
U r e t h a n e  F o a m ,  C O 2 e x p a n d e d 0. 23
U r e t h a n e  F o a m ,  F r e o n  11 e x p a n d e d 0. 1 1 - 0 .  15

P o l y u r e t h a n e  f o a m  h a s  b e e n  s low c o m i n g  in t o  u s e  b e c a u s e  

of  i t s  h i g h e r  c o s t ,  b u t  s i n c e  r e c e n t  d e v e l o p m e n t  b y  th e  c h e m i c a l  

c o m p a n i e s  w h i c h  d e c r e a s e d  i t s  c o s t  a n d  th e  i n c r e a s e d  p r e s s u r e s  

f o r  b e t t e r  i n s u l a t i o n  b e c a u s e  of  the  e n e r g y  s h o r t a g e ,  the  p o l y u r e ­

t h a n e  i n d u s t r y  i s  now r a p i d l y  e x p a n d i n g .  B y  f i l l i n g  the  s a m e  

r e f r i g e r a t o r  s p a c e  t h a t  w a s  o n c e  f i l l e d  w i th  f i b e r o u s  g l a s s ,  th e

i n s u l a t i n g  q u a l i t i e s  c o u l d  b e  p r a c t i c a l l y  d o u b le d  u s i n g  u r e t h a n e  f o a m .
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MEAN TEMPERATURE °C

F i g .  4 .  E f f e c t s  of t e m p e r a t u r e  on  the  t h e r m a l  
c o n d u c t i v i t y  of  r i g i d  f o a m  b lo w n  w i th  t r i c h l o r o f l u o r o m e t h a n e  
( F r e o n  11)

S O U R C E :  B a c k a s ,  J a c k  a n d  G e m e i n h a r d t ,  P .  G . , P l a s t i c  
f o a m s ,  ed .  F r i s h ,  K u r t  a n d  S a u n d e r s ,  J a m e s  H. 1973.  p .  498.  
New Y o r k :  M a r c e l  D e k k e r ,  Inc .

C o m p o s i t i o n  of  R i g i d  
P o l y u r e t h a n e  F o a m

R i g i d  p o l y u r e t h a n e  f o a m  c o n s i s t s  u s u a l l y  of  two r e a c t i v e  

l i q u i d  c o m p o n e n t s ,  e a c h  of  w h i c h  i s  s t a b l e  b y  i t s e l f .  O ne  componerfc 

i s  a n  i s o c y a n a t e  ( u s u a l l y  r e f e r r e d  to  a s  th e  "A" c o m p o n e n t )  , the  

o t h e r  c o m p o n e n t  ( c a l l e d  th e  " B "  c o m p o n e n t )  i s  a b l e n d  of  p o ly o l .

c a t a l y s t ,  s u r f a c t a n t ,  a n d  b lo w in g  a g e n t .  T h e  p o l y o l  i s  a  h y d r o x y l



12

( - O i l )  b e a r i n g  m a t e r i a l  w h i c h  r e a c t s  w i th  th e  i s o c y a n a t e .  C a t a l y s t s  

a r e  added,  f o r  c o n t r o l  of  the  r a t e  of  r e a c t i o n  a n d  the  c u r e  t i m e ;  and  

th e  s u r f a c t a n t  i s  a  s i l i c o n e  m a t e r i a l  t h a t  l o w e r s  s u r f a c e  t e n s i o n  and  

r e d u c e s  b u b b l e  c o l l a p s e .  W h e n  t h e s e  tw o  c h e m i c a l s  a r e  m i x e d  

t o g e t h e r  th e  e x o t h e r m  ( h e a t  g e n e r a t e d  d u r i n g  the  r e a c t i o n ) v a p o r i z e s  

t h e  b lo w i n g  a g e n t  to  p r o d u c e  t h e  f o a m  s t r u c t u r e .  T h e  b lo w in g  a g e n t s

f o r  i n s u l a t i n g  f o a m s  a r e  u s u a l l y  R - l l  ( T r i c h l o r o f l o u r o m e t h a n e ) ,  

c a r b o n  d i o x i d e ,  o r  s o m e t i m e s  R - 1 2  ( D i c h l o r o d i f l o r o m e t h a n e ) .  T h e  

f o a m  u s e d  f o r  t h i s  r e s e a r c h  w a s  b l o w n  b y  R - l l .  R - l l  i s  u s u a l l y  

u s e d  b e c a u s e  of  the  l o w e r  k  f a c t o r  t h a t  i t  e x h i b i t s .

T a b l e  3 

K F a c t o r  of  G a s s e s

G a s  k  F a c t o r
B t u / ( h r ) ( f t 2 ) ( ° F / i n )

A i r  0. 168
C a r b o n  D io x id e  0. 102
R - l l  0 . 0 5 6

T h e  P r o c e d u r e  of  F i v e  to 
T e n  P e i ' c e n t  O v e r p a c k i n g

I t  i s  a c o m m o n  p r a c t i c e  i n  i n d u s t r y  to  c a l c u l a t e  t h e  a m o u n t

of p o l y u r e t h a n e  f o a m  i t  t a k e s  to  f i l l  a c a v i t y  a n d  t h e n  a d d  5 to 10

p e r c e n t  to  i n s u r e  p r o p e r  f i l l .  I t  h a s  b e e n  h a r d  to  d e t e r m i n e  why

t h i s  i s  n e e d e d ,  b u t  a l l  a u t h o r s  a g r e e  t h a t  i t  i s  a g o o d  p r a c t i c e .
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P r o b a b l y  th e  b e s t  r e a s o n  g i v e n  f o r  the  n e e d  of o v e r p a c k i n g  i s  to 

a p p l y  s o m e  b a c k  p r e s s u r e  on  th e  f o a m  s o  a s  to  m a k e  t h e  c e l l  m o r e  

s p h e r i c a l  in  s h a p e .  W h e n  th e  f o a m  r i s e s  i n  a c o l u m n  th e  c e l l s  a r e  

e l o n g a t e d  in  the  d i r e c t i o n  of  r i s e .  F o l l o w i n g  a r e  s o m e  q u o t e s  on

th e  p r o c e d u r e  of  o v e r p a c k i n g :

U s u a l l y ,  d e p e n d i n g  u p o n  the  o p e r a t o r  ( in b a t c h  
o p e r a t i o n ) ,  i t  i s  f o u n d  t h a t  a  10% to  30% e x c e s s  o v e r  
th e  a m o u n t  t h e o r e t i c a l l y  n e e d e d  to f i l l  t h e  m o l d  i s  
r e q u i r e d  f o r  a  g o o d  f i l l .  L i t t l e  v a r i a t i o n  i s  f o u n d  in  
f o a m  d e n s i t i e s  w i t h i n  t h e s e  l i m i t s .  W h e n  c o n t i n u o u s  
m e t e r i n g  and  m i x i n g  a r e  e m p l o y e d ,  l o w e r  f o a m  
d e n s i t i e s  a r e  o b s e r v e d .  A p p a r e n t l y ,  a m o r e  e f f i c i e n t  
u t i l i z a t i o n  of the  g a s  b lo w in g  r e a c t i o n  i s  o b t a i n e d .
F o r  m e c h a n i c a l l y  d i s p e n s e d  f o r m u l a t i o n s ,  e x c e s s e s  
in  th e  n e i g h b o r h o o d  of  5% m a y  b e  u s e d .  W i th  t h i s  
e x c e s s ,  w a l l  p r e s s u r e s  up  to  2 to  3 p s i  m a y  b e  
e x p e c t e d .  (2) ( ' I t a l i c s  m i n e )

M. K a p la n ( 6 )  m a k e s  th e  fo l l o w in g  o b s e r v a t i o n  c o n c e r n i n g

th e  p a c k i n g  of u r e t h a n e  f i l l e d  c a v i t i e s :

P a c k i n g  To  e n s u r e  c o m p l e t e  f i l l  of  m o l d  e x t r e m i t i e s  
a n d  o p t i m a l  f o a m  p r o p e r t i e s ,  a f o a m  c h a r g e  5 - 1 0 %  in  
e x c e s s  of  t h a t  n e e d e d  f o r  a n  u n r e s t r a i n e d  f o a m  r i s e  
s h o u l d  b e  u s e d  f o r  c l o s e d  m o l d i n g  a s  d e s c r i b e d  b y  
J o n e s .  U s e  of  to o  l i t t l e  r e s u l t s  in  n o n u n i f o r m i t i e s  
a n d  s l i g h t l y  s o f t  f o a m  a t  th e  top  of  the  p a n e l .  U s e  
of  e x c e s s i v e  p a c k i n g  r e s u l t s  in  h i g h e r  p a n e l  d e n s i t i e s  
a n d  h i g h e r  p r e s s u r e s  w h ic h ,  w i t h o u t  a d e q u a t e  j i g g i n g ,  
m a y  d i s t o r t  t h e  m o l d .  ( I t a l i c s  m i n e )

In a n o t h e r  w o r k  b y  B u i s t ,  H u r d  a n d  S t a f f o r d ( 4 )  t h e  r e a s o n

f o r  o v e r p a c k i n g  i s  f o r  d i m e n s i o n a l  s t a b i l i t y .

A n o t h e r  m e t h o d  of  i m p r o v i n g  th e  d i m e n s i o n a l  s t a b i l i t y  
of  r i g i d  f o a m  i s  th e  t e c h n i q u e  k n o w n  a s  " o v e r p a c k i n g "  
o r  p r e s s u r i z a t i o n .  T h i s  i s  a t e c h n i q u e  w h e r e b y  m o r e  
f o a m  i s  i n j e c t e d  in to  a c a v i t y  t h a n  t h a t  w h i c h  i s  s t r i c t l y
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n e c e s s a r y  to f i l l  i t .  T h e  e f f e c t s  of  t h i s  o v e r f i l l i n g  i s  
to  b u i l d  up i n t e r n a l  p r e s s u r e  in  the  f o a m  s y s t e m  ■while 
i t  i s  s t i l l  i n  the  f l u i d  s t a g e .  S in c e  t h i s  p r e s s u r e  i s  e q u a l  
in  a l l  d i r e c t i o n s ,  m o r e  u n i f o r m  c e l l s  a r e  p r o d u c e d  
and  th e  a n i s o t r o p y  of  th e  r e s u l t i n g  f o a m  i s  r e d u c e d .  
( I t a l i c s  m i n e )

L a n e ( l )  g o e s  i n t o  m o r e  d e t a i l  c o n c e r n i n g  th e  c o s t  f a c t o r

W h en  e s t i m a t i n g  th e  c o s t  of  a  p r o d u c t  in  w h i c h  a 
c a v i t y  i s  to  b e  f i l l e d  w i th  r i g i d  u r e t h a n e  f o a m  th e  m o s t  
d i f f i c u l t  c o s t  c o m p o n e n t  to  o b t a i n  w i th  a n y  d e g r e e  of 
c o n f i d e n c e  i s  t h a t  of  th e  u r e t h a n e  m a t e r i a l  i t s e l f .  
C a l c u l a t i o n  of  th e  s i z e  of  th e  c a v i t y  i s ,  i n  i t s e l f ,  f a r  
f r o m  s i m p l e  w h e n  th e  c a v i t y  i s  of  i r r e g u l a r  s h a p e .  
U s i n g  a g a i n  t h e  e x a m p l e  of  th e  h o u s e h o l d  r e f r i g e r a t o r  
w i th  u r e t h a n e  f o a m  i n s u l a t i o n ,  the  i n s u l a t i o n  c a v i t y  
b e t w e e n  the  o u t e r  c a b i n e t  a n d  i n n e r  l i n e r  w i l l  v a r y  in  
t h i c k n e s s  a s  a f u n c t i o n  of th e  d e s i g n  and  w i l l  a l s o  v a r y  
a s  a f u n c t i o n  of  c o m p o n e n t  d i m e n s i o n a l  t o l e r a n c e s .  
C o n t a i n e d  w i t h i n  th e  i n s u l a t i o n  c a v i t y  w i l l  b e  s u p p o r t  
b r a c k e t s ,  r e f r i g e r a n t  c a r r y i n g  t u b e s ,  s e a l i n g  t a p e s  
a n d  m a s t i c s ,  p a d s  of  g l a s s  f i b r e ,  a n d  so  on a l l  o f  w h i c h  
m a k e  a c c u r a t e  c a l c u l a t i o n s  of the  v o l u m e  of t h e  i n s u ­
l a t i o n  c a v i t y  e x t r e m e l y  d i f f i c u l t .  F o r  r e a s o n s  u n k n o w n

t h i s  s t a g e  of  p r o d u c t  d e s i g n  u s u a l l y  u n d e r s t a t e  t h e  v o l u m e .  
On ly  e x p e r i e n c e  w i t h  a p a r t i c u l a r  t y p e  of  p r o d u c t  
a n d  d e s i g n  w i l l  g iv e  a n  i n d i c a t i o n  of the  c o r r e c t i o n  
f a c t o r s  w h i c h  s h o u l d  b e  a p p l i e d .  ( I t a l i c s  m i n e )

L a n e ( l )  a l s o  t a k e s  in to  a c c o u n t  o t h e r  l o s s e s  s u c h  a s  the

a m o u n t  l e f t  i n  th e  m i x i n g  c h a m b e r  of the  e q u i p m e n t ,  a n d  w h a t  h e  

c a l l s  th e  b u o y a n c y  l o s s .  H e  c o n t i n u e s  t h a t  o t h e r  l o s s e s  w i l l  o c c u r  

b e c a u s e  of o p e r a t o r  e r r o r ,  a n d  t h r o u g h  m a c h i n e  c a l i b r a t i o n  and  

t e s t i n g .  " A l l  of  t h e s e  l o s s e s  c o m b i n e d  s h o u ld  n o t  e x c e e d  10% in  

a n  e f f i c i e n t l y  r u n  o p e r a t i o n ,  5% m a y  be  c o n s i d e r e d  a s  n e a r  i d e a l

a n d  i d e a l  l e v e l  of  o v e r p a c k i n g :

c a l c u l a t i o n s  of th e  v o l u m e  of c a v i t i e s  at.
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l e v e l . "  T h e  p u r p o s e  of t h i s  o v e r p a c k ,  h e  s t a t e s ,  " ...........i s  to

e n s u r e  t h a t  t h e  c a v i t y  i s  a l w a y s  c o m p l e t e l y  f i l l e d  e v e n  w h e n  the  

d i s p e n s i n g  e q u i p m e n t  i s  o p e r a t i n g  a t  the  l o w e r  l i m i t  of  i t s  t o l e r a n c e ,  

to  o b t a i n  a c o m p l e t e  f i l l  on  o c c a s i o n s  w h e n  m a t e r i a l ,  m o u l d  o r  

p r o d u c t  t e m p e r a t u r e s  a r e  a t  t h e  l o w e r  t o l e r a n c e  l i m i t s  a n d  to  

e n s u r e  t h a t  u n i f o r m  p r e s s u r e  i s  e x e r t e d  on the  f o a m  m a s s  j u s t  

n e a r  th e  top  of  r i s e  to c r e a t e  a u n i f o r m ,  o r t h o t r o p i c  c e l l u l a r  

s t r u c t u r e  a n d  a l s o  to  e n s u r e  t h a t  t h e  s t i l l  f lo w in g  f o a m  i s  f o r c e d  

i n t o  a l l  the  a r e a s  of  the  c a v i t y  i n t o  w h i c h  i t  i s  r e q u i r e d  to  p e n e t r a t e . "

T o  s u m m a r i z e ,  i t  i s  a g e n e r a l  f e e l i n g  b y  t h o s e  e x p e r i e n c e d  

w i t h  u r e t h a n e  f o a m  t h a t  i t  i s  a g o o d  p r o c e d u r e  to o v e r f i l l  c a v i t i e s  

b y  5 to  10 p e r c e n t  to  o b t a i n  o p t i m u m  f o a m  c h a r a c t e r i s t i c s .

T h e  c h a l l e n g e  i s  to  s e e  if  t h e r e  i s  a w a y  to  d e c r e a s e  th i s  

a m o u n t  n e e d e d  b y  c a r e f u l  e x a m i n a t i o n  of  p r o c e s s  v a r i a b l e s ,  and  

s t i l l  o b t a i n  o p t i m u m  f o a m  q u a l i t i e s .

T h e  F o a m  S y s t e m

T h e  m a j o r  d i s a d v a n t a g e  of  u s i n g  r i g i d  p o l y u r e t h a n e  f o a m  i s  

t h a t  i t  r e q u i r e s  a c h e m i c a l  p l a n t  f o r  i n s t a l l a t i o n .  W h e n  i n s t a l l i n g  

f i b e r  g l a s s ,  a l l  the  m a n u f a c t u r e r  h a s  to  d o  i s  to  t a k e  i t  o u t  of  the  

b o x  a n d  p l a c e  i t  i n  the  r e f r i g e r a t o r  c a b i n e t .  W h e n  i n s t a l l i n g  

p o l y u r e t h a n e  m a n y  v a r i a b l e s  m u s t  be  t a k e n  in to  a c c o u n t ,  i f  t h e s e  

v a r i a b l e s  a r e  n o t  c o n t r o l l e d  q u i t e  c l o s e l y ,  u s in g  p o l y u r e t h a n e  c o u l d

b e  a s a d  a n d  e x p e n s i v e  e x p e r i e n c e .  M a n y  t y p e s  of m i x i n g  h e a d s
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h a v e  w o r k e d  q u i t e  w e l l  u n d e r  g i v e n  c o n d i t i o n s ,  b u t  h a v e  f a i l e d  

m i s e r a b l y  u n d e r  o t h e r s .  S o m e  e x p e r i e n c e d  w i th  u r e t h a n e  f o a m  

f e e l  t h a t  t h i s  p r o c e s s  i s  a n  a r t  r a t h e r  t h a n  a s c i e n c e .

R i g i d  p o l y u r e t h a n e  f o a m  s y s t e m s  a r e  s e t  up  to  a c c o m o d a t e  

u s u a l l y  one  ou t  of  th e  t h r e e  t y p e s  of  f o a m i n g  a p p l i c a t i o n s :  (1) T h e  

i n t e r m i t t e n t  t w o - c o m p o n e n t  s y s t e m  f o r  th e  f o a m i n g  in  p l a c e  of m o l d  

c a v i t i e s ;  (2)  T h e  c o n t i n u o u s  tw o  c o m p o n e n t  s y s t e m  f o r  p r o d u c i n g  

f o a m  b u n s  a n d  s l a b s ,  a n d  (3) t h e  f r o t h i n g  s y s t e m  w h e r e  R - 1 2  is  

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

w i l l  e x p l a i n  t h e  i n t e r m i t t e n t  p r o c e s s  s i n c e  t h i s  i s  th e  ty p e  of  s y s t e m  

t h a t  W h i r l p o o l  u s e s  f o r  th e  f i l l i n g  of  r e f r i g e r a t o r s  a n d  w h e r e  

o v e r p a c k i n g  i s  u s e d .

T h e  i n t e r m i t t e n t  f o a m  s y s t e m  c o n s i s t s  m a i n l y  of  f o u r  

b a s i c  c o m p o n e n t s :  th e  t a n k s  o r  r e s e r v o i r s  w h e r e  th e  c h e m i c a l s  a r e  

s t o r e d ,  the  m i x i n g  a n d  m e t e r i n g  e q u i p m e n t ,  th e  p r e h e a t  a n d  c u r e  

ov en ,  a n d  the  f i x t u r e s  f o r  h o ld i n g  a n d  s e c u r i n g  t h e  m o l d s  w h i l e  the  

f o a m  i s  r i s i n g  a n d  c u r i n g  in  the  c a v i t y .
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F i g .  5. F o a m  s u p p o r t  s y s t e m

TWO COMPONENT S Y S T E M

F i g .  6. F o a m  c h e m i c a l  t r a n s f e r  s y s t e m
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C h e m i c a l  H o ld in g  T a n k s .  T h e r e  a r e  m a n y  t y p e s  of  c h e m i c a l  

h o ld i n g  s y s t e m s  in o p e r a t i o n .  T h e  b a s i c  c h e m i c a l  s t o r a g e  s y s t e m  

t a k e s  in t o  a c c o u n t  th e  r e a c t i v i t y  of  th e  c o m p o n e n t s .  T h e  s t o r a g e  

t a n k  f o r  th e  " B "  c o m p o n e n t  i s  u s u a l l y  m a d e  of  s t e e l  o r  b l a c k  i r o n ,  

b u t  the  " A "  c o m p o n e n t  i s  m o r e  r e a c t i v e  a n d  m u s t  b e  s t o r e d  in  

s t a i n l e s s  s t e e l  o r  e p o x y - p h e n o l i c  l i n e d  t a n k s .  M o s t  t a n k s  a r e  

e q u i p p e d  w i t h  a g i t a t o r s  o r  s t i r r e r s  to  k e e p  th e  c h e m i c a l s  m i x e d  a n d  

a t  a c o n s t a n t  t e m p e r a t u r e ,  a n d  b l a n k e t e d  w i th  n i t r o g e n  to p r e v e n t  

th e  c h e m i c a l s  f r o m  r e a c t i n g  w i t h  o r  p i c k i n g  up h u m i d i t y  f r o m  th e  

a i r .  T o  k e e p  th e  i n g r e d i e n t s  a t  c e r t a i n  t e m p e r a t u r e s ,  h e a t  

c o n t r o l l i n g  d e v i c e s  a r e  e i t h e r  a d d e d  to t a n k s  o r  h e a t  e x c h a n g e r s  

p l a c e d  on  th e  t r a n s f e r - l i n e s  to  the  m i x i n g  a n d  m e t e r i n g  e q u i p m e n t .

I t  s h o u l d  b e  n o t e d  t h a t  the  l i n e s  o r  p i p e s  a r e  a l s o  c o n s t r u c t e d  to  

a c c o u n t  f o r  t h e  r e a c t i v i t y  of the  c h e m i c a l s .

T h e  T o l u e n e  D i i s o c y a n a t e  ( I s o c y a n a t e )  c a u s e s  h e a l t h  

h a z a r d s  a n d  p r e c a u t i o n a r y  m e a s u r e s  a r e  t a k e n  to  a s s u r e  t h a t  on ly  

c e r t a i n  a m o u n t s  a r e  c o n c e n t r a t e d  in  the  a i r .

M ix in g  a n d  M e t e r i n g  E q u i p m e n t .  I n i t i a l l y  t h e  f o a m e d  in  

p l a c e  s y s t e m s  w e r e  h a n d l e d  b y  b a t h w i s e  s t i r r i n g  due  to  th e  l a c k  of 

e q u i p m e n t .  I n  t h i s  p r o c e s s  the  v a r i o u s  f o a m  i n g r e d i e n t s  w e r e  

w e i g h e d  ou t  a n d  p l a c e d  in to  a c o n t a i n e r  a n d  b l e n d e d  w i th  s p a t u l a s  o r

s t i r r e d  w i th  m e c h a n i z e d  m i x i n g  d e v i c e s .  T h e  m i x  w a s  t h e n  q u ic k ly
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p o u r e d  in t o  t h e  d e s i r e d  c a v i t y  f o r  f o a m i n g .  I t  -was i m p o r t a n t  t h a t  

the  s t i r r i n g  w a s  of a " b l e n d i n g  t y p e "  a n d  n o t  a " b e a t i n g "  one.  (2) 

S in c e  t h a t  t i m e ,  e l a b o r a t e  m e c h a n i z e d  e q u i p m e n t  h a s  b e e n  

d e v e l o p e d  f o r  t h i s  o p e r a t i o n .  T h e r e  a r e  m a n y  m a c h i n e s  a v a i l a b l e  

on th e  m a r k e t  t o d a y ,  a n d  m u c h  l i t e r a t u r e  h a s  b e e n  w r i t t e n  on the 

d i f f e r e n t  m a k e s  a n d  t y p e s .  A b r i e f  r e v i e w  of the  m a c h i n e s  a v a i l ­

ab l e  on the  m a r k e t  t o d a y  w a s  w r i t t e n  b y  V i n c e n t  J o h n s o n ( 7 )  a n d  is  

i n c l u d e d  in  A p p e n d i x  A.

F i g .  7. A d m i r a l  P o l y u r e t h a n e  P o u r  M a c h i n e

T h e  e q u i p m e n t  h a s  two v i t a l  f u n c t i o n s :  (1) to  p r o p o r t i o n  the  

c o m p o n e n t s  a c c u r a t e l y  to  the  m i x i n g  h e a d ,  a n d  (2) to  p r o p e r l y  m i x



20

the  c o m p o n e n t s  t h e r e .  (8) T h e  i m p o r t a n c e  of  the  p r o p o r t i o n i n g  

e q u i p m e n t  i s  t h e n  to  m a k e  s u r e  t h a t  c o r r e c t  s h o t  s i z e s  a r e  

d e l i v e r e d  to  th e  m i x i n g  c h a m b e r  a n d  t h e r e  be  c o m p l e t e l y  m i x e d .

T h e r e  a r e  two t y p e s  of  m e t e r i n g  p u m p s  u s e d :  the  f ix e d  

d i s p l a c e m e n t  g e a r  p u m p s ,  a n d  p i s t o n  p u m p s  w i th  e i t h e r  v a r i a b l e  

s p e e d  d r i v e s  o r  a d j u s t a b l e  s t r o k e  l e n g t h s .

" T h e  m i x i n g  i s  j u s t  a s  i m p o r t a n t  a s  th e  m e t e r i n g  of  the 

f o a m  i n g r e d i e n t s  s i n c e  p o o r  m i x i n g  n u l l i f i e s  p r o p o r t i o n i n g  b y  the 

m o s t  e l a b o r a t e  p u m p i n g  a n d  m e t e r i n g  d e v i c e s .  (9) T h e r e  a r e  two 

m a i n  t y p e s  of  i n t e r m i t t e n t  m i x e r s .  One u s e s  m e c h a n i c a l  m e a n s  f o r  

m i x i n g  a n d  the  o t h e r  i s  a n  i m p i n g e m e n t  s t y l e (  10) w h e r e  m i x i n g  i s  

a c c o m p l i s h e d  b y  u s in g  h i g h  p r e s s u r e s  and  the  k i n e t i c  e n e r g y  of  the  

tw o  c o m p o n e n t s .

T h e  m o s t  c o m m o n  ty p e  i s  the  m e c h a n i c a l  m i x e r s .  The  

a g i t a t o r  i s  m o s t  u s u a l l y  of  h e l i c a l  g e a r  t y p e  s i m i l a r  to the  one 

s h o w n  in  F i g u r e  8. M o s t  m i x e r s  p r o v i d e  h i g h  s h e a r  r e q u i r i n g  s m a l l  

c l e a r a n c e  b e t w e e n  the  m i x e r  a n d  h o u s i n g .

" A s  a b a s i c  c o n c e p t ,  a p o l y u r e t h a n e  f o a m  m a c h i n e  i s  

r e l a t i v e l y  s i m p l e .  I t  d e l i v e r s  two o r  m o r e  l i q u id  f e e d  s t r e a m s  in to  

a m i x i n g  d e v i c e .  H o w e v e r ,  the  r e q u i r e d  a c c u r a c y  in  t e m p e r a t u r e ,  

f e e d s t r e a m  d e l i v e r y ,  a n d  r a t i o s  h a s  c r e a t e d  the  n e e d  f o r  a p r e c i s i o n  

m a c h i n e .  " (11 )  O ne  s h o u ld  b e c o m e  f a m i l i a r  w i th  the  f o a m  e q u i p m e n t



a v a i l a b l e .  S o m e  m a c h i n e s  h a v e  w o r k e d  e x t r e m e l y  w e l l  u n d e r
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c e r t a i n  c o n d i t i o n s ,  b u t  h a v e  f a i l e d  m i s e r a b l y  u n d e r  o t h e r s .
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F i g .  8. T y p i c a l  m i x i n g  c h a m b e r

P r e h e a t  a n d  C u r e  O v e n s .  T h e  t e m p e r a t u r e  m a k e s  a b ig  

d i f f e r e n c e  in  th e  f i n a l  f o a m  c h a r a c t e r i s t i c s  w h e n  f i l l i n g  a p r o d u c t  

o r  c a v i t y .

If the  t e m p e r a t u r e  of  th e  m o u l d  i s  too  h i g h  th e  f o a m i n g  
r e a c t i o n  w i l l  b e c o m e  m o r e  a c t i v e ,  the  r i s e  w i l l  b e  m o r e  
v i g o r o u s  a n d  t h e r e  i s  a p r o b a b i l i t y  t h a t  th e  b l o w i n g  
a g e n t  w i l l  f l a s h  off p r e m a t u r e l y  c a u s i n g  u n a c c e p t a b l e  
s u r f a c e  c o n d i t i o n s  in  m o u l d e d  p r o d u c t s ,  a n d  c a v i t i e s ,  
s m a l l  v o i d s  a n d  i r r e g u l a r  c e l l  s i z e s  in  a l l  p r o d u c t s .  
W h e n  th e  p r o d u c t  o r  m o u l d  i s  to o  c o l d  a t  th e  t i m e  th e  
f o a m  i s  i n j e c t e d  the  f o a m i n g  r e a c t i o n  i s  s u p p r e s s e d  
a n d  the  h e a t  g e n e r a t e d  b y  the  r e a c t i o n  b e t w e e n  th e  
i s o c y a n a t e  a n d  th e  p o l y o l  m a y  b e  a b s o r b e d  too  r a p i d l y  
b y  the  s u r r o u n d i n g s  w i th  the  r e s u l t  t h a t  the  d e n s i t y  
of  the  f o a m  n e a r  th e  c o l d  s u r f a c e s  w i l l  b e  h i g h ,  t h e  
r i s e  of the  f o a m  w i l l  b e  s l u g g i s h  a n d  th e  m o u l d ,  o r  
c a v i t y  m a y  n o t  b e  c o m p l e t e l y  f i l l e d .  (1)
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T h e  p u r p o s e  of th e  p r e h e a t  o v e n  i s  to  b r i n g  th e  p r o d u c t s  to  

a c o r r e c t  t e m p e r a t u r e  r a n g e  so  a s  to  t a k e  a d v a n t a g e  of  th e  e x o ­

t h e r m i c  r e a c t i o n .  T h e  p r o d u c t s  to  b e  f o a m e d  a r e  p a s s e d  t h r o u g h  

th e  p r e h e a t  o v e n  j u s t  p r i o r  to  f o a m i n g  to  b r i n g  t h e m  up to 

t e m p e r a t u r e .  T h e  p r e h e a t  o v e n  s h o u l d  b e  d e s i g n e d  to  k e e p  the  

c a b i n e t s  a t  a n  o p t i m u m ,  c o n s i s t e n t ,  a n d  u n i f o r m  t e m p e r a t u r e  no  

m a t t e r  -what t h e  p r o d u c t i o n  r a t e .

T h e  p u r p o s e  of  t h e  c u r e  o v e n  i s  to  s p e e d  up p r o d u c t i o n .

If t h e  f o a m  i s  p o s t c u r e d  th e  t i m e  in  t h e  j ig  i s  r e d u c e d  c o n s i d e r a b l y .  

(12) N o  p o s t c u r e  o v e n  i s  n e e d e d ,  h o w e v e r ,  if  t h i s  i s  n o t  a f a c t o r  

s i n c e  th e  r e s t r a i n i n g  f i x t u r e s  w i l l  u s u a l l y  r e t a i n  the  h e a t  n e c e s s a r y  

f o r  th e  c u r e .  M i c r o w a v e ,  d i e l e c t r i c  a n d  i n f r a r e d  a r e  b e i n g  u s e d  

c o m m e r c i a l l y  to  h e l p  s p e e d  up the  p o s t c u r i n g  p r o c e d u r e .  (11)

F i x t u r e s .  T h e  f i x t u r e s  a r e  d e s i g n e d  to p r o v i d e  t h r e e  b a s i c  

f u n c t i o n s  : (1) T o  r e s t r a i n  th e  p r e s s u r e s  d e v e l o p e d  d u r i n g  f o a m i n g ;  

(2)  to  s e c u r e  the  p r o d u c t s  to p r e v e n t  w a r p a g e ;  and  (3) to  r e t a i n  th e  

e x o t h e r m  h e a t .

B e c a u s e  of  the  p r e s s u r e s  d e v e l o p e d  d u r i n g  f o a m i n g ,  

a d e q u a t e  f i x t u r e s  a r e  r e q u i r e d .  If  th e  f i x t u r e s  a r e  n o t  w e l l  b u i l t  

t h e y  w i l l  n e e d  to  be  r e p l a c e d  in  a few y e a r s  ad d in g  a d d i t i o n a l  c o s t

to  t h e  m a n u f a c t u r i n g  o p e r a t i o n .



If t h e  s u r f a c e  f i n i s h  of  the  p r o d u c t  i s  c r i t i c a l ,  c l o s e
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t o l e r a n c e s  a r e  n e e d e d  b e t w e e n  the  p r o d u c t  w a l l  and  the  f i x t u r e  s o  

t h a t  w a r p a g e  o r  r i p p l e s  i n  th e  m e t a l  s u r f a c e s  a r e  n o t  n o t i c e a b l e .

T h e  t e m p e r a t u r e  of th e  f i x t u r e  i s  a l s o  c r i t i c a l .  S o m e  

c o m p a n i e s  p a s s  th e  f i x t u r e  t h r o u g h  a p r e h e a t e d  o v e n  to  g e t  i t  to 

c o r r e c t  t e m p e r a t u r e  b e f o r e  s t a r t i n g  a s h i f t .  I f  t h i s  i s  n o t  done ,  

e x c e s s  m a t e r i a l  i s  p l a c e d  in to  the  p r o d u c t  a t  t h e  s t a r t  of  t h e  s h i f t  

to  a l lo w  f o r  t h e  l o w e r  t e m p e r a t u r e .  A f t e r  t w e n t y  m i n u t e s  the  

e x o t h e r m  h e a t  g e n e r a t e d  f r o m  th e  r e a c t i o n  w i l l  h a v e  th e  f i x t u r e  to  a 

c o r r e c t  t e m p e r a t u r e  r a n g e .  P e o p l e  e x p e r i e n c e d  w i th  u r e t h a n e  

f o a m i n g { 1 3 ,  14, 9, 1) f e e l  t h a t  the  t e m p e r a t u r e  of the  f i x t u r e  i s  

v e r y  h a r d  to  c o n t r o l  and  k e e p  c o n s t a n t  d u r i n g  a p r o d u c t i o n  r u n  

b e c a u s e  t h e y  a r e  c o n t i n u o u s l y  h e a t i n g  f r o m  th e  e x o t h e r m  h e a t .

S i n c e  t h e  t e m p e r a t u r e  of  t h e  f i x t u r e  c h a n g e s ,  t h i s  i s  a c r i t i c a l  a r e a  

of  c o n c e r n  w h e n  t r y i n g  to c o n t r o l  t h e  p r o c e s s  v a r i a b l e s .

T h e  c o n s t r u c t i o n  m a t e r i a l s  t h a t  a r e  u s e d  a r e  a l s o  of  

c o n c e r n .  If  t h e  f i x t u r e s  a r e  m a d e  of  m e t a l ,  t h e  m e t a l  c o n d u c t s  the  

h e a t  t o o  r a p i d l y  f r o m  the  r e a c t i o n  c a u s i n g  p o o r  f o a m  c h a r a c t e r i s t i c s .  

M o s t  f i x t u r e s  a r e  m a d e  of  w o o d  a n d  p l a s t i c  m a t e r i a l  to r e t a i n  the  

e x o t h e r m  h e a t .

S o m e  h a v e  e x p e r i m e n t e d  w i th  h e a t e d  j i g s ,  t h e r e b y  

e l i m i n a t i n g  th e  n e e d  f o r  t h e  p r e h e a t  a n d  c u r e  o v e n s .  P e r h a p s  m o r e

e x p e r i m e n t a t i o n  s h o u ld  b e  done  to f in d  w a y s  to  c o n t r o l  the
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t e m p e r a t u r e  of the  f i x t u r e s .  A n  e x a m p l e  m i g h t  b e  in  u s i n g  w a t e r  

a s  a t r a n s f e r  m e d i u m  to  k e e p  t h e  f i x t u r e s  a t  c o n s t a n t  t e m p e r a t u r e .



C H A P T E R  III

P R O C E S S  V A R I A B L E S

T h e  p u r p o s e  of  t h i s  c h a p t e r  w a s  to  t a k e  a c l o s e r  lo o k  a t  

t h e  v a r i a b l e s  a s s o c i a t e d  -with t h e  r i g i d  f o a m  p r o c e s s  by  r e v i e w i n g  

l i t e r a t u r e  t h a t  h a s  b e e n  w r i t t e n  a n d  r e s u l t s  g a t h e r e d  b y  o t h e r  

r e s e a r c h e r s .  T h e s e  i n c l u d e  v a r i a b l e s  a s s o c i a t e d  w i th  th e  f o a m ,  

e q u i p m e n t ,  a n d  m o l d  c a v i ty .

V a r i a b l e s  A s s o c i a t e d  W i th  th e  F o a m

T h e  v a r i a b l e s  a s s o c i a t e d  w i th  th e  f o a m  w o u ld  i n c l u d e :  (1) 

th e  i n g r e d i e n t s ,  (2) th e  t e m p e r a t u r e s  of p r e m i x e d  i n g r e d i e n t s ,  (3) 

v i s c o s i t i e s  of  the  i n g r e d i e n t s ,  (4)  r a t i o  of  i n g r e d i e n t s ,  (5) f low 

c h a r a c t e r i s t i c s  of  the  r i s i n g  f o a m ,  a n d  (6) e n v i r o n m e n t a l  f a c t o r s .

T h e  I n g r e d i e n t s .  T h e  p u r p o s e  of  t h i s  s tu d y  w a s  n o t  to  go  

in t o  t h e  c o m p o s i t i o n s  of  d i f f e r e n t  m a k e s  a n d  ty p e s  of  f o a m ,  b u t  to  

u s e  one  s p e c i f i c  f o a m  f o r  e x p e r i m e n t a t i o n  a n d  f ind  i t s  s e n s i t i v i t y  

to  p r o c e s s  v a r i a b l e s .  M a n y  e x c e l l e n t  a r t i c l e s  a r e  a v a i l a b l e ( 2 ,  8, 9, 

12, 15, 16, 17, 18, 19, 20) on th e  d i f f e r e n t  f o a m  i n g r e d i e n t s .

25



26

T h e  i n g r e d i e n t s  i n c l u d e  th e  A a n d  B c o m p o n e n t s .  T h e  B 

c o m p o n e n t ,  a s  m e n t i o n e d  e a r l i e r ,  i s  a c o m b i n a t i o n  of  p o l y o l ,  

c a t a l y s t s ,  s u r f a c t a n t s  a n d  b lo w i n g  a g e n t .  T h e  c a t a l y s t s  of the  

s y s t e m  s h o u l d  b e  b a l a n c e d  s o  t h a t  th e  top  of t h e  r i s i n g  f o a m  d o e s  

n o t  s o l i d i f y  b e f o r e  the  m o l d  i s  c o m p l e t e l y  f i l l e d .  (2) T h e  s u r f a c ­

t a n t  i s  a n  i m p o r t a n t  p a r t  of  the  m i x t u r e  in  t h a t  i t  h e l p s  to  f o r m  a 

h o m o g e n e o u s  m i x t u r e  a s s u r i n g  c o m p l e t e  a n d  u n i f o r m  r e a c t i o n ,  

a n d  a l s o  h e l p s  c o n t r o l  c e l l  s i z e  a n d  f o r m a t i o n .  (12,  18, 21 ,  22) T h e  

a m o u n t  of  b lo w in g  a g e n t  in  th e  m i x t u r e  h a s  an  i n f l u e n c e  on th e  

d e n s i t y  of the  m o l d e d  p a r t ( 2 4 ) .  I t  s e r v e s  a s  a n  e x p a n d i n g  a g e n t  f o r  

the  f o a m  a n d  a l s o  c o n t r i b u t e s  to  t h e  low t h e r m a l  c o n d u c t i v i t y  of  the  

f o a m .

F i g .  9. In  p l a c e  p a n e l  d e n s i t y  v e r s u s  p e r c e n t  
t r i c h l o r o f l u o r o m e t h a n e  f o r  a o n e - s h o t  r i g i d  f o a m

S O U R C E :  K a p la n ,  M. 1967.  F o r m u l a t i o n  a n d  p r o c e s s i n g  
t e c h n i q u e s .  R i g i d  P l a s t i c s  F o a m s ,  p.  106. F e r r i g n o ,  T .  H.



T e m p e r a t u r e s  of  P r e m i x e d  I n g r e d i e n t s .  T h e  c o m p o n e n t
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t e m p e r a t u r e s  a f f e c t  th e  r e p e a t e d  a c c u r a c y  of  the m e t e r i n g  s y s t e m ,  

th e  m i x e r s  e f f i c i e n c y ,  th e  f low c h a r a c t e r i s t i c s  in  t h e  c a v i t y  a n d  the  

f i n a l  q u a l i t y  of  th e  f o a m .  (1)

If  the  i n g r e d i e n t  t e m p e r a t u r e  i s  i n c r e a s e d ,  t h e  d e n s i t y  

d e c r e a s e s ,  b u t  the  b a d  f e a t u r e  i s  t h a t  the  f o a m  s t r u c t u r e  m a y  

b e c o m e  " c o u r s e "  a n d  " i r r e g u l a r " .  (2)

K a p la n ( 6 )  m e n t i o n s  t h a t ,  ",  . . . i n  g e n e r a l ,  t h e  r e a c t i o n  r a t e  

i n c r e a s e s  w i th  i n c r e a s i n g  i n g r e d i e n t  t e m p e r a t u r e s ,  " a n d  t h a t  

d e n s i t y  d e c r e a s e s .  Show n b e lo w  a r e  the  r e s u l t s  of  h i s  e x p e r i m e n t s .

T a b l e  4

E f f e c t s  of  I n g r e d i e n t  T e m p e r a t u r e  on  R e a c t i o n  T i m e s  
in  a O n e - S h o t  R i g i d  U r e t h a n e  F o a m  S y s t e m

. 1 - - ■ ",

C r e a m R i s e T a c k  f r e e
P r e m i x I s o c y a n a t e T i m e T i m e T i m e

S ec . S e c . S e c .

70 71 17 140 145
78 123 9 100 110
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E f f e c t s  of  I n g r e d i e n t  T e m p e r a t u r e  on P a n e l  Dens ity-  
in  a O n e - S h o t  R i g i d  U r e t h a n e  F o a m  S y s t e m

T r i c h l o r o - O v e r a l l
I n g r e d i e n t  T e m p . f l o r o m e t h a n e p a n e l

° F p a r t s  p e r  100 d e n s i t y
F  o a m P r e m i x  I s o c y a n a t e p a r t s  p o l y e s t e r I b s / f t ^

A 77 77 45 2.  3
B 87 125 45 2. 0
C 77 77 52 2. 0

N O T E :  P a n e l  s i z e  24 X 24 X 1. 75 i n c h e s .
O n f o a m  C the  t e m p e r a t u r e  w a s  k e p t  th e  s a m e  f o r  ingredients,  
b u t  F r e o n  l e v e l  w a s  i n c r e a s e d  to  d e c r e a s e  d e n s i t y .

V i s c o s i t i e s .  T h e  m a i n  a r e a  w h e r e  th e  v i s c o s i t y  of  the  

c o m p o n e n t s  i s  c r i t i c a l  i s  in  t h e  m i x i n g  a n d  m e t e r i n g  o p e r a t i o n s .  

D o y le ( 8 )  m e n t i o n s  t h a t  th e  m e t e r i n g  p a r t  i s  g e n e r a l l y  g o v e r n e d  b y  

t h e  v i s c o s i t i e s  of  t h e  f o a m  s y s t e m  u s e d .  " T h e  h i g h e r  the  

v i s c o s i t i e s ,  t h e  h a r d e r  i t  i s  to  h a n d l e  th e  c o m p o n e n t s .  W h e r e  one  

c o m p o n e n t  i s  m u c h  h i g h e r  in  v i s c o s i t y  t h a n  th e  o t h e r ,  t h e  p r o b l e m  

i s  c o m p o u n d e d ,  a n d  m e t e r i n g  c a n  b e c o m e  v e r y  i r r e g u l a r  w i th  m a n y  

m a c h i n e s .  " T h e  v i s c o s i t i e s  a r e  r e g u l a t e d  b y  c h a n g i n g  th e  t e m p e r ­

a t u r e .  In  m o s t  o p e r a t i o n s  th e  A c o m p o n e n t  i s  c h i l l e d  b e c a u s e  i t  

i s  of l o w e r  v i s c o s i t y  a n d  the  B c o m p o n e n t  s l i g h t l y  h e a t e d  to  m a k e

t h e m  s i m i l a r  in  v i s c o s i t i e s .
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T h e  m i x i n g  o p e r a t i o n  i s  a l s o  a f f e c t e d  b y  t h e  v i s c o s i t i e s  of 

th e  c o m p o n e n t s .  T h e  c l e a r a n c e  b e t w e e n  th e  a g i t a t o r  a n d  h o u s i n g  

p r o v i d e s  a h i g h  d e g r e e  of  m i x i n g  s h e a r .  A s  v i s c o s i t i e s  i n c r e a s e ,  

s o  s h o u l d  the  c l e a r a n c e .  (6)  On i m p i n g e m e n t  m i x e r s  i t  i s  c r i t i c a l  

t h a t  th e  v i s c o s i t i e s  b e  s i m i l a r  f o r  a g o o d  m i x .  (10)

If  t h e  v i s c o s i t i e s  a r e  s i m i l a r  t h e r e  i s  a l s o  a b e t t e r  c h a n c e  

f o r  c o m p l e t e  m i x i n g  b e c a u s e  of the  s i m i l a r i t y  b e t w e e n  th e  two 

c o m p o n e n t s .

V i s c o s i t i e s  a r e  o f t e n  m e a s u r e d  in  i n d u s t r y  b y  u s e  of  a 

B r o o k f i e l d  v i s c o m e t e r .  (23) A s a m p l e  v i s c o s i t y  c u r v e  f o r  T D I  i s  

s h o w n  i n  F i g u r e  10.

I n g r e d i e n t  R a t i o .  T h e  i n g r e d i e n t  r a t i o  i s  th e  r a t i o  of th e  

w e i g h t s  of  th e  tw o  i n g r e d i e n t s .  T h e  s t o i c h i o m e t r y  of  r a t i o  b e t w e e n  

th e  N C O  t o  OH s h o u l d  b e  f r o m  1. 00 to  1 . 0 3 .  T h i s  r a t i o  of  N C O  to  

a c t i v e  H  i o n s  i s  s o m e t i m e s  c a l l e d  the  T D I  in d e x .  F r o m  u s i n g  t h i s  

i n d e x ,  t h e  r a t i o  of  w e i g h t s  of  i n g r e d i e n t s  c a n  b e  e s t a b l i s h e d .  T h e  

f o a m  s y s t e m  u s e d  i n  e x p e r i m e n t a t i o n ,  a s  m e n t i o n e d  e a r l i e r ,  i s  140 

p a r t s  M a s t e r b a t c h  to  100 p a r t s  TDI.  It  i s  of  u t m o s t  i m p o r t a n c e  that  

t h i s  r a t i o  be  k e p t  a s  c l o s e  a s  p o s s i b l e  f o r  o p t i m u m  f o a m i n g .

F l o w  C h a r a c t e r i s t i c s .  W h e n  th e  tw o  c o m p o n e n t s  a r e  

m i x e d  th e  f o a m  b e g i n s  to  e x p a n d  a n d  to f i l l  t h e  c a v i t y .  T h i s

e x p a n s i o n  i s  in  t h e  r a n g e  of t h i r t y  t i m e s  th e  o r i g i n a l  v o l u m e .
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F ig ;  .10. T y p i c a l  v i s c o s i t y  v e r s u s  t e m p e r a t u r e  c u r v e  f o r  T D I
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" D u r i n g  th i s  f i l l i n g  p e r i o d  the  v i s c o s i t y  of  the  r e a c t i n g  m i x t u r e  

i n c r e a s e s  m a r k e d l y  f r o m  th e  i n i t i a l  low v a l u e  of th e  l i q u id  m i x t u r e  

to  th e  h i g h  v a l u e  of  the  f i n a l  p o l y m e r i z e d  f o a m  s t r u c t u r e .  "(4)

F i g .  11. V a r i a t i o n  of  r e l a t i v e  v i s c o u s  s t i f f n e s s  
w i th  t i m e  of a r e a c t i n g  f o a m  f r o m  the  i n i t i a l  d i s p e n s i n g  of 
th e  l i q u i d  m i x t u r e

S O U R C E :  B u i s t ,  J .  M. , H u r d ,  R.  a n d  S t a f f o r d ,  R .  L .  1968.  
" R i g i d  f o a m :  M a n u f a c t u r e  a n d  p r o p e r t i e s "  A d v a n c e s  in  p o l y u r e t h a n e  
t e c h n o l o g y , e d .  b y  B u i s t ,  J .  M. a n d  G u d g e o n ,  H.  L o n d o n :  M a C l a r e n

D a v e  H a r t ( 1 4 )  m e n t i o n e d  t h a t  m o s t  m i s t a k e s  a r e  m a d e  in

d e s i g n i n g  f o r  f o a m  b e c a u s e  the  d e s i g n e r  i s  n o t  f a m i l i a r  w i th  the

f o a m  a b i l i t i e s .  H e  m e n t i o n s  the  f o l l o w i n g  c o n c e r n i n g  th e  r e a c t i o n :

A s  th e  p o l y m e r i z a t i o n  p r o c e e d s ,  m o r e  h e a t  i s  g i v e n  
off  a n d  th e  v i s c o s i t y  of  the  l i q u i d  a n d  e n s u i n g  f o a m  
b e c o m e s  g r e a t e r .  W h e n  the  f o a m  i s  w e l l  on  th e  w a y  to 
c o m p l e t e  p o l y m e r i z a t i o n ,  i t  i s  e x t r e m e l y  v i s c o u s  and  
w i l l  n o t  f low w e l l .  In o r d e r  to  g e t  g o o d  f o a m  f low ,  the 
f o a m  s h o u l d  f low d u r i n g  th e  p r i m a r y  p o l y m e r i z a t i o n  
s t a g e .  If  th e  p o l y m e r i z a t i o n  e x o t h e r m  i s  c o n t a i n e d  
w i t h i n  t h e  l i q u i d  m a s s ,  f o a m i n g  w i l l  b e g i n  a s  s o o n  a s
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th e  m a t e r i a l s  b e g i n  to p o l y m e r i z e .  If t h i s  o c c u r s  the  
a r e a  f o a m e d  w i l l  be  f i l l e d  w i th  f o a m  b e f o r e  th e  p o l y ­
m e r i z a t i o n  h a s  p r o c e e d e d  to  a p o i n t  t h a t  p r o d u c e s  a 
v i s c o u s  f o a m  t h a t  w i l l  n o t  f low .  In  o r d e r  to  o v e r c o m e  
t h i s  p r o b l e m ,  one  m u s t  d e s i g n  s o  t h a t  th e  e x o t h e r m  
r e m a i n s  in  th e  o r i g i n a l  m a s s .

S o m e  c a t a l y s t s  a r e  a d d e d  to  the  f o a m  to  h e l p  d e l a y  th e  

c u r i n g  of t h e  f o a m  u n t i l  t h e  f o a m  h a s  f i l l e d  the  c a v i t y .

T h e  U r e t h a n e  F o a m  F lo w  T e s t ,  a n d  A S T M  S t a n d a r d  t e s t  

f o r  R a t e - o f - R i s e  ( V o l u m e  I n c r e a s e )  P r o p e r t i e s  of  U r e t h a n e  

F o a m i n g  S y s t e m s ( 2 3 )  h a v e  b e e n  d e v e l o p e d  to  d e t e r m i n e  th e  f o a m ' s  

a b i l i t i e s .  S e e  A p p e n d i x  B.

E n v i r o n m e n t a l

F o a m  i s  a b o u t  97 p e r c e n t  g a s  b y  v o l u m e .  T h e  p r e s s u r e  in  

th e  r i s i n g  f o a m  m u s t  e x c e e d  a t m o s p h e r i c  p r e s s u r e ,  o t h e r w i s e  th e  

f o a m  w i l l  n o t  r i s e .  (4) " B u b b l e  g r o w t h  w i l l  c o n t in u e  f r o m  a n  a r e a  

of  h i g h  p r e s s u r e  to  a n  a r e a  of  low p r e s s u r e .  "(22)  A f t e r  the  f o a m  

f i l l s  t h e  c a v i t y  th e  t e m p e r a t u r e  of the  c a v i t y  c o n t i n u e s  to  i n c r e a s e  

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

a s  l 6 0 ° C .  (4) T h e  p r e s s u r e  of  the  g a s  i n  th e  c e l l  c a n  b e  d e t e r m i n e d  

u s i n g  t h e  g a s  l a w s .

F r o m  t h i s  d i s c u s s i o n ,  i t  c o u l d  b e  i n f e r r e d  t h a t  b a r o m e t r i c  

p r e s s u r e  c o u l d  h a v e  s o m e  e f f e c t  o n  th e  r i s i n g  f o a m .
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F i g .  12. I n c r e a s e  in  i n t e r n a l  t e m p e r a t u r e  of  a t y p i c a l  
f o a m  f r o m  the  t i m e  of d i s p e n s i n g  of l i q u i d  m i x t u r e

S O U R C E :  B u i s t ,  J .  M. , H u r d  R .  a n d  S t a f f o r d ,  R„ E .  1968. 
" R i g i d  f o a m :  m a n u f a c t u r e  a n d  p r o p e r t i e s ." A d v a n c e s  i n  p o l y ­
u r e t h a n e  t e c h n o l o g y , e d .  b y  B u i s t ,  J .  M. a n d  G u d g e o n ,  H.  p .  205.  
L o n d o n :  M a C l a r e n

S t r i c k m a n ( 2 2 )  m e n t i o n s  t h a t  one r e a s o n  f o r  n o n - u n i f o r m  

u r e t h a n e  f o a m  " i s  t h e  p r e s e n c e  of  e x c e s s i v e  h u m i d i t y  in  the  

r e a c t i n g  m a t e r i a l s  due  to th e  e n t r a p m e n t  of  a m b i e n t  a i r .  In  

s m a l l  a m o u n t s  th e  ' a i r  e n t r a p m e n t '  e n h a n c e s  the  c e l l  s t r u c t u r e .  " 

E x c e s s i v e  a i r  g i v e s  p o o r  f o a m  b e c a u s e  e x c e s s i v e  m o i s t u r e  i n t e r ­

f e r e s  w i th  the n u c l e a t i n g  a g e n t .

T h e  t e m p e r a t u r e  of th e  a i r  c o u l d  a l s o  h a v e  an  e f f e c t  on 

th e  f i n a l  f o a m  c h a r a c t e r i s t i c s .  H a r t ( 1 4 )  r e p o r t s  on an  e x p e r i m e n t

w h e r e  h e  f o a m e d  a c o n t a i n e r  m e a s u r i n g  t w e l v e  i n c h e s  b y  tw e l v e
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i n c h e s  b y  one a n d  o n e - h a l f  i n c h e s  on  end  a n d  l a y in g  on  i t s  f a c e .

One  h a d  144 s q u a r e  i n c h e s  e x p o s e d  to  the  a i r  a b o v e  th e  r i s i n g  f o a m  

a n d  th e  o t h e r  e i g h t e e n  s q u a r e  i n c h e s .  T h e  r e s u l t s  s h o w e d  t h a t  120 

g r a m s  of  tw o  p o u n d  p e r  c u b i c  f o o t  d e n s i t y  f o a m  w a s  r e q u i r e d  to  f i l l  

t h e  c o n t a i n e r  on i t s  e n d .  T h i s  s a m e  a m o u n t  on ly  f i l l e d  65 p e r c e n t  

w h e n  on  i t s  f a c e .  T h e  r e a s o n  f o r  th e  d e c r e a s e  in  f i l l  w a s  a t t r i b u t e d  

to  t h e  e s c a p e  of th e  e x o t h e r m  to  th e  a i r .

V a r i a b l e s  A s s o c i a t e d  W i th  th e  
M i x i n g  a n d  M e t e r i n g  E q u i p m e n t

A s  m e n t i o n e d  e a r l i e r ,  p r o p o r t i o n i n g  i s  c r i t i c a l  a n d  i s

a f f e c t e d  b y  the  v i s c o s i t i e s  of  the  f o a m ,  the  p r e s s u r e s  of  the  s t r e a m s ,

a n d  the  p u m p  s p e e d .  M o s t  m a c h i n e s  a r e  c a l i b r a t e d  a t  t h e  beg in n in g

of t h e  s h i f t  to  i n s u r e  t h a t  the  r a t i o s  a r e  c o r r e c t .

K a p la n ( 6 )  m a k e s  s o m e  e x c e l l e n t  o b s e r v a t i o n s  c o n c e r n i n g

the  v a r i a b l e s  of t h e  m i x i n g  o p e r a t i o n :

T h e  f u n c t i o n  of th e  m i x i n g  h e a d  i s  to p r o v i d e  s u f f i c i e n t  
m i x i n g  s o  t h a t  t h e  s t r e a m s  a r e  t h o r o u g h l y  b l e n d e d  a n d  
th e  r e s u l t a n t  f o a m  h a s  f in e  u n i f o r m  c e l l  s t r u c t u r e  a n d  
o p t i m a l  p h y s i c a l  p r o p e r t i e s .  I n s u f f i c i e n t  m i x i n g  w i l l  
r e s u l t  i n  a w e a k  f o a m  w i t h  c o a r s e ,  i r r e g u l a r  c e l l  
s t r u c t u r e .  T h e  d e g r e e  of  m i x i n g  a c h i e v e d  i n  t h e  h e a d  
i s  l a r g e l y  d e p e n d e n t  u pon  a g i t a t o r  d e s i g n ,  c l e a r a n c e  
b e t w e e n  h o u s i n g  a n d  a g i t a t o r ,  s i z e  of o u t l e t  o r f i c e ,  
a n d  a g i t a t o r  s p e e d .  ( I t a l i c s  m i n e )

H e  m e n t i o n s  t h a t  th e  " h i g h - s h e a r ,  h e l i c a l - g e a r  t y p e "  of  a g i t a t o r  i s  

p r e f e r r e d  b e c a u s e  i t  c o n s i s t e n t l y  p r o v i d e s  t h o r o u g h  m i x i n g  a n d  f i n e

c e l l  s t r u c t u r e .
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T h e  c l e a r a n c e  b e t w e e n  the  a g i t a t o r  a n d  h o u s i n g ,  h e  s t a t e s ,  

s h o u l d  b e  b e t w e e n  0. 006 a n d  0. 030 i n c h e s .  T h e  h i g h e r  the  v i s c o s i t y  

th e  m o r e  c l e a r a n c e  i s  n e e d e d .  T h e  o r i f i c e  on  th e  o u t l e t  of  m i x i n g  

c h a m b e r s  p r o v i d e s  b a c k  p r e s s u r e  a n d  i n c r e a s e s  the  m i x i n g  a c t i o n .  

He s t a t e s ,  " E x c e s s i v e  r e s t r i c t i o n  i n c r e a s e s  c e l l  s i z e ,  w h i c h  i s  

u n d e s i r a b l e .  O p t i m a l  r e s u l t s  h a v e  b e e n  a c h i e v e d  b y  u s i n g  the  

s m a l l e s t  o r i f i c e  t h a t  d o e s  n o t  s i g n i f i c a n t l y  i n c r e a s e  c e l l  s i z e .  ”

S p e e d  a f f e c t s  the  d e g r e e  of m i x i n g .  K a p l a n  m e n t i o n s  t h a t  

th e  " n o r m a l  s p e e d "  i s  u s u a l l y  4000  to  6000 r e v o l u t i o n s  p e r  m i n u t e .

P o l y u r e t h a n e  f o a m i n g  e q u i p m e n t  m a n u f a c t u r e r s  h a v e  p u t  

m u c h  r e s e a r c h  in t o  m a k i n g  the  p r o p e r  e q u i p m e n t .  T h e  c o m p a n y  

o b t a i n i n g  the  e q u i p m e n t  s h o u l d  b e  c a r e f u l  to  p i c k  the  p r o p e r  

e q u i p m e n t  t h a t  w i l l  be  c o m p a t i b l e  w i th  t h e  f o a m  i n g r e d i e n t s  th e y  

u s e ;  a n d  t h a t  w i l l  h a v e  th e  p r o p e r  o u tp u t  c a p a c i t i e s  n e e d e d  f o r  a 

g i v e n  o p e r a t i o n .

V a r i a b l e s  A s s o c i a t e d  W i th  th e  M old

T h e  v a r i a b l e s  a s s o c i a t e d  w i th  t h e  m o l d  c a v i t y  a r e  t h e  m o l d  

t e m p e r a t u r e  a n d  th e  p h y s i c a l  m a k e u p  of  the  m o l d .

M o ld  T e m p e r a t u r e .  It  i s  g e n e r a l l y  f e l t  t h a t  m o l d  t e m p e r ­

a t u r e s  of  110 to  1 3 0 ° F  a r e  the  b e s t  r a n g e  f o r  m e t a l  m o l d s  to  i n s u r e  

low p a n e l  d e n s i t i e s  a n d  o p t i m u m  k f a c t o r s .  (18,  12, 6) L o w e r
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t e m p e r a t u r e s  r e s u l t  in  h i g h e r  d e n s i t y  due  to  t h e  l o s s  of  e x o t h e r m  

h e a t .  A t h i c k e r  s k i n  i s  a l s o  f o r m e d  on  th e  f o a m  t h a t  m a y  i n c r e a s e  

t h e  k  f a c t o r .  (18)

F i g .  13. M o ld  t e m p e r a t u r e  v e r s u s  i n - p l a c e  p a n e l  
d e n s i t y  f o r  a o n e - s h o t  s y s t e m

S O U R C E :  F e r r i g n o ,  T .  H.  1967 R i g i d  P l a s t i c  F o a m s  p .  112. 
N ew  Y o r k :  R e i n h o l d

H a r t ( 1 4 )  C a r r i e d  ou t  t e s t s  b y  c h a n g i n g  th e  m o l d  t e m p e r a t u r e  in  10° 

i n c r e m e n t s  f r o m  8 0 ° F  to  1 6 0 ° F  on tw o  m o l d s  m a d e  w i t h  w a l l s  

d i f f e r e n t  d i s t a n c e s  a p a r t .  T h e  m o l d s  u s e d  w e r e  m a d e  of  3 / 4  i n c h  

p l y w o o d  c o v e r e d  w i th  20 g u a g e  c o l d  r o l l e d  s t e e l .  T h e  f o a m  w a s  

p o u r e d  in t o  v e r t i c a l l y  p o s i t i o n e d  c a b i n e t s  a n d  a l l o w e d  to  r i s e  

f r e e l y  w i t h  n o  p a c k i n g .  T h e  d i m e n s i o n s  f o r  the  m o l d s  w e r e  24 

i n c h e s  b y  24 i n c h e s  b y  tw o  i n c h e s  and  one a n d  o n e - 'h a l f  i n c h e s .  T h e

r e s u l t s  f o r  the  tw o  p a n e l s  f o a m e d  a r e  s h o w n  in  F i g u r e  14.
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F i g .  14. P a n e l  d e n s i t y  v e r s u s  m o l d  t e m p e r a t u r e

S O U R C E :  H a r t ,  D a v id .  " P o l y u r e t h a n e  f o a m  i n s u l a t i o n  in  
h o u s e h o l d  r e f r i g e r a t o r s  d e s i g n  c o n s i d e r a t i o n s  t e c h n i q u e s  and  
a p p l i c a t i o n .  " 1973 U n p u b l i s h e d

H i s  r e s u l t s  s h o w e d  t h a t  v e r y  l i t t l e  d e n s i t y  c h a n g e  w a s  

o b t a i n e d  a f t e r  9 0 ° F  w a s  r e a c h e d  f o r  the  p a r t i c u l a r  f o a m  s y s t e m  he  

u s e d .

P h y s i c a l  m a k e u p  of the  m o l d .  D o m b r o v ( 2 )  m e n t i o n s  f o u r  

f a c t o r s  t h a t  s h o u l d  be  t a k e n  in t o  a c c o u n t  w h i l e  d e s i g n i n g  the  m o l d :  

(1) th e  m a t e r i a l  t h e  m o l d  i s  m a d e  of, (2) s u r f a c e  to  v o l u m e  r a t i o ,  

(3)  t h e  s i z e  of p o u r  n e e d e d ,  a n d  (4) t h e  r e s t r a i n t s  p l a c e d  on  the  

r i s i n g  f o a m .  H a r t  a d d s  one  m o r e  f a c t o r  c o n c e r n i n g  th e  s h a p e  of

th e  c a v i t y .  (14)
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M o s t  m i s t a k e s  a r e  m a d e  in  d e s i g n i n g  f o r  th e  f o a m  
b e c a u s e  th e  d e s i g n e r  i s  m o s t  f a m i l i a r  w i th  the  f o a m ' s  
a b i l i t i e s .  One a b i l i t y  t h a t  i s  m o s t  a b u s e d  i s  th e  a b i l i t y  
of  the  f o a m  to  r i s e  i n  a p a n e l  a n d  f low to a l l  s m a l l  
c o n c e r n s  of  the  u n i t  b e i n g  f o a m e d .  T h e  f o a m  w i l l  
r i s e  n i c e l y  in  a n a r r o w  p a n e l ,  b u t  a v o i d  o v e r w o r k i n g  
t h e  f o a m  i f  p o s s i b l e .  C a u s i n g  th e  f o a m  to  c h a n g e  
d i r e c t i o n s  m a n y  t i m e s  in  i t s  u p w a r d  r i s e  w i l l  o v e r ­
w o r k  th e  f o a m  a n d  i t  w i l l  b e g i n  to  d r a g  a t  t h e  top  
of  the  r i s e  c a u s i n g  p o o r  p h y s i c a l  p r o p e r t i e s  in  t h i s  
a r e a .  A t t e m p t  to  g iv e  t h e  f o a m  a s m o o t h  r i s e  a n d  
i t s  p h y s i c a l  p r o p e r t i e s  w i l l  b e  u n i f o r m .  (14)

M o ld  M a t e r i a l s .  T h e  m a t e r i a l s  a r e  of  two t y p e s ;  the  

c o n d u c t o r s  a n d  n o n c o n d u c t o r s  of  h e a t .  T h e  i n s u l a t i n g  ty p e  of  m o l d  

w i l l  p r o d u c e  l o w e r - d e n s i t y  f o a m s  t h a n  m e t a l  m o l d s .  T h i s  is  

b e c a u s e  th e  e x o t h e r m  h e a t  i s  n o t  l o s t  t h r o u g h t h e  w a l l s .

S i m i l a r  to  t h i s  i s  a t e s t  m a d e  on  p a n e l  t h i c k n e s s  b y  Har t(14).  

R e s u l t s  s h o w n  i n  F i g u r e  13 s h o w e d  t h a t  a s  p a n e l  t h i c k n e s s  i n c r e a s e d ,  

d e n s i t y  d e c r e a s e d .

F i g .  15. D e n s i t y  v e r s u s  p a n e l  t h i c k n e s s

S O U R C E :  H a r t ,  D a v i d .  " P o l y u r e t h a n e  f o a m  i n s u l a t i o n  in  
h o u s e h o l d  r e f r i g e r a t o r s  d e s i g n  c o n s i d e r a t i o n s  t e c h n i q u e s  a n d  
a p p l i c a t i o n .  " 1973.  U n p u b l i s h e d
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S u r f a c e  to  V o l u m e  R a t i o .  T e s t s  h a v e  s h o w n  t h a t  th e  h i g h e r  

t h e  s u r f a c e  r a t i o  to th e  v o l u m e ,  t h e  h i g h e r  the  d e n s i t y  of  the  

r e s u l t i n g  f o a m .  If an  a t t e m p t  i s  m a d e  to  f o a m  th i n  s l a b s ,  h i g h e r  

d e n s i t y  a l s o  s h o u l d  be  e x p e c t e d .

S i z e  of P o u r .  T h e  s i z e  of  p o u r  a l s o  e f f e c t s  th e  d e n s i t y .  

T h e  l a r g e r  the  v o l u m e  of m a t e r i a l ,  t h e  g r e a t e r  the  e x o t h e r r n ( S )  

c o n t a i n e d  in  th e  s y s t e m .

T a b l e  6 

E f f e c t  of  S i z e  of P o u r

S i z e  of  P o u r  ( in^) F o a m  D e n s i t y  ( l b s / f t ^ )

12 7. 6
60 6. 0

200 4.  7
900 3. 9

S O U R C E :  D o m b r o w ,  B e r n a r d  A. 1965 P o l y u r e t h a n e s . 
S e c o n d  E d .  p .  52 New Y o r k :  R e i n h o l d

R e s t r a i n t .  O p e n i n g s  s h o u l d  b e  p l a c e d  in  t h e  c a v i t y  f o r  t h e  

e s c a p e  of  the  a i r  b e i n g  p u s h e d  out  b y  the  r i s i n g  f o a m .  T h e  v e n t s  

s h o u l d  b e  d e s i g n e d  to  p r e v e n t  e s c a p e  of the  f o a m .  U s u a l l y  1 /1 6  

i n c h  d i a m e t e r  h o l e s  w i l l  a l lo w  a i r  to  e s c a p e ,  b u t  n o t  th e  f o a m .  (6)  

O n  s o m e  o p e r a t i o n s  f i b e r o u s  g l a s s  i s  u s e d  a s  a f o a m  s t o p ,  a n d  to

a l lo w  f o r  t h e  e s c a p e  of  a i r .
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A f t e r  r e v i e w  of t h e  v a r i a b l e s  a s s o c i a t e d  w i th  th e  r i g i d  

u r e t h a n e  f o a m  p r o c e s s  one  c a n  now a p p r e c i a t e  the  s t a t e m e n t  m a d e  

b y  K a p la n ( 2 4 ) :

T h e  f o r m u l a t i n g  a n d  p r o c e s s i n g  of  r i g i d  u r e t h a n e  f o a m  
i s  b o t h  a s c i e n c e  a n d  a n  a r t .  I t  i s  a s c i e n c e  i n  r e s p e c t  
to  th e  t h e o r e t i c a l  a s p e c t s  c o n c e r n i n g  the  c a t a l y s i s  a n d  
k i n e t i c s  of  the  p o l y m o r i z a t i o n  a n d  c r o s s - l i n k  d e n s i t y  of 
th e  r e s u l t i n g  f o a m .  It  s h o u ld ,  h o w e v e r ,  be  c o n s i d e r e d  
a n  a r t  a s  w e l l ,  s i n c e  t r a c e  i m p u r i t i e s  o r  on ly  m i n i m a l  
c h a n g e s  in  f o r m u l a t i o n  o r  m e c h a n i c a l  p r o c e s s i n g  c a n  
r e s u l t  i n  a f o a m  w i t h  a r a d i c a l l y  d i f f e r e n t  a p p e a r a n c e  
a n d / o r  p h y s i c a l  p r o p e r t i e s .

L i m i t i a t i o n s  of P r e v i o u s  S t u d i e s

M o s t  of  th e  s t u d i e s  m a d e  on  r i g i d  u r e t h a n e  f o a m  h a v e  b e e n  

d e a l i n g  w i th  one  v a r i a b l e  a t  a t i m e  w h i le  the  o t h e r s  a r e  h e l d  

c o n s t a n t .  It  w o u ld  b e  b e n e f i c i a l  i f  a r e l a t i o n s h i p  c o u l d  be  e s t a b l i s h e d  

b e t w e e n  th e  v a r i a b l e s  so  t h a t  t h e  r i g i d  f o a m  p r o c e s s  c o u l d  be  

c o n t r o l l e d  a c c u r a t e l y  a n d  b e c o m e  m o r e  of a " s c i e n c e "  a n d  l e s s  of 

a n  " a r t " .



C H A P T E R  XV

E X P E R I M E N T A L  D E S IG N  A ND  P R O C E D U R E

A f t e r  c a r e f u l  r e v i e w  of t h e  p r o c e s s  v a r i a b l e s ,  a n  e x p e r ­

i m e n t a l  d e s i g n  w a s  n e x t  e s t a b l i s h e d .  A f o a m  i n g r e d i e n t  s y s t e m  w a s  

d o n a t e d  b y  W h i r l p o o l  f o r  r e s e a r c h .  (See  C h a p t e r  I) T h e  r a t i o  

b e t w e e n  th e  m a s t e r b a t c h  and  T D I  h a d  b e e n  c a l c u l a t e d  a s  140 p a r t s  

m a s t e r b a t c h  to  100 p a r t s  of TDI.

T e s t  D e s i g n

T o  o b t a i n  m e a n i n g f u l  d a t a  f r o m  th e  e x p e r i m e n t s ,  i t  w a s  

i m p o r t a n t  t h a t  t h e  a c t u a l  p r o d u c t i o n  s y s t e m  a n d  c o n d i t i o n s  be  

s i m u l a t e d  a s  e x a c t  a s  p o s s i b l e .  T h e  f o a m  s y s t e m ,  a s  o u t l i n e d  in  

C h a p t e r  II, c o n s i s t e d  of  f o u r  m a i n  c o m p o n e n t s :  th e  c h e m i c a l  

h o ld i n g  s y s t e m ,  the  m i x i n g  a n d  m e t e r i n g  e q u i p m e n t ,  th e  p r e h e a t  

a n d  c u r e  o v e n s ,  a n d  th e  f i x t u r e s .  T h e  v a r i a b l e s  o u t l i n e d  in  

C h a p t e r  III  w e r e  t a k e n  in t o  a c c o u n t  in  the  d e s i g n .  T h e  p r e l i m i n a r y  

s t e p s  a s s o c i a t e d  w i th  th e  e x p e r i m e n t s  w e r e  to  i n s u r e  t h a t  th e  f r e o n  

l e v e l  w a s  c h e c k e d  a n d  c o r r e c t e d  b e f o r e  e a c h  s e t  of  t e s t  r u n s ,  a n d  

the  v i s c o s i t y - t e m p e r a t u r e  r e l a t i o n s h i p s  w e r e  f o u n d  f o r  b o t h

41
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i n g r e d i e n t s  to  f in d  the  r a n g e  w h e r e  t h e y  w e r e  s i m i l a r .  A c h e m i c a l  

s t o r a g e  and  m a t e r i a l s  h a n d l i n g  s y s t e m  w a s  d e v i s e d  t h a t  w o u ld  k e e p  

th e  c h e m i c a l s  m i x e d  a n d  a t  c o r r e c t  t e m p e r a t u r e s  f o r  th e  

e x p e r i m e n t s .  T h e  m i x i n g  a n d  m e t e r i n g  of the  tw o  c o m p o n e n t s  w a s  

c o n t r o l l e d  so  t h a t  c o r r e c t  p r o p o r t i o n i n g  a n d  m i x i n g  w o u ld  r e s e m b l e  

t h a t  of i n d u s t r y .  ( T h i s  p o r t i o n  w a s  d i f f i c u l t  b e c a u s e  of l a c k  of  the  

p r o p e r  e q u i p m e n t .  ) A p r o d u c t i o n  o v e n  w a s  c o n s t r u c t e d  to s i m u l a t e  

t h e  c o n d i t i o n s  u s e d  in  i n d u s t r y .  T h e  t e s t  c e l l  w a s  d e s i g n e d  to 

s i m u l a t e  t h e  f i l l  of  r e f r i g e r a t o r  w a l l s .  F i n a l l y  a m e a n s  w a s  d e v i s e d  

to  m o n i t o r  th e  v a r i a b l e s  a n d  o b t a i n  the  d e s i r e d  r e s u l t s  f r o m  the 

e x p e r i m e n t s .

P r e l i m i n a r y  T e s t s

F r e o n  P e r c e n t a g e  T e s t .  A f r e o n  11 t e s t  w a s  r u n  on the  A 

s i d e  to  i n s u r e  t h a t  the  c o n t e n t s  r e m a i n e d  a t  t h e  p r o p e r  s p e c i f i c a ­

t i o n s .  T h e  f r e o n  11 t e s t  c o n s i s t e d  of  the  fo l l o w in g :  B e t w e e n  10 

a n d  20 g r a m s  of  the  A c o m p o n e n t  w a s  w e i g h e d  out  a n d  p l a c e d  in to  

a  p r e w e i g h e d  t h r e e  n e c k e d  v e s s e l .  A t h e r m o m e t e r  w a s  p l a c e d  in to  

one  n e c k  of  the  v e s s e l .  I n to  t h e  o t h e r  n e c k  w a s  p l a c e d  a tu b e  

t h r o u g h  w h ic h  d r y  a i r  w a s  b u b b l e d .  T h e  v e s s e l  w a s  p l a c e d  on  a 

t h e r m o s t a t i c a l l y  c o n t r o l l e d  h o t  p l a t e  a n d  m a i n t a i n e d  a t  2 1 2 ° F  f o r  a 

p e r i o d  of 20 m i n u t e s .  T h e  s a m p l e  w a s  r e m o v e d  f r o m  th e  h o t  p l a t e

a n d  w e i g h e d .  T h e  f r e o n  l o s s  w a s  c a l c u l a t e d  a n d  c o r r e c t e d .
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s i m i l a r i t i e s  v i s c o s i t y  t e s t s  -were r u n  on b o t h  i n g r e d i e n t s .  T o  i n s u r e  

b e t t e r  c o n t r o l  of  m i x i n g  a n d  m e t e r i n g  th e  v i s c o s i t y  d a t a  i s  v e r y  

i m p o r t a n t  to  c a l i b r a t e  c o m m e r c i a l  m a c h i n e s .  On i m p i n g e m e n t  

m i x e r s  the  v i s c o s i t y  i s  c r i t i c a l  to i n s u r e  p r o p e r  m i x i n g ,  s i n c e  i t  i s  

t h e  k i n e t i c  e n e r g y  t h a t  a c c o m p l i s h e s  the  m i x i n g .

T h e  t e s t s  w e r e  p e r f o r m e d  u s i n g  U b b e lo h d e  V i s c o m e t e r s .  

T h r e e  w e r e  s e l e c t e d  in  t h e  r a n g e  of  the  v i s c o s i t y  of  the  r a n g e  of  

v i s c o s i t y  of  th e  TD I .  N u m b e r s  2B, 2C, a n d  3 w e r e  u s e d  d u r i n g  the  

t e s t s .  T h e  c a l i b r a t i o n  d a t e  f o r  t h e s e  v i s c o m e t e r s  i s  l o c a t e d  in  

A p p e n d i x  C.

T h e  f low of a f l u i d  in  a c a p i l l a r y  tu b e  i s  the  b a s i s  
f o r  v i s c o m e t e r s  of th e  O s w a l d - C a n n o n - F e n s k e  o r  
U b b e l o h d e  t y p e .  In e s s e n c e  the  v i s c o m e t e r  i s  a U 
tu b e ,  one  l e g  of  w h i c h  i s  a f in e  c a p i l l a r y  tub  c o n ­
n e c t e d  to  a r e s e r v o i r  a b o v e .  T h e  tube  i s  h e l d  v e r t i c a l l y ,  
a n d  a k n o w n  q u a n t i t y  of  f lu i d  i s  p l a c e d  in  th e  r e s e r v o i r  
a n d  a l l o w e d  to  f low by  g r a v i t y  t h r o u g h  th e  c a p i l l a r y .
T h e  t i m e  i s  r e c o r d e d  f o r  the  f r e e  s u r f a c e  i n  the  r e s e r v o i r  
to f a l l  b e t w e e n  tw o  s c r i b e d  m a r k s .  A c a l i b r a t i o n  c o n s t a n t  
f o r  e a c h  i n s t r u m e n t  t a k e s  in to  a c c o u n t  th e  v a r i a t i o n  
of  the  c a p i l l a r y ' s  b o r e  f r o m  th e  s t a n d a r d ,  t h e  b o r e ' s  
u n i f o r m i t y ,  e n t r a n c e  c o n d i t i o n s ,  a n d  the  s l i g h t  u n s t e a d ­
i n e s s  due  to  th e  f a l l i n g  h e a d  d u r i n g  the  one  to  tw o  m i n u t e  
t e s t .  V a r i o u s  b o r e  s i z e s  c a n  b e  o b t a i n e d  to  c o v e r  a 
w id e  r a n g e  of  v i s c o s i t i e s .  E x a c t  p r o c e d u r e s  f o r  c a r r y i n g  
o u t  th e  t e s t s  a r e  c o n t a i n e d  in  t h e  s t a n d a r d s  of  th e  
A m e r i c a n  S o c i e t y  f o r  T e s t i n g  a n d  M a t e r i a l s .  (25)

T h e  p r o c e d u r e  s h o w n  in  F i g u r e  16 w a s  f o l l o w e d  to  g e t  th e

r e s u l t s  o b t a i n e d  b y  the  e x p e r i m e n t s .
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instructions for the use of 
The Ubbeloh.de Viscometer

See also ASTM D 445 aud D 2515

for T.-arspirrmt liquids

1. Clean the viscometer using suitable solvents and dry by pass­
ing clean, dry filtered air through !he instrument to remove the fmal 
traces of solvents. Periodically, traces of organic deposits should be 
removed with chromic acid.

£. It there is a possibility of lint, dust, or other solid material in 
the liquid sample, niter the sample through a fritted glass filter or 
fine mesh screen.

3. Charge the viscometer by introducing sample through tube G 
into the lower reservoir; introduce enough sample to bring the level 
between lines J and K.

4. Place the viscometer into the holder, and insert it into the 
constant temperature bath. Vertically align the viscometer in One bath 
if a self aligning holder has not been used.

5. Allow approximately 20 minutes for the sample to come to 
bath temperature.

6. Place a finger over tube B and app.y suction to tube A until 
the liquid reaches the center of bulb C. Remove suction from tube A. 
Remove finger from tuba B, and immediately place ir over tub . A. 
until the sample drops away from the lav.er e rd  of the capillary into 
bulb 1. Then remove finger and measure the efflux time.

7. Tc measure the efflux tints, allow the liquid, sample to Tow 
freely down past marl: D, measuring the time for the meniscus to pass 
from mark D to mark F to the nearest 0.1 second.

8. Calculate the viscosity of the sample by multiplying the effiux 
time by the viscometer constant.

9. Without recharging the viscometer, make check determina­
tions by repeating' steps G to 8.

RECOMMENDED VISCOSITY RANGES FOR THE U35SIOHOE VISCOMETERS

A p p ro - in i'j te  Cons!r.r.t Vis; cos ‘‘V
Size C m lis to k t s /S e c o n d Cen,ti'j ta kes
O O.OOi 0.3 to 1
o c 0.003 0.6 to 3
OB 0.005 1 to 5
1 O.Oi 2 to 10
1C 0.03 C to 30
JB 0.05 10 to 50
2 0.1 20 to 100
?,c 0.3 60 to 30-0
2B 0.5 . joe to £00
3 1.0 200 tc 1XO
3C 3.0 600 to 3000
3B 5.0 1000 to 5000
4 10 2000 to 10000
4C 30 6<X» to 30000
415 50 10000 to 50009
5 100 20000 to JOOOOO

For inform.it’on for ether sizes and viscometer S , N•.•.-Be to
CANNON INSTRUMENT CO. P. O. BOX 16 STATE COLLEGE, PA. 16801 7J
F i g .  16. I n s t r u c t i o n s  f o r  th e  u s e  of  the  U b b e l o h d e  viscometer
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T h e  t e m p e r a t u r e  b a t h  u s e d  in  the  e x p e r i m e n t s  w a s  a M a g n i  

W h i r l  m a d e  by  the  B l u e  M  E l e c t r i c  C o m p a n y ,  B lu e  I s l a n d ,  I l l i n o i s .

F i g .  17. B a t h  s e t u p  f o r  v i s c o s i t y  m e a s u r e m e n t s

B e c a u s e  f r e o n  11 s t a r t s  to  b o i l  ou t  of s o l u t i o n ,  a c c u r a t e  

m e a s u r e m e n t s  c o u l d  n o t  b e  o b t a i n e d  ab o v e  9 0 ° F  f o r  th e  B s i d e .

T h e  r e s u l t s  a r e  s h o w n  in  T a b l e s  7 a n d  8 a n d  th e  g r a p h s  in  F i g u r e s  

18 a n d  19.

C o m p o n e n t  S t o r a g e  a n d  H a n d l i n g

T h e  s t o r a g e  t a n k s  t h a t  w e r e  u s e d  f o r  the  c o m p o n e n t s  w e r e  

t h e  s a m e  c o n t a i n e r s  t h e y  w e r e  s h i p p e d  in .  T h e  m a s t e r b a t c h .
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V i s c o s i t y  D a t a  f o r  T D I  ( C o m p o n e n t  A)

T e m p e r a t u r e
° F

V i s c o s o m e t e r  
# C o n s t a n t

1 s t  R u n  
S e c .

2nd R u n  
S e c .

A v e r a g e
S e c .

V i s c o s i t y  
C e n t i s t o k e  s

53.  5 3 0. 947 5 5 9 . 1 5 5 4 3 . 0 0 551.  08 521.  87
60.  0 3 0. 947 405.  17 398.  93 4 0 2 . 0 5 3 8 0 . 7 4
65.  0 3 0. 947 326.  13 3 2 4 . 3 0 3 2 5 . 2 2 3 0 7 . 9 8
68.  0 3 0.  947 283. 08 2 8 3 . 3 0 2 8 3 . 1 9 268 .  18
72.  0 3 0.  947 240.  82 238.  20 2 3 9 . 5 1 2 2 6 . 8 1
77.  0 3 0.  947 195. 80 195.  78 195.  79 1 8 5 .4 1
85.  0 2B 0 . 5 1 4 7 247.  20 2 5 4 . 5 5 250.  88 1 2 9 . 1 3
92.  0 2B 0 . 5 1 4 7 202.  90 202.  60 202.  75 1 0 4 . 3 6

100. 0 2B 0 . 5 1 4 7 155. 70 1 5 5 . 6 0 155. 65 80.  11
110. 0 2C 0 . 2 8 1 4 214.  07 2 1 4 . 3 5 2 1 4 . 2 1 60.  28
120.  0 2C 0 . 2 8 1 4 161. 80 1 6 2 . 2 0 162. 00 45.  59
130.  0 2C 0 . 2 8 1 4 130. 02 1 3 0 . 0 2 1 3 0 .4 1 36.  70

T a b l e  8

V i s c o s i t y  D a t a  f o r  M a s t e r b a t c h  ( C o m p o n e n t  B)

T e m p e r a t u r e
OF

V i s c o s o m e t e r  
# C o n s t a n t

1 s t  R u n  
S ec .

2nd R u n  
S e c .

A v e r a g e
S ec .

V i s c o s i t y
C e n t i s t o k e s

50 3 0.  947 1 7 3 0 . 5 0 1 6 8 0 . 0 0 1 7 0 5 . 2 5 1 6 1 4 . 8 7
60 3 0.  947 1047.  60 990.  00 1018.  80 9 6 4 . 8 0
68 3 0. 947 728.  00 7 0 0 . 6 0 7 1 4 . 3 0 676.  44
72 3 0.  947  ' 6 0 9 . 1 0 5 9 2 . 0 5 6 0 0 . 5 8 568.  74
77 3 0. 947 508.  06 502.  05 505.  06 478 .  29
82 3 0. 947 442 .  05 4 4 2 . 2 3 4 4 2 . 2 3 418 .  79
90 3 0. 947 337.  70 3 3 5 . 4 0 3 3 5 . 5 5 317.  77
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F i g .  18. V i s c o s i t y  v e r s u s  d e n s i t y  c r u v e  -  T D I
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F i g .  1-9. V i s c o s i t y  v e r s u s  d e n s i t y  c u r v e  - m a s t e r b a t c h
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( c o m p o n e n t  B) s i n c e  i t  c o n t a i n e d  f r e o n  11, w a s  s h i p p e d  in  a s p e c i a l  

p r e s s u r e  c o n t a i n i n g  55 g a l l o n  d r u m .  T h e  i s o c y a n a t e  w a s  s h i p p e d  in  

a 55 g a l l o n  d r u m  t h a t  w a s  c o a t e d  to  p r e v e n t  r e a c t i o n  w i th  the 

c h e m i c a l .

T h e  m a s t e r b a t c h  w a s  s t o r e d  in  a w a l k - i n  r e f r i g e r a t o r  and  

k e p t  n e a r  5 6 ° F .  T o  k e e p  the  c o m p o n e n t s  m i x e d ,  a d e v i c e  w a s  

c o n s t r u c t e d  to  r o t a t e  the  d r u m .  T w o  V - b e l t s  w e r e  p l a c e d  a r o u n d  the 

d r u m  a n d  c o n n e c t e d  to two i n c h  p u l l i e s  m o u n t e d  on the  s h a f t  of a 3 / 4  

h o r s e p o w e r  t h r e e  p h a s e  m o t o r .  T h e  m o t o r  w a s  g e a r e d  do w n  to 

o b t a i n  l o w e r  m i x i n g  s p e e d s .

F i g .  20.  D r u m  r o t a t o r  f o r  m a s t e r b a t c h
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A p a d d l e  w a s  c o n t r u c t e d  out  of m i l d  s t e e l  a n d  i n s e r t e d  in to  

th e  l a r g e  b u n g  h o l e  s o  t h a t  e v e r y  t i m e  th e  d r u m  m a d e  one  r e v o lu t io n  

th e  p a d d l e  w o u ld  p u l l  t h r o u g h  th e  m i x t u r e  to  k e e p  i t  m i x e d .  (See  

F i g u r e  21.  )

L1X1 ANGLE WELDED INSIDE 2±"RLACK PIPE

BLACK PIPE: 
CAP

-f-" OF THREAD
CUTOFF PIPE 

CAP

OOOOOOOOOOO

4 " OIA. HOLES ©

3 5 "

R u b b e r  g a s k e t
FOR SEAL

F i g .  21.  D e s i g n  of p a d d l e  f o r  m a s t e r b a t c h  d r u m

T h e  i s o c y a n a t e  w a s  k e p t  a t  r o o m  t e m p e r a t u r e .  M ix in g  w a s  

a c c o m p l i s h e d  b e f o r e  the  t e s t s  b y  r o l l i n g  the  d r u m  o n  th e  f l o o r  a n d  

b y  s h a k i n g  i t  b a c k  a n d  f o r t h  w i t h i n  t h e  d r u m .  I t  w a s  f e l t  t h a t  the  

i s o c y a n a t e  r e m a i n e d  f a i r l y  s t a b l e  a n d  d id  n o t  n e e d  e l a b o r a t e  

m i x i n g  e q u i p m e n t .

T o  d r a i n  th e  c o m p o n e n t s  f r o m  the  t a n k s ,  v a l v e s  w e r e  

i n s e r t e d  i n t o  th e  s m a l l  b u n g  h o l e s .  T h e  m a s t e r b a t c h  r e q u i r e d  a 

s p e c i a l  p r e s s u r e  v a l v e  to  c o n t a i n  the  p r e s s u r e  f r o m  the  f r e o n  11.
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T r a n s f e r  of  th e  i n g r e d i e n t s  f r o m  th e  d r u m s  to  the  e x p e r i ­

m e n t  a r e a  a l s o  r e q u i r e d  c o n s i d e r a t i o n .  S p e c i a l  c o l l a p s i b l e  

c o n t a i n e r s  -were o b t a i n e d  f o r  the  i s o c y a n a t e .  T h e  c o n t a i n e r s  w e r e  

f i l l e d  a n d  a v a l v e  c o n n e c t e d  to  t h e m .  A s  th e  c o m p o n e n t  w a s  d r a in e d ,  

t h e  c o n t a i n e r s  c o l l a p s e d .  T h i s  p r e c a u t i o n  w a s  t a k e n  to  i n s u r e  t h a t  

th e  i s o c y a n a t e  d id  n o t  r e a c t  w i th  t h e  a i r  b e f o r e  i t  w a s  u s e d  f o r  the  

e x p e r i m e n t s .

T h e  m a s t e r b a t c h  w a s  t r a n s f e r r e d  to  t h e  t e s t  a r e a  in  a 

p r e s s u r e  v e s s e l .  T h i s  w a s  to  i n s u r e  t h a t  t h e r e  w a s  no a p p r e c i a b l e  

f r e o n  l o s s  b e t w e e n  the  t e s t  r u n s .

T e m p e r a t u r e  c o n t r o l  of  th e  i n g r e d i e n t s  w a s  a c c o m p l i s h e d  

by  p l a c i n g  th e  c o m p o n e n t s  in to  a w a t e r  b a t h  one  h o u r  b e f o r e  the  

t e s t s  w e r e  r u n .  T h e  b a t h s  w e r e  m a d e  b y  p l a c i n g  a t w o - g a l l o n  

c o n t a i n e r  i n s i d e  a f ive  g a l l o n  c o n t a i n e r  a n d  f o a m i n g  p o l y u r e t h a n e  

b e t w e e n  t h e m .  A l i d  w a s  m a d e  b y  u s i n g  2 - 1 / 2  i n c h  f o a m  c u t  to 

th e  d i a m e t e r  of  th e  l a r g e  c o n t a i n e r .

.ELASTIC LLP.
w i t h  2 ± r o m

-CONTAINER

JLJsAU-ON..-..
-CJUSETAiNER

POLYURETHANE 
. F Q A  M _

F i g .  22 .  W a t e r  b a t h  d e s i g n
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T h e  c o l l a p s i b l e  b a g s  c o n t a i n i n g  the  i s o c y a n a t e  w e r e  p l a c e d  

i n s i d e  th e  w a t e r  b a t h .  F o r  th e  m a s t e r b a t c h  s e v e n  h o l e s  2 - 1 / 4  

i n c h e s  in  d i a m e t e r  w e r e  c u t  i n t o  a 1 /4  i n c h  p l y w o o d  c i r c l e .  T h i s  

p r o v i d e d  the  r a c k  to  p l a c e  th e  s a m p l e s  in.  S e v e n  100 m l  t r i p o u r  

d i s p o s a b l e  b e a k e r s  w e r e  p l a c e d  in to  the  b a t h  a s  p i c t u r e d  b e l o w .

F i g .  23.  B a t h  s e t u p  f o r  m a s t e r b a t c h

A t e s t  w a s  m a d e  on th e  s t a b i l i t y  of  the  f r e o n  in  th e  b a t h .  

S e v e n  s a m p l e s  w e r e  w e i g h e d  out ,  e a c h  c o n t a i n i n g  n e a r  125 g r a m s .  

T h e s e  w e r e  l e f t  in  the  b a t h  f o r  s e v e n t y - t w o  h o u r s .  T h e  t e m p e r a t u r e  

w a s  i n i t i a l l y  a t  5 3 ° F  a n d  a f t e r  the  p e r i o d  of t i m e  h a d  r i s e n  to  6 8 ° F .  

T h e  s a m p l e s  w e r e  t a k e n  ou t  a n d  w e i g h e d  a g a i n .  T h e  r e s u l t s
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s h o w e d  no  a p p r e c i a b l e  l o s s  in  f r e o n  c o n t e n t .  T h e  b a t h s  w e r e  k e p t  

a t  a c o n s t a n t  t e m p e r a t u r e  b y  u s i n g  i c e  a s  a c o o l in g  m e d i u m  and  

w a r m  w a t e r  a s  a h e a t i n g .

M i x i n g  a n d  M e t e r i n g

T h e  p r o p o r t i o n i n g  o r  m e t e r i n g  p a r t  of the  r i g i d  f o a m  

p r o c e s s  w a s  s i m u l a t e d  u s i n g  l a b o r a t o r y  t e c h n i q u e s .  T h e  m a s t e r -  

b a t c h  w a s  w e i g h e d  in to  a 32 o u n c e  D ix ie  c u p .  T h e  i s o c y a n a t e  w a s  

m e t e r e d  in t o  the  m i x t u r e  u s i n g  a s y r i n g e  t h a t  h a d  b e e n  c a l i b r a t e d  

s o  t h a t  t h e  c o r r e c t  a m o u n t  w a s  p l a c e d  in  e a c h  t i m e .  O n  m o s t  

t e s t s  th e  a m o u n t  of  m a s t e r b a t c h  u s e d  w a s  105 g r a m s  a n d  the  a m o u n t  

of  i s o c y a n a t e  w a s  75 g r a m s .

M ix in g  w a s  a c c o m p l i s h e d  b y  u s i n g  a 1 /1 0  h o r s e p o w e r  

D a y t o n  v a r i a b l e  s p e e d  m o t o r .  ( M o d e l  2M 037  -  M a x i m u m  s p p e d  - 

8000  R P M )  T h e  m o t o r  w a s  c o n n e c t e d  to a V a n  W a l t e r s  a n d  R o g e r s  

t w o - i n c h  d i a m e t e r  t h r e e  b l a d e  p r o p e l l o r .  T h e  s h a f t  d i a m e t e r  w a s  

1 / 4  i n c h .  T h e  s t i r r e r  w a s  c a l i b r a t e d  to  d e t e r m i n e  th e  R P M  u s i n g  a 

S t r o b o t a c .  T h e  m i x i n g  w a s  o b s e r v e d  u s i n g  d i f f e r e n t  s p e e d s .

S i m u l a t i n g  the  M o ld  C a v i t y

T o  i n s u r e  t h a t  th e  d a t a  o b t a i n e d  t h r o u g h  e x p e r i m e n t a t i o n  

w a s  s i m u l a t i n g  a c t u a l  p r o d u c t i o n  c o n d i t i o n s ,  c a r e f u l  c o n s i d e r a t i o n  

w a s  g i v e n  to  the  d e s i g n  of  th e  t e s t  c e l l .  (1)  I t  s h o u ld  b e  d e s i g n e d  

to  c o n t r o l  t e m p e r a t u r e  a n d  m a i n t a i n  i t  e v e n l y  f r o m  30°C  to  6 0 ° C . ( 2 )
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T h e  s u r f a c e  to  v o l u m e  r a t i o  s h o u ld  b e  s i m i l a r  to  r e f r i g e r a t o r  f i l l .  

(3) T h e  c o n t a i n i n g  of  e x o t h e r m  h e a t  s h o u ld  be  s i m i l a r  to  the  

p r o d u c t i o n  f i x t u r e s .

T e m p e r a t u r e  C o n t r o l  of T e s t  C e l l .  S e v e r a l  d i f f e r e n t  

m e t h o d s  of  k e e p i n g  th e  w a l l s  a t  a c o n s t a n t  e v e n  t e m p e r a t u r e  w e r e  

e x p l o r e d  b e f o r e  th e  f o a m  w a s  p o u r e d  in to  t h e  c a v i t y .  T h e  w a l l s  

of the  t e s t  c e l l  w e r e  m a d e  of  20 g a u g e  s t e e l  s i m i l a r  to  r e f r i g e r a t o r  

w a l l s .

T h e  f i r s t  m e t h o d  r e v i e w e d  w a s  to  w r a p  h e a t i n g  t a p e  a r o u n d  

th e  c o l u m n ,  b u t  i t  w a s  f e l t  t h a t  h o t  s p o t s  w o u ld  d e v e l o p  a n d  th e  

c y l i n d e r  w o u ld  b e  u n e v e n l y  h e a t e d .

T h e  n e x t  m e t h o d  e x p l o r e d  w a s  b l o w i n g  h o t  a i r  t h r o u g h  the  

c o l u m n  to  o b t a i n  e v e n  a n d  c o n s t a n t  t e m p e r a t u r e .  A R e g a l  C o m m e r ­

c i a l  E l e c t r i c  B l o w e r  h e a t  g u n  t h a t  h a d  a v a r i a b l e  t e m p e r a t u r e  

c o n t r o l  w a s  o b t a i n e d  a n d  h e a t  w a s  b l o w n  t h r o u g h  th e  c o l u m n .  

T h e r m o c o u p l e s  w e r e  p l a c e d  a t  t h r e e  d i f f e r e n t  p l a c e s  on th e  w a l l  

of th e  t e s t  c e l l  a n d  t e m p e r a t u r e  r e a d i n g s  w e r e  t a k e n  u s i n g  D i g i t a l  

P y r o m e t e r s  ( N e w p o r t  M o d e l  267).
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DIGITAL
PYROMETERS

F i g .  24.  P o s i t i o n  of t h e r m o c o u p l e s  on t e s t  c e l l  -wall

T h e r e  w a s  a v a r i a t i o n  i n  t e m p e r a t u r e  of  8 °  to  10°C  f r o m  

th e  t o p  to  th e  b o t t o m .  F i b e r o u s  g l a s s  i n s u l a t i o n  w a s  w r a p p e d  a r o u n d  

th e  t e s t  c e l l  a n d  the  t e s t  r u n  a g a i n ,  b u t  n o  b e t t e r  r e s u l t s  w e r e  

o b t a i n e d .

N e x t  a f i r e  b r i c k  o v e n  w a s  b u i l t .  T h e  h e a t i n g  g u n  w a s  

p l a c e d  b e h i n d  a b a f f e l  m a d e  of  a s b e s t o s .

I t  w a s  f e l t  t h a t  t h e  h e a t  w o u l d  f low t h r o u g h  th e  h o l e s  i n  the

b a f f e l  a n d  h e a t  th e  tu b e  e v e n l y .

TEST CELL
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ASBESTOS
BAFFEL

TEST CELL

HEAT
6U H

F i g .  25.  F i r e  b r i c k  o v e n  s e t u p  f o r  t e m p e r a t u r e  t e s t i n g

T h e  top  of  the  c e l l  i n  t h e s e  t e s t s  -was s t i l l  b e t w e e n  4 °  a n d  

6°C  h o t t e r  t h a n  th e  b o t t o m .  T h i s  m e t h o d  w a s  n o t  u s e d  to  h e a t  t h e  

c o l u m n ,  h o w e v e r ,  i t  w a s  f e l t  t h a t  b e t t e r  r e s u l t s  c o u l d  h a v e  b e e n  

o b t a i n e d  b y  u s i n g  a s e c o n d  f a n  p l a c e d  on top  of  the  o v e n  to  k e e p  the 

a i r  c i r c u l a t i n g  a r o u n d  the  c o l u m n .  A v a r i a t i o n  of  t h i s  o v e n  w a s  

u s e d  in  m a k i n g  a m b i e n t  a i r  t e s t s  of  t h e  f o a m .

T h e  m e t h o d  u s e d  to  h e a t  th e  c o l u m n  e v e n l y  w a s  b y  u s i n g  

g r a p h i t e  i m p r e g n a t e d  p a p e r  ( T e m s h e e t  b y  A r m s t r o n g  C o r k ) .  T h i s  

r e s i s t a n c e  p a p e r  w a s  s a i d  to  h a v e  a v a r i a t i o n  in  t e m p e r a t u r e  of 

w i t h i n  1 p e r c e n t .  T h e  20 g u a g e  t e s t  tu b e  w a s  s p r a y e d  w i t h  c r y s t a l  

c l e a r  s p r a y  c o a t i n g  to  i n s u l a t e  i t  f r o m  the  r e s i s t a n c e  p a p e r .  T h e

T e m s h e e t  w a s  c u t  to  s i z e  a n d  w r a p p e d  a r o u n d  the  tu b e .
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C o n d u c t i n g  s i l v e r  p a i n t  a n d  a t h r e e - e i g h t h s  w id e  s t r i p  of a l u m i n u m  

f o i l  w e r e  u s e d  to  c o n n e c t  the  e n d s  of  the  r e s i s t a n c e  p a p e r  t o g e t h e r .

I

TEMSHEET
R E S I S T A N C E

P A P E R

2

ENDS
BUTTED
AROUND
TUBE

3

F i g .  26.  C o n n e c t i n g  the  e n d s  of  th e  g r a p h i t e  i m p r e g ­
n a t e d  p a p e r  t o g e t h e r

A s t r i p  of a l u m i n u m  f o i l  w a s  a l s o  c o n n e c t e d  on  th e  oppos ite  

s i d e  of th e  tu b e  to  t h e  r e s i s t a n c e  p a p e r  b y  u s i n g  s i l v e r  c o n d u c t in g  

p a i n t .  T h e  two l e a d s  f r o m  a n  a d j u s t a b l e  r e h o s t a t  w e r e  c o n n e c t e d  

to  the  tw o  s t r i p s  of  a l u m i n u m  fo il .  T h e  f i n a l  e f f e c t  w a s  l i k e  

h a v i n g  m a n y  r e s i s t o r s  p l a c e d  in  p a r a l l e l .  T h e  r e s i s t a n c e  w a s  found 

to  b e  42 .  1 o h m s .

S e v e r a l  t e s t s  w e r e  r u n  on the  t e s t  c e l l  u s i n g  th e  t h e r m o ­

c o u p l e  s e t u p  s h o w n  in  F i g u r e  24. T h e  t e m p e r a t u r e  w a s  a d j u s t e d  by 

c h a n g i n g  th e  v o l t a g e  on  th e  r e h o s t a t .  T h e  t e s t  c e l l  r e m a i n e d  co n s ta n t  

to  w i t h i n  -  1°C f r o m  top  to  b o t t o m  in  the  r a n g e  of  2 0 ° C  to  60 °C .

ALUMINUM
^ F O I L
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F i g .  27.  T e s t  c e l l  s e t u p - - t e m p e r a t u r e  c o n t r o l

T e s t  C e l l .  A f t e r  t e m p e r a t u r e  c o n t r o l  w a s  e s t a b l i s h e d  the  

t e s t  c e l l  -was c o m p l e t e d  b y  m a k i n g  a m i x i n g  c o n t a i n e r ,  s i m u l a t i n g  

th e  f i x t u r e ,  a n d  f i n d i n g  a m e a n s  f o r  r e m o v i n g  the  s a m p l e s .

T h e  m i x i n g  c o n t a i n e r  w a s  a 32 oz .  D ix i e  c u p .  A 20 g u a g e  

m e t a l  c o n t a i n e r  w a s  d e v i s e d  to  f i t  a r o u n d  th e  c u p .  T h e  s a m e  

p r o c e d u r e  w a s  u s e d  f o r  h e a t i n g  the  c u p  a s  f o r  h e a t i n g  th e  c o l u m n .

T o  m a i n t a i n  s i m i l a r i t i e s  b e t w e e n  the  a c t u a l  p r o c e s s  a n d  th e  

t e s t  c e l l  a o n e - q u a r t e r  i n c h  t h i c k  f iv e  i n c h  d i a m e t e r  c a r d b o a r d  tu b e  

w a s  s p l i t  on  one  s i d e  a n d  s l i p p e d  o v e r  t h e  t e s t  c e l l .  O n e - f o u r t h  i n c h  

c a r d b o a r d  w a s  a l s o  w r a p p e d  a r o u n d  th e  cup  c o n t a i n e r .  T h i s  w a s  

d o n e  to  s i m u l a t e  the  f i x t u r e  t h a t  h o l d s  t h e  r e f r i g e r a t o r s  in  i n d u s t r y .
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T h e  t e s t  c e l l  -was l i n e d  -with a l u m i n u m  f o i l  so  th e  f o a m e d  

s a m p l e  c o u l d  be  r e m o v e d  f r o m  the  c e l l  a f t e r  the  t e s t .  P a p e r  and  

p o l y e t h y l e n e  f i l m  w a s  e x p e r i m e n t e d  w i th ,  b u t  i t  w a s  f e l t  t h a t  the  

a l u m i n u m  fo i l  w o u ld  r e s e m b l e  m o r e  c l o s e l y  th e  c o n t r o l  of  e x o t h e r m  

h e a t .  P a p e r  a n d  p l a s t i c  w o u ld  a c t  a s  i n s u l a t o r s  to  c o n t a i n  e x o t h e r m  

h e a t  u n l i k e  the  f i l l  of r e f r i g e r a t o r s  in  i n d u s t r y .

T h e  o u t e r  r i m  of the  32 oz.  cup  p r o v i d e d  The s e a l  of the

t e s t  c e l l .

F i g .  28.  C o m p l e t e d  t e s t  c e l l



T e s t  P r o c e d u r e  and

60

M o n i t o r i n g  R e s u l t s

In C h a p t e r  III the  s e n s i t i v i t y  of the  d i f f e r e n t  v a r i a b l e s  

a s s o c i a t e d  w i t h  th e  r i g i d  p o l y u r e t h a n e  f o a m  p r o c e s s  w e r e  r e v i e w e d .  

In t h e  e x p e r i m e n t s  and  in  s i m u l a t i n g  t h e  p r o c e s s  s o m e  of the 

v a r i a b l e s  w e r e  a l r e a d y  f ix e d .

T h e  f i x t u r e s  a t  W h i r l p o o l  a r e  a l r e a d y  c o n s t r u c t e d  s o  th e  

e f f e c t s  of  c h a n g i n g  the  w a l l  t h i c k n e s s  w e r e  n o t  a c c o u n t e d  f o r  in  

m a k i n g  th e  t e s t  r u n s .  T h e  t e s t  c e l l  w a l l  c o n s t r u c t i o n  w a s  g i v e n  in  

th e  p r e v i o u s  s e c t i o n .

T h e  s i z e  of th e  p o u r  w a s  f i x e d  d u r i n g  the  t e s t  r u n s  s i m i l a r  

to  r e f r i g e r a t o r  f i l l  i n  i n d u s t r y .  T h e  h u m i d i t y  a n d  b a r o m e t r i c  

p r e s s u r e  w e r e  m o n i t o r e d  d u r i n g  t e s t  r u n s .  N o  a t t e m p t  w a s  m a d e  

to  d e t e r m i n e  t h e i r  e f f e c t s  on  t h e  p r o c e s s  s i n c e  i t  w a s  f e l t  t h a t  

t h e i r  e f f e c t s  w e r e  n e g l i b l e  c o m p a r e d  to  th e  o t h e r  v a r i a b l e s .  T h e  

d a t a  c o l l e c t e d  d u r i n g  the  t e s t  w a s  i n c l u d e d  f o r  r e f e r e n c e  o r  f o r  

f u r t h e r  e x p e r i m e n t s  a s s o c i a t e d  w i th  t h e s e  v a r i a b l e s .

W i th  the  l a c k  of the  p r o p e r  m i x i n g  e q u i p m e n t  t h a t  i s  u s e d  

i n  i n d u s t r y  i t  w a s  f e l t  t h a t  t h e  m i x i n g  v a r i a b l e s  c o u l d  n o t  be  

d e t e r m i n e d  f o r  t h e i r  p r o c e s s .  T h e r e f o r e ,  no  t e s t s  w e r e  r u n  on the  

e f f e c t  of  m i x i n g  s p e e d  e x c e p t  f o r  p r e l i m i n a r y  t e s t s  t h a t  w e r e  r u n  

to  i n s u r e  t h a t  p r o p e r  m i x i n g  w a s  b e i n g  a c c o m p l i s h e d .  T h e  r e s u l t s

of i m p r o p e r  m i x i n g  a r e  s h o w n  i n  F i g u r e  29.
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F i g .  29.  T e s t  s a m p l e s  on l e f t  show r e s u l t s  of 
i m p r o p e r  m i x i n g .

P o o r  m i x i n g  n o t  on ly  c a u s e s  long  f i n g e r - l i k e  v o i d s  in  the  

b o t t o m  of the  r i s e ,  b u t  a l s o  c a u s e s  l a r g e r  c e l l  s i z e s  in  t h e  f o a m  and 

a p o o r e r  q u a l i t y  s o f t  f o a m  a t  the  top  of  the  r i s e .

T h e  m i x i n g  s p e e d  w a s  s e t  a t  2500 R P M  f o r  the  t e s t s .  A n  

i n d u s t r i a l  t i m e r  w a s  u s e d  to s e t  the  l e n g t h  of t i m e  of the  m i x .  T h e  

t i m e r  w a s  s e t  on s i x  s e c o n d s  f o r  e a c h  t e s t  r u n  u n l e s s  o t h e r w i s e  

s p e c i f i e d .  It w a s  n o t e d  t h a t  e v e n  the  p o s i t i o n  of  the  c u p  a n d

m o v i n g  th e  c u p  u n d e r  th e  s t i r r e r  a f f e c t e d  the  m i x i n g .
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T h e  t e m p e r a t u r e  of  t h e  i n g r e d i e n t s  a f f e c t s  b o t h  the  

m e t e r i n g  a n d  m i x i n g  o p e r a t i o n .  If the  t e m p e r a t u r e  of  the  i n g r e d ­

i e n t s  i s  v a r i e d  t h e  v i s c o s i t y  v a r i e s .  A s  th e  v i s c o s i t y  c h a n g e s ,  

m i x i n g  i s  a f f e c t e d  in  tw o  w a y s :  (1) th e  s h e a r  r e q u i r e d  f o r  the  m i x i n g  

c h a n g e s ,  a n d  (2) th e  b l e n d a b i l i t y  i s  n o t  th e  s a m e .  T h e  p r o p o r t i o n i n g  

e q u i p m e n t  v a r i e s  b e c a u s e  t h e r e  i s  u s u a l l y  a p r e s s u r e  c h a n g e .  T h e  

c r e a m  t i m e  c h a n g e s  w h e n  t e m p e r a t u r e  v a r i e s .

T h e  t e m p e r a t u r e  of th e  c a v i t y  a n d  th e  m a t e r i a l s  of 

c o n s t r u c t i o n  a f f e c t s  th e  e x o t h e r m  h e a t  g e n e r a t e d  b y  the  r e a c t i o n .

A n  e x p e r i m e n t  w a s  d e v i s e d  to  d e t e r m i n e  the  r e l a t i o n s h i p  

b e t w e e n  the  i n g r e d i e n t  t e m p e r a t u r e  a n d  c a v i t y  w a l l  t e m p e r a t u r e .  

D u r i n g  th e  t e s t s  i t  w a s  a s s u m e d  t h a t  the  f i x t u r e  w a l l s  w e r e  a l r e a d y  

c o n s t r u c t e d  a n d  t h a t  th e  k  f a c t o r  f o r  the  f i x t u r e s  r e m a i n e d  c o n s t a n t  

f o r  th e  e n t i r e  r a n g e  of t e m p e r a t u r e s  u s e d .  In  th e  i d e a l  c a s e  the  k 

f a c t o r  w o u ld  i n c r e a s e  w i t h  th e  i n c r e a s e  of  t e m p e r a t u r e ,  b u t  s i n c e  

t h e  r a n g e  u s e d  w a s  s m a l l  i t  w a s  a s s u m e d  t h a t  the  c h a n g e  w a s  negFoLe.

T h e  t e m p e r a t u r e  of  th e  i n g r e d i e n t s  w a s  m e a s u r e d  u s i n g  

m e r c u r y  t h e r m o m e t e r s .  T h e  t e m p e r a t u r e  of  the  c e l l  w a l l s  w a s  

m o n i t o r e d  u s i n g  th e  d i g i t a l  p y r o m e t e r s  a n d  s e t u p  e x p l a i n e d  i n  the  

p r e v i o u s  s e c t i o n .  T h e  t e m p e r a t u r e  of  th e  i n g r e d i e n t s  w a s  c h a n g e d  

b y  c h a n g i n g  th e  t e m p e r a t u r e  of the  A c o m p o n e n t .  T h e  B c o m p o n e n t  

w a s  k e p t  a t  7 0 ° F  p l u s  o r  m i n u s  2 ° F .  T h e  B c o m p o n e n t  w a s  k e p t  a t



t h i s  t e m p e r a t u r e  b e c a u s e  a t  h i g h e r  t e m p e r a t u r e s  th e  f r e o n  11 

s t a r t s  to  b o i l  off; a t  l o w e r  t e m p e r a t u r e s  the  v i s c o s i t y  i s  t o o  h i g h  

f o r  t h e  b e s t  m i x i n g .

T a b l e  9

E x p e r i m e n t a l  P o i n t s  U s e d  in  T e s t s

V a r i a b l e s R a n g e  D e t e r m i n e d  
F r o m  L i t e r a t u r e

T e s t  P o i n t s  
U s e d

T e m p e r a t u r e A 60 to 9 0 ° F 60,  70,  80 a n d  9 0 ° F
of

I n g r e d i e n t s B 60 to  7 7 ° F 7 0 ° F

T  e m p e r a t u r e  
of

C a v i t y  W a l l s
110 to 15 0 ° F

68,  86,  104 a n d  113°F 

122, 131 a n d  1 4 0 ° F

M i x i n g  S p e e d 1500 to  4000  R P M 2500 R P M

T h e s e  t e s t s  r e q u i r e d  4 X 7 = 28 t e s t s .  F i f t e e n  of  t h e s e  

t e s t s  w e r e  r u n  o v e r  to  i n s u r e  t h a t  r e s u l t s  w e r e  r e p e a t a b l e .  T h e  

t o t a l  t e s t s  u s e d  to  d e t e r m i n e  t h e  r e l a t i o n s h i p  b e t w e e n  th e  t e m p e r a t u r e  

of  i n g r e d i e n t s  a n d  c a v i t y  w a l l s  w e r e  28 4 15 = 43 t e s t s .

W h i le  the  t e s t s  w e r e  b e i n g  m a d e  on t e m p e r a t u r e s  the 

f o l l o w i n g  r e s u l t s  w e r e  m o n i t o r e d .  T h e  c r e a m  t i m e  w a s  d e t e r m i n e d  

b y  n o t i n g  w h e n  th e  f o a m  f i r s t  b e g i n s  to  r i s e .  T h e  r i s e  r a t e  w a s  

d e t e r m i n e d  u s i n g  a s p e c i a l l y  c o n s t r u c t e d  m e a s u r i n g  d e v i c e .  A 

g l a s s  tu b e  w a s  c o n n e c t e d  to a m e t e r  s t i c k  w i th  e p o x y ,  a n d  s u s p e n d e d

a b o v e  th e  t e s t  c e l l .  A f l o a t  w a s  m a d e  f r o m  a 1 /4  i n c h  t h i c k ,  2 - 1 / 2
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i n c h  d i a m e t e r  d i s k  of p o l y u r e t h a n e  f o a m .  T h e  f l o a t  w a s  c o n n e c t e d  

to  a w i r e  t h a t  r a n  up th e  g l a s s  tu b e .  A s  the  f o a m  f l o w e d  up th e  tu b e  

t h e  h e i g h t  r e a c h e d  w a s  d e t e r m i n e d  by  n o t i n g  the  p o s i t i o n  of  a b u lb  

p l a c e d  on  th e  o t h e r  e n d  to  t h e  w i r e .  (See  F i g u r e s  30 a n d  31)

T h e  t a c k  f r e e  t i m e  w a s  d e t e r m i n e d  b y  t o u c h i n g  a w o o d e n  

s p a t u l a  to the  f o a m  a f t e r  the  r i s e  w a s  c o m p l e t e d .

T h e  t i m e s  w e r e  r e c o r d e d  u s in g  a H e w l e t t  P a c k a r d  m o d e l  

55 c a l c u l a t o r  t h a t  h a d  t e n  m e m o r i e s  f o r  s t o r a g e .  A n  e l e v e n t h  t i m e  

c o u l d  b e  r e c o r d e d  b y  u s i n g  th e  t i m e  s to p  f o r  th e  f i n a l  r e a d i n g .

T h e  e l e v e n  t i m e s  r e c o r d e d  w e r e :  (1) th e  c r e a m  t i m e ,  (2) 

t i m e  to  r e a c h  10 c m  o n  th e  f low s t i c k ,  (3) t i m e  to  r e a c h  15 c m ,  (4) 

t i m e  to  r e a c h  20 c m ,  (5) t i m e  to  r e a c h  30 c m ,  (6) t i m e  to  r e a c h  

40  c m ,  (7) t i m e  to  r e a c h  50 c m ,  (8) t i m e  to  r e a c h  55 c m ,  (9) 

t i m e  to  r e a c h  60 c m ,  (10) f i n a l  h e i g h t  t i m e  a n d  (11) t a c k  f r e e  t i m e .

F i g u r e  32 s h o w s  a s a m p l e  d a t a  s h e e t  u s e d  to  r e c o r d  the  

d a t a ,  a n d  F i g u r e s  33 a n d  34 show  the  e q u i p m e n t  s e t u p  f o r  the  t e s t s .

T o  o b t a i n  m o r e  d a t a  p o i n t s  on t h e  r i s e  r a t e  v e r s u s  t i m e  

c u r v e  f iv e  t e s t s  w e r e  r u n  u s i n g  a B o l e x  16 m m  m o v i e  c a m e r a  a n d  

a n  e l e c t r o n i c  t i m e r .  T h e s e  t e s t s  w e r e  r u n  m a i n l y  f o r  i n f o r m a t i o n  

p u r p o s e s  a n d  to  i n s u r e  t h a t  t h e  r i s e  r a t e  v e r s u s  t i m e  c u r v e s  w e r e

a p p r o x i m a t e d  b y  th e  e i g h t  d a t a  p o i n t s  u s e d  in  the  e x p e r i m e n t s .
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F i g .  30.  F o a m  flow a p p a r a t u s  s e t  up

F i g .  31.  O b ta i n in g  r e a d i n g s  f r o m  the  f low tube
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F i g .  32.  S a m p l e  d a t a  s h e e t



67

F i g .  33.  T e m p e r a t u r e  b a t h s  a n d  p r o p o r t i o n i n g  o p e r a t i o n

r e s u l t s
F i g .  34. M ix in g  o p e r a t i o n ,  t e s t  c e l l  s e t u p  a n d  m o n i t o r i n g
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T o  d e t e r m i n e  th e  f i n a l  d e n s i t y  of  t h e  f o a m e d  s a m p l e ,  the

s a m p l e  -was d i v i d e d  a s  s h o w n  i n  F i g u r e  35.

I 2 J L 4-
A I6 f  SECTION 
CUT FROM 
SAMPLE

H

SAMPLE. WAS 
W EIG H ED  AND 
THEN CUT INTO 
SECTIONS

3  SAMPLES 
FOR CELL S IZE  

DETERMINATION

i CORE 
SAMPLesWERE
o bta ined

F i g .  35.  S e c t i o n i n g  th e  t e s t  s a m p l e  to  o b t a i n  d e n s i t y  
a n d  c e l l  s i z e  s a m p l e s

F i g u r e  36 s h o w s  a s a m p l e  d a t a  s h e e t  u s e d  to d e t e r m i n e  the

d e n s i t y  a t  v a r i o u s  p l a c e s  i n  the  s a m p l e .

T e s t
#

W e i g h t  of  S a m p l e s  i n  G r a m s

A p p e a r a n c e
1 6 - 1 / 4 "
S e c t i o n

B o t t o m
C o r e

T op 
C o r e

F i g .  36. S a m p l e  d a t a  s h e e t  u s e d  f o r  d e t e r m i n i n g  d e n s i t y



C H A P T E R  V

D A T A

T h e  p u r p o s e  of  t h i s  c h a p t e r  -was to  p r e s e n t  the  d a t a  

g a t h e r e d  f r o m  th e  e x p e r i m e n t s  o u t l i n e d  in  C h a p t e r  IV.

T a b l e s  10 to  13 show  th e  r e s u l t s  of  th e  e x p e r i m e n t s  u s in g  

th e  h e a t e d  t e s t  c e l l  a n d  th e  c o n t r o l l e d  i n g r e d i e n t  t e m p e r a t u r e s .

T h e  a c t u a l  h e i g h t  of the  r i s i n g  f o a m  w a s  d e t e r m i n e d  by 

s u b t r a c t i n g  5 c m  f r o m  th e  h e i g h t  r e a d i n g  on th e  m e t e r  s t i c k .  T h i s  

w a s  do n e  b e c a u s e  th e  i n i t i a l  h e i g h t  of  the  f l u i d  in  the  c u p  w a s  1. 8 cm, 

a n d  the  i n i t i a l  r e a d i n g  on th e  m e t e r  s t i c k  w a s  3. 2 c m  w h e n  t h e r e  w a s  

n o  f l u i d  i n  th e  cup .

T h e  t a c k  f r e e  t i m e  i n  s o m e  c a s e s  w a s  n o t  o b t a i n e d .  T h i s  

w a s  b e c a u s e  the  t a c k  f r e e  t i m e  h a d  b e e n  r e a c h e d  b e f o r e  t h e  t e s t  w a s  

t a k e n  a f t e r  th e  f i n a l  r i s e  w a s  r e a c h e d .

T h e  c r e a m  t i m e  in  t h e o r y  w a s  to  b e  c o n s t a n t  f o r  a  s e t  of 

i n g r e d i e n t  t e m p e r a t u r e s .  A n  a v e r a g e  of  the  f i r s t  t h r e e  t e s t s  w a s  

u s e d  to  d e t e r m i n e  th e  c r e a m  t i m e  f o r  the  f o a m  a t  c e r t a i n  i n g r e d i e n t  

t e m p e r a t u r e s  f o r  th e  f i r s t  tw o  t e s t  r u n s .  S in c e  the  v a r i a n c e  in  som e
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i n s t a n c e s  -was l a r g e  t h e  c r e a m  t i m e  w a s  r e c o r d e d  f o r  a l l  t e s t s  i n

t h e  n e x t  tw o  t e s t  r u n s .

T e s t  D a t a  W i th  I n g r e d i e n t  T e m p e r a t u r e s  
of  6 0 ° F  f o r  A a n d  7 0 ° F  f o r  B

T e s t  # 1 2 3 4 5 6 7

T e m p e r a t u r e  of  w a l l 20 °C 3 0 °C 4 0 ° C 4 5 ° C 50°C 55 °C 6 0 °C

C r e a m  T i m e  ( s e c ) 8. 06 8. 06 8 . 0 6 8. 06 8. 06 8.  06 8. 06

T i m e  to  r e a c h  5 c m 15. 33 - 25 - 13. 00

" " " 10 c m 19. 84 24.  59 29 26 - - 17. 39

" " "  15 c m 2 4 .1 7 - 36 31 - 28.  68 23.11

" " " 25 c m 34. 93 40 .  02 45 40 47 38.  23 33.  47

" " " 35 c m 48 .  29 53.  98 57 52 59 50.  79 45 .  83

" " "  45 c m 68. 52 71. 87 74 68 76 64 .  24 58.  34

" " " 50 c m 83. 20 82.  67 84 78 93 74.  80 68.  05

" "  " 55 c m 98 .13 1 0 0 .72 - - 114 84.  93 82.  27

F i n  a l  H e i g h t 56.  5 57.  0 57.  5 58.  8 60.  5 61 63

F i n  a l  H e i g h t  T i m e 111. 05 115. 34 1 2 5 .0 0 120 139 111. 20 1 0 9 .9 0

T a c k  F r e e  T j m e 140. 00 142.84 145 140 - 125 114

H u m i d i t y  % 44 44 42 42 42 42 40

T e m p e r a t u r e  ° F 68 68 74 74 74 69 69

P r e s s u r e  l b s / f t ^ 1800 1800 1800 1800 1800 1794 1794
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T a b l e  10



T a b l e  11

T e s t  D a t a  W i th  I n g r e d i e n t  T e m p e r a t u r e s  
of  7 0 ° F  f o r  A and  7 0 ° F  f o r  B

T e s t  # 8 9 10 11 12 13 14

T e m p e r a t u r e  of  w a l l 2 0 °C 30°C 4 0 ° C 4 5 ° C 50°C
o

55 C 60°C

C r e a m  T i m e 6. 88 6. 88 6. 88 6. 88 6. 88 6. 88 6. 88

T i m e  to  R e a c h  5 c m - - 1 2 .0 9 14. 25 - - 15.12

" " " 10 c m - 15. 77 16. 50 18. 96 - - 19 .48

" " " 15 c m 22. 94 18. 65 20.  62 24.  60 - 21. 90 25.  54

" " " 25 c m 35. 57 27.  87 30 .15 32.  29 34.  93 31. 95 33.  02

" " " 35 c m 45. 41 38.  66 41. 49 41.16 41. 83 42.  60 44.  26

" " " 45  c m 62. 74 54.  Z( 55.  61 54.  66 5 2 . 9 2 56.  76 58.  86

" " " 50 c m - 65 .16 64.  77 64.  08 61. 54 63.  93 61.09

" " " 55 c m - 78 .14 78 .19 76.  65 71. 54 73.  93 84.  59

F i n a l  H e i g h t 53.  0 58.  5 58 .  5 5 9 . 6 61. 5 60.  5 57.  5

F i n a l  H e i g h t  T i m e 112. 72 9 2.,86 ,105. 48 101. 84 105. 68 104 .8 3 L03. 50

T a c k  F r e e  T i m e - 140 116 115 130 - -

H u m i d i t y  % 54 54 52 52 52 52 52

m c> 
T e m p e r a t u r e  F 72 72 72 72 72 72 72

P r e s s u r e  l b s / f t ^ 1800 1800 1800 1800 1800 1800 800
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T a b l e  12

T e s t  D a t a  W i th  I n g r e d i e n t  T e m p e r a t u r e s  
of  8 0 ° F  f o r  A a n d  7 0 ° F  f o r  B

T e s t  # 15 16 17 18 19
r~

20 21

T e m p e r a t u r e  of w a l l 20°C 3 0 °C 4 0 ° C 4 5 ° C 50°C 55 °C 60°C

C r e a m  T i m e 7. 93 6. 92 4.  26 5. 63 5. 63 5. 53 3.  52

T i m e  to  R e a c h  5 c m - - 13. 03 - - - -

" " "  10 c m - 13. 89 17. 68 - - 12. 84 12. 51

" " "  15 c m 22. 90 16. 74 21. 55 - - 16. 24 17. 32

" " " 25 c m 29.  35 29.  51 30.  95 - - 24 .  69 23 .  68

" " " 35 c m - 40 .  73 41. 96 35.  44 - 33.  64 33.  22

" " " 45 c m 56. 72 55.  43 56.  71 49 .  63 - 4 5 .  99 4 5 .  51

" " " 50 c m - 65.  75 67 .16 60.  42 - 5 4 . 4 3 53 .15

" " " 55 c m - 80.  21 8 0 . 4 0 71. 85 - 62.  45 63.  08

F i n a l  H e i g h t 56.  0 58.  7 5 9 . 0 5 9 . 0 60.  2 60 .  8 59 .  8

F i n a l  H e i g h t  T i m e 122 103. 87 120. 73 101. 73 - 84.  50 81. 61

T a c k  F r e e  T i m e - 132 135 108 - 96 107

H u m i d i t y  % 46 46 46 46 46 40 40

T e m p e r a t u r e  ° F 68 68 68 68 68 70 70

P r e s s u r e  l b s / f t ^ 1800 1800 1800 1800 1800 1794 1794



T a b l e  13

T e s t  D a t a  W i th  I n g r e d i e n t  T e m p e r a t u r e s  
of  9 0 ° F  f o r  A a n d  7 0 ° F  f o r  B

T e s t  # 22 23 24 25 26 27 28

T e m p e r a t u r e  of  w a l l 2 0 °C 30°C 4 0 ° C 4 5 ° C 50°C 55 °C 6 0 °C

C r e a m  T i m e 4.  69 5. 53 4.  85 4 .  30 4.  75 4.  00 4.  69

T i m e  to  R e a c h  5 c m - - 10. 01 - - - -

" "  "  10 c m - 12. 60 12. 92 12. 83 12 .4 4 9.  92 -

" "  " 15 c m 13. 23 15. 00 16. 84 16. 57 15. 15 14. 20 12. 52

" " " 25 c m 22. 43 22.  90 2 5 .1 5 23.  57 22.  95 20.  69 19. 68

" " " 35 c m 31. 91 33.  92 35.  38 32.  92 32.  25 2 9 . 4 3 28.  39

" " " 45 c m 46. 12 4 8 . 4 6 47 .  87 45.  10 44.  25 40 .  71 38.  95

" " "  50 c m 54. 67 58.  77 57.  57 52.  28 5 2 . 4 6 4 7 .  84 45.  62

" " "  55 c m 73. 13 77.  36 72.  68 62.  39 64.  27 58.  33 54.  08

F i n a l  H e i g h t 56.  3 56.  7 57.  3 59.  5 59.  5 62 63

F i n a l  H e i g h t  T i m e 92.  59 9 9 . 9 8 101. 86 100 .76 95.  65 90.  31 85.  08

T a c k  F r e e  T i m e - - - - - - -

H u m i d i t y  % 50 48 47 46 45 45 45

T e m p e r a t u r e  ° F 72 74 75 78 77 78 78

P r e s s u r e  l b s / f t ^ 1800 1800 1800 1800 1800 1800 1800

73



74

T a b l e s  14 to 17 c o n t a i n  th e  d a t a  c o l l e c t e d  to  d e t e r m i n e  the 

d e n s i t y  of  t h e  f o a m e d  s a m p l e s .  T h e  o v e r a l l  d e n s i t y  vsas c a l c u l a t e d  b y  

c u t t i n g  t h e  top  a n d  b o t t o m  p o r t i o n  of  the  s a m p l e  a s  s h o w n  p r e v i o u s l y  

in  F i g u r e  35. T h e  v o l u m e  of t h i s  s a m p l e  w a s  c a l c u l a t e d  to  be :

L t t P *  - 16.1.5" [ tv ICS-O.^l f t3- 10 4 .6 / ^
4L ~ H f - T  * u

T h e  s i x t e e n  1 / 4  i n c h  s e c t i o n  w a s  w e i g h e d  a n d  th e n  the  

n u m b e r  of  g r a m s  w a s  c o n v e r t e d  to p o u n d s  b y

P o u n d s  .= G r a m s / 4 5 3 .  5924 

T h e  o v e r a l l  d e n s i t y  w a s  c a l c u l a t e d  by  d i v i d in g  t h e  p o u n d s  

b y  the  v o l u m e .

D e n s i t y  = P o u n d s  
V o l u m e

T h e  s i x t e e n  1 / 4  i n c h  s e c t i o n  w a s  t h e n  c u t  in to  th e  s a m p l e s  

a s  s h o w n  in  F i g u r e  35.  T h e  tw o  c o r e  s a m p l e s  w e r e  3 i n c h e s  X 3 

i n c h e s  X 7 i n c h e s  =* 63 i n 3 = . 03645  f t^  in  v o l u m e .  T h e  d e n s i t y  of 

th e  c o r e  s a m p l e s  w a s  o b t a i n e d  in  the  s a m e  w a y  a s  t h e  d e n s i t y  f o r  

t h e  o v e r a l l  s a m p l e .

A s  the  c o r e  s a m p l e s  w e r e  w e i g h e d  th e  a p p e a r a n c e  of  th e  f cam  

w a s  n o t e d .  On th e  b o t t o m  of m o s t  c o r e  s a m p l e s  s m a l l  v o i d s  w e r e  

a p p a r e n t n e a r  th e  w a l l .  T h e  f o a m  w a s  m o s t l y  of  g o o d  q u a l i t y ,  b u t  t h i s  

d e s c r i p t i o n  w a s  n o t e d  to  h e l p  a n d  d e t e r m i n e  the  f o a m  of t h e  b e s t  quality.

T h e  d a t a  show s v e r y  l i t t l e  d i f f e r e n c e  in  d e n s i t y  of  the  s a m p l e s .



T a b l e  14

D e n s i t y  of S a m p l e s  f o r  T e s t s  1 t h r o u g h  7

T e s t
#

W e i g h t
of

S a m p l e

D e n s i t y
of

S a m p l e

W e i g h t  
of  B o t t o m  

C o r e

D e n s i t y  
of B o t t o m  

C o r e

W e i g h t
of

T op  C o r e

D e n s i t y
of

T o p  C o r e
A P P E A R A N C E

1 121. 7 
g r a m s

1. 453  
l b s  / f t 3

21. 10
g r a m s

1. 276 
l b s / f t 3

20. 45 
g r a m s

1. 237^ 
l b s / f t 3

. 5 c m  to  1 c m .  v o id s  i n  b o t t o m  
n e a r  e d g e .  T o p  lo o k s  OK

2 118. 0 
g r a m s

1. 409  
l b s / f t 3

20.  40 
g r a m s

1. 234 
lb s  /  f t 3

20. 35 
g r a m s

1. 231 
l b s / f t 3

long  . 5 c m .  D ia .  vo id s  in  
b o t t o m

o 120. 5 
g r a m s

1. 439  
l b s  /  f t 3

21. 90 
g r a m s

1. 324 
l b s / f t 3

21. 40 
g r a m s

1. 294 
lb s  /  f t 3

L a r g e  v o id  in  to p  . 6 c m .  x  3 c m  
x  5 c m .  1cm.  v o id  in  b o t t o m

4 120. 6 
g r a m s

1. 440  
l b s  / f t ^

21. 30 
g r a m s

1. 288 
l b s / f t 3

21. 00 
g r a m s

1. 270 
l b s / f t 3

L o o k s  OK, S m a l l  p e n c i l  l e a d  
s i z e  h o l e s  i n  b o t t o m

5 118. 7 
g r a m s

1. 417
l b s  /  ft'3

21. 55 
g r a m s

1. 303 
l b s / f t 3

21. 40
g r a m s

1. 294 
l b s / f t 3

S a m e  a s  a b o v e

6 117. 6
g r a m s

1. 4 04
l b s / f t 3

21. 50
g r a m s

1. 300 
l b s / f t 3

21. 20
g r a m s

.1. 282 
l b s / f t 3

One v o id  i n  b o t t o m  . 5 c m .  Dia .  
and  2 c m .  long

7 120. 5 
g r a m s

1. 439
l b s  / f t 3

21. 60
g r a m s

1. 306 
l b s / f t 3

21. 60
g r a i n s

1. 306
lb s /  f t 3

OK
-j
Ui



T a b i c  15

D e n s i t y  of S a m p l e s  f o r  T e s t s  8 t h r o u g h  14

T e s t
#

W e i g h t  
of 

S a m p l e

D e n s i t y
of

S a m p l e

W e i g h t  
of  B o t t o m  

C o r e

D e n s i t y  
of  B o t t o m  

C o r e

W e i g h t  
of

TopC o r e

D e n s i t y
of

T o p  C c r i
A P P E A R A N C E

8 121. 1 
g r a m s

1. 446 
l b s / f t 3

22.  10 
g r a m s

1. 336 
l b s / f t 3

21. 45  
g r a m s

1. 297 
lbs  /  f t 3

1 c m .  D ia .  x  2 c m  v o id  in  
b o t t o m .  . 5 c m  i n  m i d d l e

9 118. 6 
g r a m s

1. 416 
l b s  / f t 3

20.  75
g r a m s

1. 255 
l b s / f t 3

20.  60 
g r a m s

1. 246^ 
lb s /  f t

s m a l l  . 5 xl ,  5 b o t t o m  vo id  
n e a r  w a l l

10 120. 1
g r a m s

1. 434  
l b s / f t 3

21. 25 
g r a m s

1. 285 
l b s / f t 3

21. 20
g r a m s

1. 282^ 
lbs  / f t -’

S m a l l  v o i d s  in  b o t t o m  
T o p  OK

11 120. 0 
g r a m s

1. 433 
l b s  / f t 3

21. 55 
g r a m s

1. 303 
l b s / f t 3

21. 25
g r a m s

1. 285 
l b s / f t 3

L o o k s  OK  e x c e p t  f o r  s m a l l  . 5 
x 1. 5 c m  vo id  in  b o t t o m

12 118. 3 
g r a m s

1. 412 
lb s  / f t 3

20 .80
g r a m s

1. 258 
l b s / f t 3

20.  80
g r a m s

1. 258 
l b s / f t 3

V o id s  15x 2 c m  n e a r  b o t t o m  o u t s i d e  
e d g e -  s t r u c t u r e  OK

13 116. 2 
g r a m s

1. 387 
lb s  / f t 3

21. 15 
g r a m s

1. 279 
l b s / f t 3

21. 00
g r a m s

1. 270 
lb s  / f t 3

. 5 c m  s p h e r i c a l  v o id  in  b o t t o m  
F  o a m  OK

14 119. 1
g r a m s

1. 422  
lb s  / f t 3

21. 33 
g r a m s

1. 290 
l b s / f t 3

21. 28 
g r a m s

1. 287 
l b s / f t 3

1cm. x  3 c m  v o id  n e a r  w a l l  at  
b o t t o m .  H o le  t h r o u g h  c e n t e r -0



T a b l e  16

D e n s i t y  of S a m p l e s  f o r  T e s t s  15 T h r o u g h  21

T e s t
#

W e i g h t
of

S a m p l e

D e n s i t y
of

S a m p l e

W e ig h t  
of  B o t t o m  

C o r e

D e n s i t y  
of B o t t o m  

C o r e

W e i g h t
of

T o p  C o r e

D e n s i t y
of

T o p  C o r e
A P P E A R A N C E

15 121. 1 
g r a m s

1. 445  
l b s / f t 3

21. 60 
g r a m s

1. 306 
lb s  / f t 3

20. 85 
g r a m s

1. 261 
l b s  / f t 3

S m a l l  . 5 c m .  v o i d s  in  B o t t o m  
A p p e a r a n c e  OK

16 117. 8 
g r a m s

■ 1. 407  
l b s  /  f t 3

20. 60 
g r a m s

1. 246 
l b s / f t 3

20.  33 
g r a m s

1. 230 
l b s  / f t 3

S m a l l  V o id s  n e a r  s u r f a c e  
b o t t o m  . 5 x 1  c m .

17 120. 5
g r a m s

1. 439  
lb s  / f t 3

21. 18 
g r a m s

1. 280
l b s / f t 3

20. 68
g r a m s

1. 251 
l b s  /  ft

A p p e a r a n c e  OK
. 5 c m  D i s  x 1 c m  Void in  b o t t o m

18 120. 1 
g r a m s

1. 434  
l b s / f t 3

21. 3 5 
g r a m s

1. 291 
lb s  / f t 3

20. 90
g r a m s

1. 264 
l b s / f t 3

E d g e  V o id s  in  B o t t o m

19 117. 7
g r a m s

1. 405  
lb s  /  f t 3

21. 00
g r a m s

1. 270 
lb s  / f t 3

20.  78
g r a m s

1. 257
lb s  / f t 3

4 v o i d s  . 5 c m  d i a  x 1 c m  j o i n ­
ing  t o g e t h e r  a l o n g  b o t t o m  e d g e

20 115. 0 
g r a m s

1. 373 
l b s / f t 3

20.  75 
g r a m s

1. 255 
l b s / f t 3

20.  52 
g r a m s

1. 241 
l b s / f t 3

OK
s m a l l  edge  v o i d s

21 118. 0 
g r a m s

1. 409
l b s  / f t 3

21. 22 
g r a m s

1. 283 
l b s / f t 3

21. 22 
g r a m s

1. 283 
l b s  / f t 3

B a d  S p l i t  3 c m .  long t h r o u g h  
e n t i r e  c e n t e r  of  c o r e s -o



T a b l e  17

D e n s i t y  of S a m p l e s  f o r  T e s t s  22 T h r o u g h  28

T e s t
#

W e i g h t
of

S a m p l e

D e n s i t y
of

S a m p l e

W e i g h t  
of B o t t o m  

C o r e

D e n s i t y  
of  B o t t o m  

C o r e

W e i g h t
of

Top C o r e

D e n s i t y
of

T o p  C o r e
A P P E A R A N C E

22 128. 5 
g r a m s

1. 534 
l b s / f t 3

21. 35 
g r a m s

1. 291 
lb s  /  f t 3

21. 25 
g r a m s

1. 285 
l b s / f t 3

. 3 d i a .  x  1 c m  v o id  in  b o t t o m  

. 5 x 1  c m  v o i d s  in  b o t t o m  v a i l

23 120. 5 
g r a m s

1. 439  
l b s  /  f t 3

20.  75 
g r a m s

1. 255 
l b s / f t 3

20. 80 
g r a m s

1. 258 
lb s  /  f t 3

. 5 c m  d i a  x  2 c m  v o id s  in  b o t t o m  
s u r f a c e  l o o k s  r o u g h

24 121. 0 
g r a m s

1. 445  
l b s  /  f t 3

21. 45 
g r a m s

1. 297 
l b s / f t 3

21. 35 
g r a m s

L 291 „ 
l b s / f t 3

T o p  OK . 5 c m  x  1cm v o i d s  n e a r  
s u r f a c e

25 119. 5 
g r a m s

1. 427
l b s  / f t 3

21. 50 
g r a m s

1. 300 
l b s / f t ^

21. 25 
g r a m s

1. 285 
l b s / f t 3

T i n y  . 1 5 c m  x  . 75 c m  v o i d s  t o ­
w a r d s  s u r f a c e s  a l l  the  w a y  up

26 119. 6 
g r a m s

1. 4 2 8  . 
lb  s /  f t 3

21. 30 
g r a m s

1. 288 
l b s / f t 3

21. 32 
g r a m s

1. 289 
lb s  /  f t J

. 3 c m  h o l e s  t h r o u g h  c e n t e r  1. 2 c m  
s p h e r i c a l  v o id  in  b o t t o m

27 116. 1 
g r a m s

1. 386 
l b s / f t 3

20.  62 
g r a m s

1. 247 
l b s / f t 3

20. 43 
g r a m s

1. 235 
l b s / f t 3

. 4 c m  f i n g e r  l i k e  v o id s  r u n n i n g  in  
b o t t o m  a n d  a long  o u t e r  e d g e s

28 112. 6 
g r a m s

1. 344 
l b s  /  f t 3

20.  10 
g r a m s

1. 215 
l b s / f t 3

19. 75 
g r a m s

1.193 
l b s /  f t J

. 5 c m  d i a  v o id  t h r o u g h  e n t i r e  c e n t e r  
of  s a m p l e ,  s m a l l  v o id s  n e a r  w a l l s -Jco



79

T o  a n a l y z e  w h e r e  th e  e x c e s s  m a t e r i a l  g o e s  w h e n  o v e r ­

p a c k i n g ,  t h e  d a t a  w a s  l o o k e d  a t  in  t h r e e  d i f f e r e n t  w a y s .  T h e  e x c e s s  

m a t e r i a l  c o u l d  i n c r e a s e  th e  v o l u m e  of th e  s a m p l e ,  i n c r e a s e  the  c o r e  

d e n s i t y  of  the  s a m p l e ,  o r  i n c r e a s e  the  t h i c k n e s s  a n d  d e n s i t y  of  the  

s a m p l e  w a l l .

T h e  s a m p l e  w a s  a l l o w e d  to  r i s e  f r e e l y  up th e  t e s t  c e l l .  

F r o m ,  t h e  f i n a l  h e i g h t  r e a c h e d  th e  t o t a l  e x p a n d e d  v o l u m e  c o u l d  b e  

c a l c u l a t e d .

F r o m  t h e  a n a l y s i s  of  the  d i f f e r e n c e  b e t w e e n  the  o v e r a l l  

d e n s i t y  a n d  the  a v e r a g e  c o r e  d e n s i t y  th e  a m o u n t  of m a t e r i a l  t h a t  

m a k e s  up th e  s k i n  w a s  c a l c u l a t e d .

T h e  u r e t h a n e  a l s o  g o e s  in to  i n c r e a s i n g  o r  d e c r e a s i n g  th e  

c o r e  d e n s i t y  of  th e  s a m p l e .  A s  s h o w n  in  the  c e l l  c l u s t e r  in  F i g u r e  

37, t h i s  m a t e r i a l  c o u l d  e i t h e r  go  in to  i n c r e a s i n g  the  t h i c k n e s s  of  

t h e  c e l l  w a l l s  o r  th e  s i z e  of  t h e  c e l l .  T h e  t h i c k n e s s  of  the  in d iv id u a l  

p o l y u r e t h a n e  f o a m  c e l l  w i l l  b e  a f f e c t e d  s o m e w h a t  by  th e  f low of the  

f o a m  in  th e  p r i m a r y  p o l y m e r i z a t i o n  s t a g e .  T a b l e  18 s h o w s  th e  

c a l c u l a t i o n s  u s e d  in  m a k i n g  t h e s e  d e t e r m i n a t i o n s .

F i g .  37.  C e l l  s i z e  a f f e c t s  a m o u n t  of m a t e r i a l



T a b l e  18

O v e r p a c k  C o n s i d e r a t i o n s

T e s t  #

D i f f e r e n c e  
B e t w e e n  

B o t t o m  & 
T o p  C o r e

A v e r a g e
C o r e

D e n s i t y

D i f f e r e n c e  
B e t w e e n  

O v e r a l l  & 
A v e r a g e  

C o r e  D e n s i t y

F i n a l
H e i g h t

R e a c h e d

90%
C e l l
S ize

(Inch)

1 0.  039 1 . 2 5 6 5 0 . 1 7 8 5 56.  5 . 015

2 0. 003 1 . 2 3 2 5 0. 1765 57.  0 . 015

3 0. 030 1 . 3 0 9 0 1 . 1 3 0 0 57.  5 . 017

4 0. 018 1 . 2 7 9 0 0. 1610 58.  8 . 015

5 0. 009 1 . 2 9 8 0 0. 1190 60.  5 . 011

6 0. 018 1. 2910 0. 1130 6 1 . 0 . 013

7 0. 000 1 . 3 0 6 0 0. 1330 63.  0 . 0 1 0

8 0. 039 1. 3165 0. 1295 53.  0 . 0 1 0

9 0. 009 1 . 2 5 0 5 0. 1655 58.  5 . 010

10 0. 003 1 . 2 8 3 5 0. 1505 58.  5 . o n

11 0. 018 1 . 2 9 4 0 0. 1390 59.  6 . O i l
12 0. 000 1. 2580 0 . 1 5 4 0 61.  5 . 012

13 0. 009 1. 2745 0. 1125 60.  5 . 015

14 0 . 0 0 3 1. 2885 0 . 1 3 3 5 57.  5 . 013
15 0. 045 1. 2835 0. 1615 56.  0 . 012
16 0. 016 1 . 2 8 3 0 0 . 1 6 9 0 58.  7 . 0 1 1

17 0. 029 1. 2655 0. 1735 59.  0 . 013

18 0. 027 1. 2775 0 . 1 5 6 5 59.  0 . 012

19 0. 013 1. 2635 0 . 1 4 1 5 60.  2 . 010
20 0. 014 1 . 2 4 8 0 0. 1250 60.  8 . 014

21 0. 000 1 . 2 8 3 0 0. 1260 59.  8 . 014
22 0. 006 1 . 2 8 8 0 0 . 2 4 6 0 56.  3 . 0 1 3

23 - 0 . 0 0 3 1. 2565 0. 1825 56.  7 . 012

24 0. 006 1 . 2 9 4 0 0. 1510 57.  3 . O i l
25 0 . 0 1 5  . 1 . 2 9 2 5 0. 1345 59.  5 . 013
26 - 0 . 0 0 1 1. 2885 0. 1395 59.  5 . 012

27 0. 012 1. 2410 0 . 1 4 5 0 62 .  0 . 0 1 1
28 0. 022 1 . 2 0 4 0 0 . 1 4 0 0 63.  0 . 014

80



81

T o  c o n s t r u c t  th e  g r a p h s  a n d  to  f in d  th e  b e s t  f i t  f o r  th e  d a t a  

a  r e g r e s s i o n  a n a l y s i s  -was r u n  u s in g  a c o m p u t e r  p r o g r a m .  A s a m p l e  

p r i n t o u t  w a s  i n c l u d e d  in  A p p e n d i x  D.

T h e  t h r e e  v a r i a b l e s  u s e d  w e r e :  (1) d e n s i t y  of  t h e  c e l l  w a l l ,  

(2) c o r e  d e n s i t y ,  a n d  (3)  f i n a l  h e i g h t  r e a c h e d ;

A p r o g r a m  w a s  r u n  f o r  e a c h  r a n g e  of i n g r e d i e n t  t e m p e r a ­

t u r e s  u s e d .  (1) 6 0 ° F  f o r  A a n d  7 0 ° F  f o r  B .  (2) 7 0 ° F  f o r  A a n d  7 0 ° F  

f o r  B .  (3) 8 0 ° F  f o r  A a n d  7 0 ° F  f o r  B .  (4) 9 0 ° F  f o r  A a n d  7 0 ° F  f o r  B.

T h e  fo l l o w i n g  e q u a t i o n s  w e r e  l o o k e d  a t ,  w h e r e  " T e m p "  equals 

t h e  c e l l  w a l l  t e m p e r a t u r e  a n d  " v a r "  e q u a l s  the  v a r i a b l e  l o o k e d  a t .

(1) V a r  r  T e m p

( 2 ) V a r  = T e m p f T e m p 2

( 3 ) Y a r  = T e m p + T e m p 2  + T e m p 3

(4) V a r  = T e m p -t T e m p 3

T h e  b e s t  f i t  w a s  d e t e r m i n e d  b y  f i n d in g  the  e q u a t i o n  w i th  th e  

l o w e s t  m e a n  and  th e  h i g h e s t  " R " .  ( P e r c e n t a g e  of  d a t a  p o i n t s  in  

r a n g e )  T h e  " t "  t a b l e  i n f o r m a t i o n  p r e s e n t e d  in  th e  p r i n t o u t  w a s  u s e d  

to  d e t e r m i n e  if  t h e  r e s u l t s  w e r e  s i g n i f i c a n t .  H o w e v e r ,  b e c a u s e  of  the 

s a m p l e  s i z e  t h i s  i n f o r m a t i o n  w a s  n o t  a s  i m p o r t a n t  i n  th e  c o n s i d e r a ­

t i o n  a s  t h e  o t h e r  f a c t o r s .

T h e  r e s u l t s  w e r e  p l o t t e d  and  in c l u d e d  in  F i g u r e s  38 to  49.
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T e m p e r a t u r e  of C a v i t y  W a l l  °C  

F i g .  4 0 .  D i f f e r e n c e  b e t w e e n  o v e r a l l  d e n s i t y  and  a v e r a g e  c o r e  d e n s i t y  A = 8 0 ° F  B = 7 0 ° F  55
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T e m p e r a t u r e  of  C a v i t y  W al l  
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T o  g e t  a n  i d e a  of  th e  r e p e a t a b i l i t y  of  the  e x p e r i m e n t s ,  t e s t s  

1 t h r o u g h  14 w e r e  r u n  m o r e  t h a n  o n c e .  T h e  r e s u l t s  in  the  r a n g e  

w h e r e  c o m p o n e n t  A w a s  h e l d  a t  7 0 ° F  a n d  c o m p o n e n t  B a t  7 0 ° F  w e r e  

e v a l u a t e d  a n d  p l o t t e d  on th e  g r a p h s  in  F i g u r e s  39 a n d  47 .  T a b l e  19 

s h o w s  th e  r e s u l t s .  T h i s  d a t a  h e l p e d  to  s m o o t h  out  th e  c u r v e s  on th e  

g r a p h s  a n d  h e l p e d  to  d e t e r m i n e  th e  ty p e  of c u r v e  o b t a i n e d .

T a b l e  19

T e m p e r a t u r e  S e n s i t i v i t y  T e s t s  8 T h r o u g h  14 
( R e p e a t e d )  W h e r e  A = 7 0 ° F  a n d  B = 7 0 ° F

T e s t
#

T e m p .
of

C a v i t y

D e n s i t y
of

S a m p l e

D e n s i t y
of

B o t t o m
C o r e

D e n s i t y
of

T o p  C o r e

A v e r a g e
C o r e

D e n s i t y

D i f f e r e n c e  
B e t w e e n  

H e i g h t  O v e r a l l  
of  a n d  A v e r a g e  

R i s e  C o r e  D e n s i t y

8a 2 0 °C 1 .4 5 1 1. 252 1. 246 1. 249 57.  8 c m . 202
V o / i t2. l b / f t 3 l b / f t 3 l b / f t 3 l b / f t 3

9a
O0oC

O 1. 385 1. 243 1. 243 1. 243 6 1. 0 c m . 142
l b / f t 3 l b / f t 3 l b / f t 3 l b / f t 3 l b / f t 3

10a

Ooo

1. 387 1. 249 1. 238 1. 2435 60.  5cm . 1435
l b / f t 3 l b / f t 3 l b / f t 3 l b / f t 3 l b / f t 3

1 l a 4 5 ° C 1. 369 1. 234 1. 234 1. 234 61.  Ocm . 135
l b / f t 3 l b / f t 3 l b / f t 3 l b / f t 3 l b / f t 3

-fZa 50°C 1. 396 1. 246 1. 246 1. 246 62.  5 c m . 150
l b / f t 3 l b / f t 3 l b / f t 3 l b / f t 3 l b / f t 3

13a 55°C 1. 392 1. 252 1. 249 1. 2^0 60.  Ocm . 142
l b / f t 3 l b / f t 3 l b / f t 3 l b / f t 3 l b / f t 3

14a 60 °C 1 . 4 0 3 1. 285 1. 276 1. 2805 60.  Ocm . 1225
l b / f t 3 l b / f t 3 l b / f t 3 l b / f t 3 l b / f t 3
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T o  d e t e r m i n e  i f  the  t e m p e r a t u r e  of th e  i n g r e d i e n t s  w a s  

s i g n i f i c a n t  o v e r  th e  e n t i r e  r a n g e  of  w a l l  t e m p e r a t u r e s ,  a n  a n a l y s i s  

of  v a r i a n c e  p r o g r a m  w a s  r u n  on  th e  c o m p u t e r .  (See  A p p e n d i x  E .  ) 

T h i s  p r o g r a m  s h o w e d  t h a t  t h e  t e m p e r a t u r e  of th e  i n g r e d i e n t s  w a s  

n o t  s i g n i f i c a n t  o v e r  th e  e n t i r e  r a n g e  of  t e m p e r a t u r e s  f o r  t h e  

a v e r a g e  c o r e  d e n s i t y ,  the  d i f f e r e n c e  b e t w e e n  o v e r a l l  a n d  a v e r a g e  

c o r e  d e n s i t y  a n d  f o r  t h e  h e i g h t  of  r i s e  r e a c h e d .



C H A P T E R  VI

R E S U L T S ,  C O N C L U S IO N S  AND R E C O M M E N D A T I O N S  

F O R  F U R T H E R  STU DY

T h e  p u r p o s e  of  t h i s  c h a p t e r  w a s  to  a r r i v e  a t  c o n c l u s i o n s  

f r o m  th e  d a t a  o b t a i n e d  in  C h a p t e r  V a n d  the  i n f o r m a t i o n  g l e a n e d  f r o m  

o t h e r  r e s e a r c h e r s .

T h e  l e s s  s e n s i t i v e  the  p r o c e s s  i s  to  th e  v a r i a b l e s ,  the  

e a s i e r  i t  i s  to c o n t r o l

1. V i s c o s i t i e s .  T h e  v i s c o s i t i e s  of t h e  tw o  c o m p o n e n t s  a r e  

s i m i l a r  w h e n  the  B c o m p o n e n t  i s  h e l d  n e a r  7 2 ° F  a n d  th e  A c o m p o n e n t  

i s  c h i l l e d  to  6 0 ° F  o r  s l i g h t l y  l o w e r .  T h i s  r a n g e  w a s  s e l e c t e d  

b e c a u s e  a b o v e  th e  t e m p e r a t u r e  of 7 2 ° F  t h e r e  w i l l  b e  f r e o n  l o s s  f r o m  

th e  m a s t e r b a t c h .  T h e  l o w e r  v a l u e s  a r e  w a n t e d  a l s o  b e c a u s e  the  

v i s c o s i t i e s  a r e  e a s i e r  to  h a n d l e  and  p r o p o r t i o n  c o r r e c t l y ,  a n d  a t  t h i s

r a n g e  e x t e n s i v e  h e a t i n g  o r  c o o l in g  w a s  n o t  n e e d e d .  T h e  m i x i n g  w i l l  

b e  o p t i m i z e d  a t  t h i s  r a n g e  b e c a u s e  th e  v i s c o s i t i e s  a r e  s i m i l a r .  T h i s  

i s  e s p e c i a l l y  t r u e  in  i m p i n g e m e n t  m i x i n g .
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H o w e v e r ,  t h e r e  i s  a t r a d e o f f  b e t w e e n  m i x i n g  a n d  r e a c t i o n  

r a t e .  A s  t h e  t e m p e r a t u r e  of  the  A c o m p o n e n t  i s  l o w e r e d  th e  c r e a m  

t i m e ,  r i s e  r a t e  a n d  t a c k  t i m e  a r e  a l l  d e c r e a s e d .  If th e  r e a c t i o n  

r a t e  i s  s l o w e d  too  m u c h  p r o d u c t i o n  r a t e  g o e s  dow n a n d  a n y  m a t e r i a l  

s a v i n g s  w o u ld  b e  l o s t  b e c a u s e  of d e c r e a s e d  p r o d u c t i o n .

2. T e m p e r a t u r e  of I n g r e d i e n t s .  T h e  r e s u l t s  of  t h i s  s t u d y  

s h o w e d  t h a t  i n g r e d i e n t  t e m p e r a t u r e  h a s  l i t t l e  e f f e c t  on  t h e  c o r e  

d e n s i t y ,  th e  s k i n  d e n s i t y  o r  th e  v o l u m e  f i l l e d  w h e n  c a b i n e t  t e m p e r ­

a t u r e s  a r e  in  th e  r a n g e  f r o m  35 to  5 5 ° C .  T h e  i n g r e d i e n t  t e m p e r a t u r e  

d o e s  h a v e  e f f e c t  u p o n  the  v i s c o s i t y  and  th e  r e s u l t s  a r e  m e n t i o n e d  i n  

t h e  d i s c u s s i o n  a b o v e .

3. M ix in g  T i m e  a n d  S p e e d .  T h i s  s t u d y  s h o w e d  t h a t  m i x i n g  

t i m e  e f f e c t s  the  c r e a m  t i m e ,  th e  d e n s i t y ,  th e  a p p e a r a n c e ,  a n d  the  

c e l l  s i z e  of  th e  f i n a l  f o a m  p r o d u c t .  B e c a u s e  of  the  e q u i p m e n t  u s e d  

t h e  r e s u l t s  g a i n e d  f r o m  t h i s  s t u d y  c o u l d  n o t  be  c o m p a r e d  to a c t u a l  

p r o d u c t i o n  p r o c e s s e s .

4.  W a l l  T e m p e r a t u r e .  A t  w a l l  t e m p e r a t u r e s  i n  th e  r a n g e  

of  2 0 ° C  to  4 0 ° C  th e  f o a m  i s  q u i t e  s e n s i t i v e  to  w a l l  t e m p e r a t u r e .  T h e  

s l o p e  of  t h i s  curve w a s  d e t e r m i n e d  to  b e  2. 5 X 10"^ f r o m  th e  g r a p h s  

a n d  th e  u n i t s  u s e d .  In th e  r a n g e  of  4 5 ° C  to 6 0 °C  the  s l o p e  i s  

p r a c t i c a l l y  f l a t  i n  t h i s  r e g i o n ,  and  t h e r e f o r e ,  the  s e n s i t i v i t y  i s  low .
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A t  6 0 ° C  a n d  a b o v e  th e  s e n s i t i v i t y  i n c r e a s e s .  T h i s  -was p r o b a b l y  th e  

r e s u l t  of a p r e m a t u r e  r e l e a s e  of f r e o n .

R e c o m m e n d a t i o n s  f o r - F u r t h e r  S tudy

A n  i n v e s t i g a t i o n  in to  m i x i n g  a n d  e f f e c t s  of  p r o p e r  m i x i n g  

•would b e  a v a l u a b l e  s tu d y  f o r  h e l p i n g  to  m o d e l  t h e  p r o c e s s .  I t  i s  

r e c o m m e n d e d  t h a t  t h i s  s t u d y  be  m a d e  a lo n g  -with the  t e s t  c e l l  

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

in  m i x i n g  h a v e  b e e n  m a d e  in  th e  p a s t  f i f t e e n  y e a r s .

A n o t h e r  a r e a  r e q u i r i n g  f u r t h e r  i n v e s t i g a t i o n  i s  t h e  r e l a t i o n ­

s h ip  of h u m i d i t y ,  b a r o m e t r i c  p r e s s u r e  a n d  a m b i e n t  a i r  to  th e  p r o c e s s .

A s t u d y  t h a t  w o u ld  h e l p  in  o p t i m i z i n g  th e  p r o c e s s  w o u ld  be  

th e  d e v e l o p m e n t  of  s e n s o r s  to  m o n i t o r  p r o c e s s  v a r i a b l e s .  One 

s e n s o r  t h a t  w o u ld  b e  v a l u a b l e  w o u ld  b e  a s e n s o r  t h a t  w o u l d  g iv e  

c o n s t a n t  r e a d o u t  of  w a l l  t e m p e r a t u r e  of the  c a v i t y .  If  w a l l  

t e m p e r a t u r e  c o u l d  b e  m o n i t o r e d  a n d  c o u p l e d  w i th  a c o m p u t e r  o t h e r  

v a r i a b l e s  c o u l d  be  c h a n g e d  to c o m p e n s a t e  to  h e l p  in  d e c r e a s i n g  

m a t e r i a l  c o n s u m p t i o n .  T h i s  w o u ld  h e l p  on ly  a f t e r  th e  r e l a t i o n s h i p  

b e t w e e n  the  v a r i a b l e s  w a s  e s t a b l i s h e d .

S in c e  t h e  f i x t u r e s  a r e  c o n s t a n t l y  h e a t i n g  up d u r i n g  a 

p r o d u c t i o n  r u n ,  a n  i n v e s t i g a t i o n  in to  a w a y  of  k e e p i n g  th e  f i x t u r e s

a t  a c o n s t a n t  t e m p e r a t u r e  c o u l d  a l s o  b e  an  a r e a  of  f u r t h e r  r e s e a r c h .



A P P E N D I X  A

U R E T H A N E  F O A M  M A C H IN E R Y  
A V A I L A B L E  TODAY
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Specifying
Urethane Foam Machinery.

B y V in c e n t J o h n s o n , A d m ira l  
E q u ip m e n t C o ., d iw  o f  U p jo h n  C o .

If you’re looking to buy c luipment for 
urethane foam applications, important 
points to keep in mind are the product, 
process and rate of production. Once 
you’ve determined the application, it 
becomes a lot easier to s?•>•: city the pi ec- 
css (e g .,  spraying vi. molding) and 
choose the chemical system required 
(e.g., two vs. three components).

Same latitude with process Pout, froth, 
spray and injection are the four basic 
dispensing methods governing 
urethane foam equipment. Particular 
machines are capable of dispensing 
urethane by two or more of these ap­
proaches, but seme modifications are 
usually required for the conversion 
from one mode to another.

The various ways of dispensing 
urethane can each be employed with 
either of the basic processing 
techniques—i.c.. molding or casting, 
both generally considered a form of 
pouring. The particular dispensing 
method you settle on wili be largely 
dependent on the product being made 
and chemicals needed to pro *_ce it. 
Particular attention must be paid to 
dispensing when interfacing your 
urethane equipment to the production 
process you desire.

For the purposes of this discussion, 
we will group dispensing methods into 
two broad classes—spraying and mold­
ing.

Spraying is usually, though not ex­
clusively, a field application, in many 
respects selecting spray machinery is 
similar to selecting ar.v other 
urethane-dispensing equipment: One

looks for simplicity, dependability, 
versatility and value. Other points to be 
kept in mind include: (1) output range 
and control, C) machine weight and 
portability, (3) electrical and air re­
quirements. (4) material healing capa­
bility. (5) weight and dependability of 
the spray cun (head). (6) solvent flush­
ing or air-purge provisions for cleaning 
the gur.. (?) ease of calibrating. (S) 
puisation-tiee spraying. (9) pumping 
ratio. <!(;) maximum pumping pressure 
and means of adjustment, (! 1) effect of 
material viscosity on output.

To specify machinery needed for a 
molding application, the part weight 
and characteristics of the chemicals to 
be used become essential. The weight 
of the part is directly related to 
machine output; furthermore, the 
larger the part, the larger is the 
machine needed and, consequently, the 
greater the attendant investment. An 
important chemical chnractctistlc to 
bear in mind in a molding operation is

the system’s cream time (i.e.. the in­
terval between dispensing and initia­
tion of reaction, as it is visually de­
tected). It is iV.e cream time that deter­
mines how lung a period one has to 
dispense tiie material.

Besides the points of interest which 
also apply to spray machinery, factors 
that deternrne the selection of equip­
ment for methane molding applications 
tnciude: (1) shot or dispensing accuracy 
and metering precision. «2; mixing ac­
tion. (3) ease of maintenance fur the 
head and metering system. (4) process 
control options.

As for the properties and characteris­
tics of the chemical system you’ic run­
ning, bear these in rr.ir.d:

•  Viscosity.
« Reaction temperature.
•  Specific gravity.
« Reactivity time—cream time, gel 

time (or pot life, for elastomers). t.'.cfc- 
free time, rise time, cure and demold 
time.

•  Free-risc density.
Frothing machinery is really a type of 

molding or casting equipment. What it 
involves is addition of another compo­
nent (usually fluorocarbon 12'* dmectly 
into the mixing head. While pumping 
and metering units arc standard for tr*c 
third component, the mixing head op­
erates under pressure of about »00 psi 
to keep the frothing agent liquid until 
it’s discharged into the mold. Two 
types o f head are used in this low- 
pressure process: (i) 2 convention)! 
mechanical mixer with air-controlled 
backpressure valve and (2) a helical 
mixer—it’s simpler be; generally has a 
more limited output range.

Determining the right output When you

104/PLAS7ICS TECHNOLOGY
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have decided on the dispensing process 
best suited to ycta needs. you should 
next consider it.;CMne ou’pn: (or 
throughput!. *lhi> * :nc weight or vol­
ume of the chemicals per unit of tune as 
they arc metered, nixed and d is­
pensed. Output is dependent on the 
punip'ng rate of the metering system 
and the mixer size (or capacityV ilf  
output of a machine is given in terms of 
volume, a conversion to lb tr.in can be 
made if you know the specific gravity 
of the materials being used.) Maximum 
output is usually reported by calibrat­
ing the machine with a low-vLvosity 
material at a 1:1 ratio. Dear in mind 
that n • .bines have upper and lover 
output limits that should be defined and 
established within the framework and 
accuracy of the metering system and 
the dispense shot time at a given out­
put. A iOU-lb/msn machine, tor in­
stance, cannot perform . iequa cly at 
an output of 5 lb.min. but it could pro­
duce 3-lb shots with 3-scc dispense 
times . !G0 ib of material thus being dis­
pensed in 1 mm).

Another point not to be overlooked 
is the effect of material viscosity on a 
rnaclvnc’s output range. Remeir.ber 
that the output for each Component 
stream must remain consta.it at any 
particular setting; furthermore, 
machine accuracy is vital with respect 
to reproducing timed shots.

Your choice of chemicals as well as 
the product being made will determine 
whether you should have fixed or vari­
able output ratios. Fixed-ratio 
machines dispense the same unit 
weight (or volume) of each chemical 
component simultaneously, requiring 
mechanical changes for processing 
chemicals with different ratios. Of 
course, this seeming drawback is over­
come by using systems specifically 
formulated to offer I:I or fixed ratios. 
Variable-ratio machines, on the other 
hand, offei adjustable outputs for each 
of the chemical com ponents. For 
example, a 100-tb'min machine set at a 
1:1 ratio and maximum output dis­
penses 50 Ib'niin of each component. 
When set at 2• I, the s .nie machine dis­
penses only 50 Ib of the first component 
and 25 lb of the second, cutting output 
to 75 Ib/min.

Mixing and metering A critical factor in 
producing good urethane product is the 
quality of the mixing action. The mix­
ing head is supplied with urethane 
chemicals under pressure from the

metering system or the material reser­
voir. In most spray operations, these 
components dead-end at the head. In 
other cases, the chemicals continu­
ously recirculate, returning each mate­
rial to its tespective reservo.r. Valves 
at the mixing head allow each chemical 
stream to simultaneously enter the mix­
ing chamber. I his is accomplished by 
balancing rhe recirculation pressure 
with the dispensing pressure so that 
there is nc pressure difference between 
either of the two modes.

Pressure balancing is also important 
in calibrating machine output. In either 
the dead-end or the recirculatir.g-tccd 
systems, different component streams 
may exhibit somewhat different pres- 
sures because of Jissinuhtr viscosities 
or flow characteristics. The head prin­
cipally functions as a two- or three- 
way-valve system that controls the 
entry of material into the mixing 
chamber.

The three fcaslc types of mixers used 
on urethane equipment are:

•  High-'peed mechanic a ’, (dynamic) 
rotating mixers . Designs include inter­
rupted helical gears, roto-stators, 
worm g^ars, impellers or similar !>oes.

•  M otionless (no-moving-pur: t ) 
mixers. These depend upon turbulent 
flow to induce mixing. The available 
designs offer regular or '(regular 
helices, split- or flow-reversing rib­
bons. etc.

•  High-pressure direct- or indirect- 
stream impingement mixers. Such de­
vices use the kinetic energy of the 
material for mivng.

Another point of interest in this area 
is solvent-free, or seif-cleaning, mix­
ers. You might also consider operating 
your machines on multiple short shots, 
since doing so requires little or no 
Hushing. While the technique is r.ot 
widespread and depends on the system 
formulation as well as mixer configura­
tion. it may be worth your while to lake 
a look into it. Consult your machine 
supplier to determine which parbeuiar 
type of mixing arrangement best suds 
the material system anil process you 
have in mind.

There are four basic metering sys­
tems used to pump the chemical com­
ponents of a urethane system to the 
mixing head:

I. Rotary gear pumps. These are 
either the fixed-speed, variable- 
displacement types or those with vari­
able speed and fixed displacement. 
Special shaft seals are iccommended

for pumps working with materials con­
taining isocyanates since these react 
woh atmospheric moisture to form 
urea, which is extremely abrasive and a 
cause of pump-seal failure.

2. Positive-displacement cylinders, 
piston or rod type. These may be oper­
ated by either a pneumatic or hydraulic 
master-drive cylinder.

3. Annular or axial piston pumps.
These are iviulticylinder units used to 
develop high pressures.

4. Plow-control valves. These de­
vices meter materials from pressurized 
vessels; they are not pumps and con­
sequently preclude any recirculation of 
components.

A word on RIM Reaction injection 
molding (RIM)—or liquid injection 
molding (LiM ), as it ’s som etimes 
called—has recently attracted the in- •
tcrest of plastics processors. The RIM *%,.*•
process consists ol injecting liquid 
urethane chemicals into closed molds 
at very fast rates. The chemicals them- 
selvc> are highly catalyzed and there­
fore react extremely fast. Compared to 
injection molding. RIM offers the fol­
lowing advantages: tl) short demold 
times (2) short mold cycle times. (3) 
low capital investment, (4) large-part I
capability, (5) elimination of .flow and 
stress lines, (0) low molding pressure.
(7) ease in handling difficult mold con­
figurations.

Output capacities for RIM equipment 
are generally on the order of 100-200 
!h/min, though units are available that 
go r . high as 060 Ib'rrvn. [See p. 109.J 
What’s more, one foam machine can 
usually service several molds, the ar­
rangement often involving a manifold 
system which brings the reactive ingre­
dients to mixing heads positioned at the 
individual molds.

Liquid reactants are deiiveied to the 
mixing head at pressures o f about 
1500-3000 psi; these pressures are 
commonly obtained via piston pumps 
that also serve as metering pumps.
While mixing heads can be variously 
designed, all are self-cleaning cavities 
of rather small volume (about 0.3 cu 
in., or 15-30 times smaller than heads 
on low-picssure equipment).

Most RIM equipment is designed for 
two components. Other systems use an 
in-line piston pump that delivers the 
additional component to the suction 
side of the polyol stream; pump is de­
signed to run only while the unit is dis­
pensing info the mold. □ □
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COMPARATIVE SPECIFICATIONS 
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URETHANE MACHINERY (Continued)
POUR (Continued)
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vaiocity streams
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U r e t h a n e  F o a m  F l o w  T e s t  
T h r e e  F o o t  T u b e

I. S c o p e  &: A p p l i c a t i o n

T h i s  i s  a b e n c h  s c a l e  m e t h o d  f o r  d e t e r m i n i n g  t h e  f low  
p r o p e r t i e s  of u r e t h a n e  f o a m  s y s t e m s .

II. P r i n c i p l e

A s p e c i f i c  b a t c h  s i z e  of  f o a m  m i x t u r e  i s  m i x e d  i n  a c u p  
u p o n  w h i c h  a f u n n e l  a n d  3 '  l i n e d  tu b e  a r e  p l a c e d .  T h e  f o a m  r i s e s  in  
t h e  t u b e  to  a h e i g h t  d e p e n d e n t  u p o n  th e  f low p r o p e r t i e s  of  the  s y s t e m s .

III . V a r i a b l e s

T e m p e r a t u r e  of  i n g r e d i e n t s ,  m i x i n g  m e t h o d ,  m i x i n g  t i m e ,  
b a t c h  s i z e  a n d  % b l o w i n g  a g e n t  s h o u ld  b e  a c c u r a t e l y  c o n t r o l l e d  w h e n  
c o m p a r i n g  one  s y s t e m  w i t h  a n o t h e r .  No s t u d y  h a s  b e e n  m a d e  o n  th e  
e f f e c t  of  t h e s e  v a r i a b l e s  on the  t e s t  r e s u l t s .

IV.  A p p a r a t u s

1. 36"  c a r d b o a r d  f a b r i c  t u b e ,  3" I. D . , 1 / 4 "  w a l l  t h i c k n e s s  
S o n o c o  P r o d u c t s  C o . , P h i l a d e l p h i a ,  P e n n a .

2. 1 2"x36"  5 m i l  " M y l a r "  -  E .  I. du  P o n t  de  N e m o u r s  & C o . ,  
I n c . ,  F i l m  D e p t . ,  W i l m i n g t o n ,  D e l a w a r e .

3. D i x i e  C u p  #2112, 12 f l u i d  oz .  H o t  D r i n k  C u p
D i x i e  C u p  D iv .  , A m e r i c a n  C a n  C o . ,  E a s t o n ,  P e n n a .

4.  T r i - P o u r  B e a k e r  ( P l a s t i c )  400  m l .
B i o l o g i c a l  R e s e a r c h  I n c . , A L O E  D iv .
S u b s i d i a r y  of  B r u n s w i c k  C o r p .
12201 New C o l u m b i a  P i k e ,  S i l v e r  S p r i n g s ,  M d .

5. D i a g g e r  D i a l - S p e e d  S t i r r e r
H ig h  S p e e d  M o d e l  # 5 6 5 4 0 B ,  200 to  3000  R P M  (A. D i a g g e r  Co. 
159 W. K i n z i e ,  C h i c a g o ,  I l l i n o i s )
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W i th  3 - b l a d e  s t a i n l e s s  s t e e l  p r o p e l l e r  2"  d i a .
C a t a l o g  # 9 2 4 0 - K ( A .  H. T h o m a s ,  P h i l a d e l p h i a ,  P e n n a .  ) 
On s t a i n l e s s  s t e e l  s t i r r i n g  s h a f t  C a t a l o g  # 9 2 4 0 - F  
(A. H. T h o m a s ,  P h i l a d e l p h i a ,  P e n n a .  )

V. P r o c e d u r e

1. P l a c e  " M y l a r "  f i l m  in  t u b e .

2. C u t  b e a k e r  2. 5" f r o m  top  a n d  p l a c e  top  s e c t i o n  u p s i d e  
dow n  in  b o t t o m  of t u b e  to  a c t  a s  a f u n n e l .

3. W e i g h  170 t  1 g m s  of t o t a l  s y s t e m  in  D ix i e  cup .
(170 g m s  r e q u i r e d  f o r  2 p c f  s y s t e m ;  l a r g e r  a m o u n t s  
f o r  h i g h e r  d e n s i t i e s ) .

4.  M ix  f o r  9 s e c s ,  on  D i a g g e r  S t i r r e r  a t  h ig h  s p e e d ,  
i . e .  up to  3000 R P M .  ( S h o r t e r  m i x  t i m e s  r e q u i r e d  f o r  
s y s t e m s  t h a t  c r e a m  f a s t e r  t h a n  9 s e c s .  ) ( F i g u r e  1).

V. P r o c e u d r e  ( c o n t ' d .  )

5. Q u i c k l y  p l a c e  on b e n c h  a n d  p u t  t u b e  a s s e m b l y  o v e r  c u p .  
C u p  s h o u l d  f i t  t i g h t l y  i n t o  f u n n e l  ( i n v e r t e d  c u t  b e a k e r )  a n d  f u n n e l  
s h o u l d  f i t  t i g h t l y  i n t o  t u b e  to  p r e v e n t  f o a m  l e a k a g e .  A s s e m b l y  c a n  
b e  h e l d  o r  t a p e d *  u n t i l  f o a m i n g  i s  c o m p l e t e .  ( F i g u r e  2).

6.  A f t e r  f o a m  h a s  r i s e n  a n d  s e t  ( A p p r o x .  20 m i n .  f o r  m o s t  
s y s t e m s ) ,  s l i d e  t u b e  off of  f o a m / b e a k e r / c u p  u n i t .  ( F i g u r e  3).

VI. R e p o r t

M e a s u r e  and  r e p o r t  th e  fo l l o w i n g :

A. F o a m  h e i g h t ;  f r o m  b o t t o m  of c u p  to  p o i n t  of 
m a x i m u m  r i s e .  ( F i g u r e  4) .

B .  S h e a r  l i n e  h e i g h t ;  f r o m  b o t t o m  of c u p  to  p o i n t  of  foam 
b r e a k d o w n  ( S h e a r )  on  f o a m  s u r f a c e .  ( F i g u r e  4) .

C .  C o r e  d e n s i t y  of f o a m  ( s k i n  r e m o v e d ) .

* L a y  2 fo o t  l e n g t h  of  m a s k i n g  t a p e  on b e n c h ,  s t i c k y  s i d e  up .  A f t e r  
m i x i n g ,  q u i c k l y  p l a c e  c u p  in  c e n t e r  of  t a p e  a n d  p u t  t u b e  a s s e m b l y  
o v e r  c u p .  W h i l e  h o l d i n g  c o m p l e t e  a s s e m b l y  w i th  one  h a n d ,  r u n  
t a p e  up one  s i d e  of  t u b e ,  t h e n  th e  o t h e r .
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Designation: D 22 3 7  -  70

AMERICAN SOCIETY FOR TESTING AND MATERIALS
1916 R ace St., Ph iladelphia , P a ., 19103

Reprinted from the Annual Book of A STM Standards. Copyright ASTM

Standard Msthod of Test for 
RATE-OF-RISE (VOLUME INCREASE)
PROPERTIES OF URETHANE F O A M IN G  
S Y S T E M S 1

This Standard is issued under the fixed designation D 2237; the number immediately following the designation indicates 
the year of original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the 
year of last reapproval.

1. Seto#e
1.1 This method covers determination of 

the rate at which the volume of a foaming 
system changes under standard conditions. Two 
quantities, the Extrapolated Initiation Time 
(EITt) and the Extrapolated Rise Time 
(ERTt) are obtained by graphical analysis.

1.2 The method and apparatus as presented 
are applicable to foam systems having Extrap­
olated Rise Times down to about 1 min. For 
faster systems, modifications in the apparatus, 
such as automatic height recording, may be re­
quired.

N oth— The values stated in U.S. customary 
units are to b; regaided as the standard. The met­
ric equivalents of U.S. customary units may be ap­
proximate.

2. Summary of Method
2.1 The test apparatus consists of a constant 

cross-section cylindrical container and a float 
connected to a height-measuring device as 
shown in Fig. 1. A freshly mixed foaming 
system is placed in the bottom of the container 
and the float placed on the foaming system so 
that height versus time data may be obtained. 
The data are plotted on semilogarithmic graph 
paper as shown in Fig. 2. From this plot, 
rate-of-rise quantities at a specific average 
component temperature are obtained. The 
quantities are adjusted through suitable 
temperature compensation to correspond to 
23 C (73.4 F).

3. Significance
3.1 Rate-of-rise data obtained by this

method are applicable to the standard condi­
tions under which they were obtained and 
are not necessarily the same as obtained un­
der manufacturing conditions. In addition to 
the shape and cross section of a mold cavity, 
the data can also be affected by such factors 
as the method of mixing and the time-tem­
perature relation of the mold surface during 
foaming. The test is useful for identification 
and comparison purposes. When properly 
interpreted, it can be helpful in predicting 
foaming behavior under nonstandard condi­
tions.

4. Tefinitions
4.1 mixing time— time in seconds for a 

batch mix during which mechanical agitation 
is applied to the combined components of a 
foam system.

4.2 dispensing time—time in seconds for a 
continuous blending process during which 
mixed material is dispensed into a container.

4.3 initial height—theoretical height in 
inches of mixed liquid components in a given 
container prior to any gas formation.

4.4 final height—height of the foam in 
inches in a given container after all volume 
change has ceased.

4.5 rise rate curve—plot of change in height 
as a percentage of the total height change ver-

1 This method is under the jurisdiction of ASTM Com­
mittee D-20 on Plastics. A list of committee members may 
be found in the ASTM Yearbook. This standard is the 
direct responsibility of Subcommittee D-20.22 on Cellular
Plastics.

Current edition effective Dec. 24, 1970. Originally is­
sued 1964. Replaces D 2237 -  64 T.

1
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sus time on similogarithmic-coordinates (see 
Fig. 2).

4.6 extrapolated initiation time at a speci­
fied average component temperature (EITt) 
—time in minutes, and corresponding to a 
specific average component temperature, ob­
tained from the intersection of the linear ex­
trapolation of the straight-line section of a rise 
rate curve with 0 percent height (see F'g. 2). 
Note that time equals zero at the start of mix­
ing.

4.7 extrapolated rise time at a specified 
average component temperature (ERTr)— 
time in minutes, and corresponding to a spe­
cific average component temperature, ob­
tained from the intersection of the linear 
extrapolation of the straight-line section of a 
rise rate curve with 100 percent height (see 
F'g. 2). Note that time equals zero at the start 
of mixing.

5. Apparatus
5.1 Standard Foaming Container—The in­

side dimensions of the standard foaming con­
tainer snail be 170 ±  3 mm (67« ±  7* in.) 
in diameter and 120 ±  13 mm (8 ±  72 in.) 
in height. The container should be constructed 
of low heat flow materia! such as pasteboard 
or fiberboard to minimize container effects on 
the foaming system. The inside surface of the 
container should be uncoated. Such a con­
tainer is shown in Fig. 1/

5.2 Height Gage'—The height gage shall 
consist of a float, a stem, a glass tube, and a 
linear scale as shown in Fig. 1. The height of 
the scaie shall be adjusted so that it reads 
zero with the float resting on the bottom of 
the standard container. The float shall be a 
disk (76 ±  3 mm (3 ±  ‘/ 8 in.) in diameter 
which is constructed of low heat flow material. 
The total weight of the float and stem should 
not exceed 10 g. The end of the stem shall 
have a hook so that it may be suspended from 
the top of the glass tube. The tube and scale 
shall be connected to the supporting stand so 
as to permit them to swing to one side during 
dispensing.

5.3 Mixing Components—The mixing of 
the components shall be accomplished by- 
mechanical means. This may take place by a 
continuous blending process in a mixing cham­
ber from which the mixed material is dis­
pensed or by a batch process using a mixing

D 2237

blade. Where the batch process is used, a 
heavy-duty portable drill having a mixing 
speed of I 500 to 2000 rpm and a 50-mm (2-in.) 
diameter mixer* is required. The mixing shall 
be carried out in a paper cup of proper size 
to permit good agitation. For combined com­
ponents weighing up to 300 g, a (470-cm* 1 * 3 4) 
paper cup5 or equivalent is recommended. 
The accuracy of metering or weighing should 
be ±1 percent.

5.4 Thermometer—ASTM Pensky-Mar- 
tens, Low-Range Tag Closed Tester Ther­
mometer having a range from —5 to -f 110 C 
or 4-20 to 4-230 F and conforming to the re­
quirements for Thermometer 9C or 9F as pre­
scribed in ASTM Specification E 1, for ASTM 
Thermometers.6

5.5 Stop Watch.

6. Number of Test Pours
6.1 The number of pours tested for a sam­

ple can vary widely, depending on the in­
tended use of the data. It is recommended 
that four random pours be made for the initial 
sample of the material. Then, depending on 
the accuracy and degree of certainty required, 
this sample size may be increased or de­
creased for subsequen* samples.

7. Conditioning

7.1 The initial temperature of the compo­
nents must be controlled since a change in 
temperature may also cause change ir. the 
rate of rise. Unless otherwise specified, the 
temperature of all components at the start of 
mixing should be 23 ±  2 C (73.4 ±  4 F). In 
cases of dispute, the entire apparatus and 
chemical components should be conditioned 
at 23 ±  1 C (73.4 ±  2 F) prior to mixing and 
the test conducted in a conditioned room at 
the same condition.

‘  A cylindrical container, uncoated. 67, in. in diam- 
eter, I-gal capacit), available through the Scalright Co.. 
Inc.. Fulion, N. Y.. has been found satisfactory for this 
purpose.

1 Suitable equipment for conducting this test is available
from the R. B. Sn>der Co.. 5739 West 16th St., Cicero. 111. 
60650. and Olin Corp.. Plastics Group Specially Urethane
hquipment Dept.. 6367 East Land Road, Brook Park. 
Ohio 44142.

4 A suitable mixer is available from the Conn Co.. 
Warren. Pa.

1 Unwaxed 16-oz cups. Catalog No. 4416 S. available 
from the Lily Tulip Corp.. New York. N. Y.. have l>ecn 
found satisfactory for this purpose.

• Annual Book o f  ASTM Standards. Purl 30.
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8. Procedure
8.1 Obtain the temperature of the com­

ponents to the nearest 0.1 C (0.2 F) and com­
bine as specified by the manufacturer.

8.2 Adjust the charge of material empiri­
cally so that the final height is approximately 
equal to the height of the container.

8.3 Start mixing and stop watch simultane­
ously. If a continuous mixing process is used, 
dispense directly into the standard container. 
If a batch mix is used, use a separate cup for 
mixing for a specified period and the mixed 
components shall be poured into the stand­
ard container. Pour the mixed components 
into the center of the bottom of the container 
so that they are distributed symmetrically 
around the axis of the cylindrical container.

8.4 Move the height gage over the foaming 
system, unhook the stem from the glass tube, 
and lower it gently into the container. The 
float should be centered on the foaming sys­
tem. Record height versus time data. Suf­
ficient readings should be taken to define the 
rise rate curve. After the foam rise has ap­
parently stopped, allow an elapse of time 
about equal to the estimated Extrapolated 
Rise Time and record the final height of foam.

8.5 Allow the foam to cure and cool for a 
minimum of 16 h under ambient conditions 
and then cut a nominal 50-mm (2-in.) cube 
from the core of the foam. Use this to inspect 
the cell structure and obtain the density.

9. Calculations
9.1 Determine the density to three signifi­

cant figures in accordance with ASTM 
Method D 1622, Test for Apparent Density 
of Rigid Cellular Plastics.7

9.2 Obtain the average component tem­
perature to the nearest 0.1 C (0.2 F). When 
the temperatures of the components are the 
same, the average temperature is that of 
either component. When the temperatures of 
the components differ, a weighted average 
based on the weights (or ratios) and, if sig­
nificantly different, the specific heats of the 
components, shall be used.

9.3 Plot the rise rate curve and obtain 
ElTr and ERTt. Calculate the change in 
height, aA, as a percentage of the total change 
in height to three significant figures as fol­
lows:

Change in height, percent
= I (hr -  h.)l(h, -  h„)} X 100

where:
hi — height at any given time, mm (or in.), 
hi = final height, mm (or in.), 
h„ — initial height =  D/D , X h/, mm (or 

in.),
D =  density of foam core, lb/ft3, and 
Dr — nominal density of raw materials, lb/ 

ft'* (may be taken as 70).
Plot the rise rate curve (change in height, aA, 
versus time) on semi-logarithmic graph paper 
as shown in Fig. 2. Make a linear extrapola­
tion of the straight-line section of the rise rate 
curve to intersect with both 0 percent and 100 
percent change in height. The 0 percent and 
100 oercent extrapolation values become the 
E1Tt and ERTt respectively, and shall be re­
ported to three significant figures.

9.4 Temperature Coefficients for E R T and 
EIT—To maintain the indicated precision of 
± 5  percent for the ERT and EIT and also al­
low a reasonable temperature range in which 
to work, correct the experimental values to 
23 C (73.4 F) through the use of temperature 
coefficients. The step of obtaining the coef­
ficients is normally carried out once on a 
given foam system. The temperature coeffi­
cients obtained may then be used for adjust­
ing all subsequent rise rate determinations. 
Obtain the temperature coefficients as follows: 
Plot rse rate curves at several (at least three) 
points throughout the range of temperature 
permitted. Then plot the E1Tt  and ERTt 
versus temperature. From the best fitting 
straight lines obtain the temperature coeffi­
cients to two significant figures as follows:

/  =  (EITt, -  E lT * )/(7 i -  T i)

and
R  =  (ERTt, -  ERTt.)/(72 -  T i)

where:
/  =  temperature coefficient for EIT, min/ 

deg F,
R = temperature coefficient for ERT, min/ 

deg F, and
Ti and 7) = temperatures at two points on 

line.
9.5 Standard EIT and ERT—Calculate the 

Standard Extrapolated Rise Time as follows

' Annual Book o f ASTM  Standards. Part 26.
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(sec Fig. 2):
F.RTj3.4 r =  E R T t +  R ( T  -  73.4) 

and the Standard Extrapolated Initiation 
Time as follows (see Fig. 2):

E1T f -  E IT t +  / ( T  -  73.4)

9.6 Calculate the standard deviations (esti­
mated) for the density. Standard Extrapolated 
Initiation Time, and Standard Extrapolated 
Rise Time, and report them to two significant 
figures.

10. Report
10.1 '1 he report shall contain the rohowing:
10.1.1 Complete identification of the ma­

terial tested, including type, source, code 
numbers, previous history, etc.

10.1.2 Number of pours tested if different 
from that specified in Section 6,

10.1.3 Temperature of components and
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method of averaging temperatures,
10.1.4 Atmospheric conditions in test room 

il different from those specified in Section 7,
10.1.5 Method of mixing and dispensing 

time or mixing time,
10.1.6 Final height of foam in standard con­

tainer if different from that specified in 8.2,
10.1.7 Standard Extrapolated Initiation 

Time, Standard Extrapolated Rise Time, 
and density to three significant figures ex­
pressed as an average value, and standard 
deviation,

10.1.8 Description of cell structure includ­
ing uniformity and average cell size, and

10.1.9 Date of test.

11. Precision
11.1 The precision of this method has been 

determined to be about ± 5  percent.

4
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F(G. 1 Kate-of-Rise Measuring Apparatus.
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<iSlH D 2237

T im e, M inutes (a ) 
FIG. 2 Typical Rise Rate Cur»e.

APPENDIX 

A l .  S a m ple  C a l c u l a t io n s

A l.I S u b s t i tu t io n  in  E q u a tio n  f o r  S h  to  D erive  
R is e  R a te  C u rve  I l lu s tr a te d  in F ig . 2 —Taking den­
sity. D  as 2.18 lb/ft and final height, A,. as 12.8 
in., the initial height becomes
A. =  (D/70) X A, =  (2.18/70)

X 12.8 =  0.40 in.
For time =  2.00 min, the change iti height is as 
follows:
Ah  =  [(A .- A„)/(A, -  A,)) X 100

=  [(8.83 -  0.40)/(I2.8 -- 0.40)]
X 100 =  68.0 percent

A 1.2 R is e  R a te  V a lues—Using an average com­
ponent temperature of 70.0 F. the rise rate values 
from the graph are as follows:

EITtoo f  — 0.60 min 
ERTto.of =  3.60 min

Taking the temperature coefficients for this par­
ticular foam system to be /  =  0.025 min per deg 
F and R  — 0.10 min/deg F, the Standard Rise 
Rate Values become, using the equations in 9.5,

EITt, , t ~  0.60 +  0.025 (70.0 -  73.4) =  0.52 min 
ERTtv. f =  3.60 +  0.10 (70.0 -  73.4) =  3.26 min

6
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Certificate of Calibration
Viscometer No. A869

UB8EIOHDE TYPE 
(Standard Twt ASTM D 44S)

Viscometer Constant 0 .9 4 7  Centistokes/Second
The viscometer constant is the same at all temperatures.
To obtain viscosity in centistokes multiply the efflux time in seconds by the viscometer constant

CALIBRATION DATA AT 100° F.

Viscosity Viscosity Efflux Time Viscometer Constant
Standard Centistokes Seconds Centistokes/Second

1313 352.2 372 .2 0 .9 4 6

1312 213 .6 225 .5 0 .9 4 7

Average =  0>947

Calibrated by RJD-71038 under supervision ol
R. E. Manning, Pn.D.
W. A. L loyd, Ph.D.
Registered Professional E ngineers 
C annon I nstrument Co.
State College, Pennsylvania

Viscosities of the standards used in calibrating were established in Master Viscometers as described in Ind. 
Eng. Cherh. Anal. Ed. 16, 703 (1944) by M. R. Cannon. This method has been favorably checked at the National 
Bureau of Standards bv Swindells, Hardy and Cottington and their work is published in the Journal of Research of 
the National Bureau of Standards, Vol. 52, No. 3 March 1S54, Research Paper 2479.
Viscosities are based on the value for water adpored by the National Bureau of Standards and The American Society 
for Testing Materials July 1, 1953. The viscosity basis is 1.003S centistokes for water at 6 3 'F. The gravitational 
constant, g. is 930.1 crn/sec- at the Cannon instrument Company. The gravitational constant varies up to 0.1J in the 
United States. To make this small correction in the viscometer constant, multiply the above viscometer constant by 
the factor [g (at your laboratory) /950.1J. The calibration data above are traceable to the National Bureau of 
Standards.

See instruction for use of ‘he Ubbelohde Viscometer on the reverse side.
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Certificate of Calibration
• 2BViscometer No. A700

ubbeiohd i ty m  
(Standard T.»t AStM D 445)

Viscometer Constant 0.5X 47 Cenb'stokes/Second
The viscometer constant is the same at ail temperatures.
To obtain viscosity in centistokes multiply the eSux time in seconds by the viscometer constant.

CALIBRATION DATA AT 100* F.

Viscosity Viscosity E S ujc Time Viscometer Constant
Standard Centistokes Seconds Centistokes/Second

1312 213.60 415.1 0.5146

1311 123.87 240.6 0.5148

Average =  0 i5147

under supervision of
R. E. Manning, Ph.D.
VV. A. Lloyd, Ph.D.
Registered P rofessional E ncineebs 
Cannon I nstrument Co.
State College, Pennsylvania

Viscosities of the standards used in calibrating were established in Master Viscometers as described in Ind. 
Eng. Chem. Aral. E<1. 16, 70S (1944) by M. R. Cannon. This method has been favorably checked at the National 
Bureau of Standards by Swindells, Hardy and Cottingfon and their work is published in the Journal of Research of 
the National Bureau of Standards, Vol. 52, Me. 3 March 1954, Research Paper 2479.
Viscosities are based on the value for water adpoted by the National Bureau of Standards and The American Society 
for Testing Materials July 1, 1953. The viscosity basis is 1.0038 centistokes fer water at GS'F. The gravitational 
constant, g, is 980.1 cm/sec2 at the Cannon Instrument Company. The gravitational constant varies up to 0.1Z in the 
United States. To make this small correction in the viscometer constant, multiply the above viscometer constant by 
the factor [g (at your laboratory) /980.1]. The calibration data above are traceable to the National Bureau of 
Standards.

See instruction for use of the Ubbelohde Viscometer on the reverse side.

Calibrated by
RJD-71022
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Certificate of Calibration
• ocViscometer No. B7i

UBSEIOHD* TYPE 
(Standard Test ASTM D 445)

Viscometer Constant 0 .2 8 1 4  Centistokes/Second

The viscometer constant is the same at all temperatures.
To obtain viscosity in centistckes multiply the efflux tiine in seconds by the viscometer constant

CALIBRATION DATA AT 100° F.

Viscosity Viscosity Efflux Time Viscometer Constant
Standard Centistokes Seconds Centistokes/Second

1311 123.87 440.1 0.2815

1310 65.35 232.2 0.2814

Average =  0 . 2814

Calibrated by RJD-71024 ““ ^cr supervision of
R. E. Manning, PL D :
W. A. L loyd, Ph.D.
Registered P roeessional. Engineers 
C annon  In s tru m e n t Co.
State College, Pennsylvania

Viscosities of the standards used in calibrating were established in Master Viscometers as described in Ind. 
Eng. Chem. Anal. Ed. 16, 703 (1944) by M. P>. Cannon. This method has been favorably checked at the National 
Bureau of Standards by SwindeUs, Hardy and Cottington and their work is published in the Journal of Research of 
the National Bureau or Standards. Vol. 52, No. 3 March 1954, Research Paper 2479.
Viscosities are based on the value for water adpoted by the National Bureau of Standards and The American Society 
for Testing Materials July 1, 1933. The viscosity basis is 1.0033 centistokes-lsr water at CS’F. The gravitational 
constant, g, is 980.1 crn/sec2 at the Cannon Instrument Company. The gravitational constant varies up to 0.1" in the 
United States. To make this small correction ia the viscometer constant, multiply the above viscometer constant by 
the factor [g (at your laboratory) -/980.1], The calibration data above are traceable to the National Bureau of 
Standards.

See instruction for use of tho Ubbelohde Viscometer on the reverse side.
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KtCHtSSION I f* I  *  . I  ____  NUriicK CF VARIABLES * 6 NUMBER OF INDEPENDENTS - C

INC ICATQKSC PRINT SIVPLE STATISTICS . . . . .  NO 

PRINT e i-VAR IA Tt STATISTICS . NO

__________     ...... .USC UNCURcCIFU S .S .....................  NO

CRCER CARDS FOLLOW CATA ..........  YES

PRINT A PAIR IX OF bCCL I T i l t  . ‘JO

_____  _________ _____ _____  P«INI » PAIR |X OF CCU I H U  . NO

PRIM C PATrtlX OF CCCLITTLfc .  NO 

PRINT LXPl C I fcO VALUfcS . . . . . . .  VLS

•  XI * TEPPERAIURF. OF CAVITY
*  _______ _

*♦  ~   X2 "* CELL WAuL THICKNESS

♦ .     XI -» CCR F DENS I I  Y
*
♦ X5 ■ HEIGHT♦
•  X5 « TCPP SCUARLD*

_ „ .................................   ♦ . ...       X6 a TEPP CUBE0 . _ .....................  ......

*******««**#*****#+♦♦**********+***♦♦*+♦****«**#*#+*************♦+*******«***+*»#+#»#
INPUT FURPAT(F2.0«3F9.A*T7B,A3I

2 0 . 0 0 0 0 0c C•17B5COOO 1,2563000 36.900000 6C0.CCCCC BCCC.CCCC

lO.OCOOCC C.17650000 ......... 1.2325000 57.000000 900.0COCC 27CCC.CCC

^o.oooocc C.13000000 ___________ 1,3090000 57.300000 16C0.CCCC 65CCC.CCC

*5.oooocc C.161GGOOO 1.2790000 50•000000 2025.C0CC 51 125.CCC

so.ocooct c.moooog I.2980000 _______ 60.500000 23C0.CCCC _____ 125CCC.CC

55.CCOOCC C.113C0000 1.2910000 61.000000 3025.COCC I66775.CC

60.0000QC C . 13300000 ............. 1,3060000 63,000000 3600.CCCC 2UCCC.CC
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UROER . CARD TMT » 1 

INOEPENDENT VARIABLESO 

DEPENDENT VARIADLESO 

I NO 1C A TORSO

NUMOER OF VARIABLES * A NUMBER OF INDEPENDENTS -  1 

X 1
’ X 2 X 3 X A

USE UNCt MKECTFD S ,S ......................NO

PRINT A MATRIX OF OGCL1TTLE NO

PRINT B MATRIX OF DOOLITTLE . NO

PRINT C MATRIX OF DOOLITTLE . N O ..................

PRINT EXFLCTED VALUES ..................YES



ANALYSIS OF VARIANCE TADLE . REGRESSICN COEFFICIENTS ANU STATISTICS OF FIT FOR OEPENCEM VARIABLE * 2 IFT •  1

SOURCE DF SUM OF SCUARES MEAN SQUARE F VAtUE

RECR 1 ~ 0 .294274120-02 0 .2 94274 I2D-02 9.8454142

___DEVI AT K N S _____ 5_______ 0 .1 4 9 4 4 7 )1 0 -0 2 _______ 0 . 2 9 a 3 9 4 b l D - 0 3

TOIAL 6 O.44372143U-02

. R-SOUAKE * _   0 .0 6 3 1 9 5 6 5 ________   SIGMA -  ------  0 .1  728H56SC-CI

SOURCE SS FOR M I )  ADJ ~ SS IF M i l  LAST T TOR I'OOIK 1 l«0 B VALLES STD CRRCR 6 STL * VALCtS

A C .  
A I 0.2S4274120-02 0•2942 74 I2D-G2 -3.1377403

0.21174231
-0.15706587C-C2 0.5CC57CCIC-C3 *0 • U1A 36815

................. SET EXPECTED OH SERVED DIFFERS, E

---- -----------

1
2  
3 
*
5
6 
7

0.1803293A
0 . l6 / ,6??75
0.14891617

. o . u i C h2f n
O .1^ \ ? C 950 
0 .125  *5629 
O . l l 750299

0 . )  7S50OC0 
0 . 176500C0 
0 . 1 TOCOOOO 
0 .  IMOOOCO 
0 . 1 19COCC0 
0.11 ^COO CO 
0.13300000

0 . 1 9.:934 12C-C2 
-C.II87724T.C-C1 

C.IH'llfelfcfiC —Cl 
-C . IS  9 3717c i; - Cl 

C. l42C9S8ir .-C l 
0 .17 1M.2M 7T.-C I 

__ . -0 .1 5 4  >7T.Ctf.-Cl

0 .149447310-02 0 .14  <447310-02 -0.22714C 36C-10



ANALYSI S  OF VARI ANCE TABLE » REGRESSI ON C C E F F I C I  ENTS ANC STATISTICS OF FIT FOR DEPENDENT VARIABLE * 3 TFT * I

SOLRCE OF SUM OF SQUARES PLAN SQUARE F VALLE

RECK 1 0.262B503AD-02 0.262050340-02 6.192217C

. DEV IA TXLNS__ 5 ______ C.2122A251U-02 ... ...... _ 0.424405030*03 ...

TOTAL 6 O.A7SC9206D-OZ

R-SOOARE -  .. _____ P.SS326099 _______ SICPA * 0.2C60JC3AP-C1

SS FOR *111 AOJ “ SS IF M i l  LAST" T FCR HOOill I l»0  B VALLES STD ERRCR B

__   l.ViBCSSe
0.2628503AQ-02 0 .2620S03AU-02 2.A88A166 0.1 AbAA 3 11C-02 0 . 596536A3C-03

SET r x p c c T c c OH5FRVE0 u I r- f t  r f * f: f

1 1.2A778AA 1.2565CC0 -C .8  7LFSEB9C-C2
2 1.2626237 1 .2 32SOOO 0.3C120743C-CI
3 1.277A731 1.3090000 -0.31526946C-CI
4 1.2BA89S2 1.2790000 0.58952Cr»tn-C2
5 1.292 J17A 1.29H0CC0 -C.56(J?6 34 7l>C2
6 1.2997393 1.2 91 CO 00 O.f.7 39621CD-C2
7 1.3071617 1. iCAOOOO 0.1 l(.16 766C-C2

0.212242510-02 0.2122A2510-02 -0.18393A9CC-1S

STC B VALLLS 

0 • 7A3b1S16

SOUfsCc ' 

X c
X 1



ANALYSl S OF VARIANCE I4UIE , REGRESSION COEFFICIENTS . ANC STATISTICS OF F l l  CCR OEPENOEM VARIABLE » A IM • I

SOURCE OF SUM or SCUARES F6AN SGUARE f  VAILE

RECK 1 3 0 .35A5S9 3C. 354559 36.187STA

. _ UEVIATICNS 5 _____ _ A# 1940120 ____ 0.03360240

TOTAL 6 3A.5A857I

R-SiUARt * . Q.U7SC053A................   SIGMA U.915B6156

SOURCE " SS FOR M i l  ADJ SS IF M l )  LAST r rcm Louh( ii-o ft VALLES STO ERRED 8 su e values

A 0 
X 1 20.35A55S 30 .35*5 *9 6.0156441

!•?. 349102 
0 . 15992C56 C.2E517fcE5E-Cl 0.9373395C

SET E XPLCTEO ObSIRVEO D IM  LKTACE

I 55.539521 56.500000 -0.960A7SCA
2 57.1 34/31 5 / • OCOOOO 0.1 347 3C54
'1 53.7299AC 5 7 .5000C0 1.22994 C1
A 59.5275A 5 58.000000 0. /2/54491
5 60.325150 60.5000^0 -0 .1  T'.fISCJC
6 <»l . i 227*4 61.000050 0.1227sACS
i 61.920159 EJ.COUGOfl - i .  c m  ac?

4.1940120 4.1 040 i  20 0.50652CI5C- 11



»***«•»»«*••*****•»»*«»«****•**»»»•»**•*****•***•**•»»«*••»****•« *•*••»»«*••••••
ORDER CARD T M T *  I NUMBER OF V AH I ARLES » 5 NUMBER Of INDEPtNOEMS * 2

INDEPENDENT VARIABLES!) X 1 X 5

DEPENDENT VARIABLES!) X 2 X 3 X A

INDICATORS!) USE UNCCRREC T tD S .S .........................NO

PRINT A MA TR IX OF OCCI. ITII.E .  NO 

PRINT B MATRIX OF Cr.CLITTLE . NO

.......... . .......    PRIM c MATRIX OF UCCLITILE .N O

YESPRINT EXPECTED VALUES



TM * 1a n a l y s i s  o f  v a r ia n c e  ta b le  , r e g r e s s io n  c o e f f i c i e n t s  , and s t a t i s t i c s  o f  f i t  f o r  c e p fn c e n t  v a r i a b le  a 2

SOLRCE OF SUM OF SCUARES MEAN SQUARE F VALLE

RECR 2 0.299A6C580-C2 0 . 1A973029U-02 A#15165AC

DEvlATICNS __ 4 _______ 0.1AA260850-02 ......  0 • 760652 130-03

TOTAL 6 O.AA 3721AID-02

R-SOL/ARE ».....   O.67A0BA19   SIGMA « 0.189908AJC-CI

SOURCE SS FOR A l l  I ADJ SS IF / ( I )  LAST T FCR hOOlH I 1 *0 B VALLES STO ERROR b STC 0 V#i.Ll

.  ̂ A C 0.23667CIC
X 1 0.29A27A12C-02 0.227717250-01 -0.79A609A2 -0.2975IC)fcC-C2 0.37AA1CBIC-C2 -1.5A2556C
< * C.5186A51SD-0A 0 . ‘JiU6451<iD-04 0.37921913 0.17568711C-CA C.A632657SC-0A 0 .7)617035

SET EXPECTED OBSERVED OH FhRENuc

1 0 .I8A I9551 0 . 1 7050000 0.56955C96C-C2
2 0.16522883 O.1765OC0O -C .  1 327 1 1 7CC-C1
i 0.14677689 0.13000000 0 . 1 5 7  75E q ? r - c i
4 0.HBJ67C8 0.16 ICOOCO -0 .2 2 6  52624C-C I
5 0.19161670 o. i  looocco o . i / r . -c  i
6 O.126I0A75 0 .11)00000 0.11IBA7S2C-CI
7 0.17141124 0 • 11300000 - o . l  1500751L -C l

DEVIATIONS***** O.IAA260B50-02 0 .  144260B5D-02 - 0 . 38597597C-16

ro



Ifl * IANALYS I S  0 F V A A 1 A N C E  TABLE ,  REGRESSI ON C O E F F I C I E N T S  > AND S T A T I S T I C S  OF F I T  FOR OEP EN DE M VARIABLE X 3

SOURCE OF SUM OF SCUAAl S FEAN SQUARE F VALLE

RECR “  2 0 .2 6 4 2 5 5 9 7 0 -0 2 " 0.132127970-02 2.5067330

DEVIATIONS . . ._.4_______ 0,210fl3672U-Q2_____ 0.52  7092310-03 ---- - .

TOTAL 6 0.475C9286D-02

it-SOUAK£. •____  0.55621955   S1CRA » ....... 0.2 2956 59 1C-C1

SS FOR X I I I  AOJ

0.262d503AC-02
0.1A053913D-0A

SS IF X I I I  LAST

' 0 . 1262BB02C-03 
0.1A0559130-0A

T FOR MOOm I 1-0

O.AB9A031A 
- 0 .1 6  330000

H VALLES

1.2LS1isa 
0.2215 56 A6C-C2 

-0.91A606AAC-05

STC E R RR R

0 . A5263A31C-02 
0.56CC7 7A 3C-0A

STL B VALUES

1.11C 17 1B 
-O.37C372A0

SET EXPECTED 02SERVEC LlFFLKtNLE

1 1.2A577 I 7 1.2565000 -0.1C72D251C-CI
2 1.26335AA 1.2325000 0 • 3085AAO 3C-C1
3 1.279107M I • 70900CO -0 .2S 25216 iC -C I
4 1.2862926 i . 2  I90CC0 0 • 7 2 0 H fIC2C-C2
5 1.2HC321 1.2980000 - 0 . A5679273C-C 2
6 1.29S3C22 1 .2H 0000 0 • H 30H232CI-C 2
7 1.3051271 1.3060000 - 0 . 8  1291 193C-C3

0.210236920-02 0.21083692U-02 -0.1C3502U5C-15

SOURCe

X c
X 1 
X 5

»—* 
ro 
ui



m  » iANALYSIS OF VARIANCE TABLE . RECRESSICN CCEFTICIENTS , AND STATISTICS OF FIT FOR CEPFNOEM VARIABLE X A

SOLRCE OF SUN CF SCUARES RIAN SQUARE F VALUE

RECR ~ 2 3.' . 9 2 2 138 ” l 6 . 961069 1C8.3C258

DEV IA T LCNS____A_________0,6265 3325_____________0.15S608J1 ................. ........................

TOTAL 6 3A.5A8571

R-SQUAHr .«___   0.991RC8CA   . SION A * . . 0 .39573/68

SOURCE SS FOR x V l l  AOJ SS IF >111 LAS f T ICR H 0 0 l i ( l l * 0  (1 VALLES STD ERRCR II STt 8 VALLtS

_ X  t  _       _ ___  58.8865 CA _____
X 1 3 0 . 35A55S I . 1219103 -2 .6765272  -0.2C882535 C.78C21CC3C-C1 -1.227C5C3
X 5 3.5675787 3.5675787 A .7728675 0 .56077776C-C2 0.965AI076L-C3 2.1881157

SET EXPECTED OUSCRVED U  FFEMENCE

I 56.5535C8 56.50OCCO C.5 3 5C7S51C-C1
2 56.769153 5 7 . OCOOCO -0*23085661
3 57.9C6335 57. 5000 CO 0.4063 34 36
* 58.82CSI 1 68.8C0000 0.2CU13U3C-CI
5 5?*<J65Cfl 1 6C.VC0CC0 -C .5  359 1 9 15
6 61.350037 61.CC0000 0.350C3752
7 62.955383 63.000000 -0 .6 5 6 1 7 1 3 2C-C1

OEVIATICNS 0.62653325 0.62653325 0 ,5  182 3555C-11

ro0



***«♦****<■*♦*****«»*»***»**»*»«***«*****»*»***«*»*****«*»»*»»**»***»*«»••»**•*»»**•»
....  OROER CARD _Jfi.1L * 1 ____ NUMBER CFVARIABLES* 6 NUMBER OF INDEPENDENTS * 3

INDEPENDENT VAR IA6LESC X 1 X 5 X 6

DEPENDENT VARIAPLESO X ? X 3 X 4

________  INDICATCRSO___uSt UNCCWHfCTED S,S , ..............   NO ........

PRIM A MATRIX OF CCCLITTLE . NO 

PRIM 0 MATRIX OF DCCLITfLE . NO

_____________    . PRIM  C MATRIX CF DCCEIITLE .  NO . _

PRINT EXPECTED VALUES ..................VES

♦ ♦••♦IT******************************************************************************
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ANALYSIS OF VARIANCE TABLE . REGRESSION COEFFICIENTS , AND STATISTICS OF FIT FOR CEPENCEM VARIABLE X 2 TFT •  I

SOURCE OF SON OF SCOARES P FAN SQUARE F VAIOE

REGR 3 0.327615560-02 0.109205150-02 2.8216936

DEVIATIONS. __ 3 . ______0.116105970*02 ____ 0.38 7019890-03

TOTAL 6 0 .AA3 721430-02

R-SQUARt *_____  0 . 7 3 3 ) 3 5 9 0     S IONA .  0 . 1 9 6 72f .21C-CI

" snoRCc SS FOR X I I I  ADJ SS I f  K ( I i  LAST T fCR H 0 0 lU n * 0 t! VALLES STC CRRCR fc STL e VALUE

___  X c
X 1 
*  5

_____ X A _

C.29A2 7A12D-02 
0.518645190-09 
0.281548860-03

0 .190 /15040-03  
0.759577910-03 

____ O.7P1540R6D-O3

0 .70  190176 
-0 .81096854 

0.8579733?

. 0.2836S642C-C1 
0.15223213C-CI 

-0.46549557C-C3 
0 .399 3 7 7 9 7 7 -0 5__

0 . 2 1666C52C-0 L 
0.56839249C-03 
C.46924577C-C5

7.8930588 
- 1 5 . 5C5360 

1C.55877C

SET______  EXI'ECTCO...............  OBSERVED ...... DIFFERENCE

1 0.17858591 0.17050000 0 . e 5 9 1  1E02L-C4
2 0.17 195207 0 . 176500C0 - C . 2547517ec-C2
3 0.14810715 0. 1 SCCOCCO 0.18  1C 7 1 5 4 6 - Cl
A 0 . 1 3 6  71003 0 . 1 6 1 o o c c o - 0 . 2 6 2 8 1  1247-Cl
5 0.12571383 0 . 1 1 9 0 0 0 0 0 C.6C1 3U33SC-C2
6 0.171587)6 0.11 1C00C0 0 . e ‘iU736C6C-C2
7 0 . 1 2 0 6 3 6 / 9 0.13 JOOCOO - 0 . 6 J652C05C-C2

DEVIATIONS***** 0.116105970-02 0 . 1 1 6 1 0 5 9 7 0 - 0 2 0.6C932162C-16

roco



SU'JRLt

_  X c_  
x 1 
X 5 
X 6

ANALYSIS OF VARIANCE TABLE . REGRESSION COEFFICIENTS , ANO STATISTICS OF FIT FOR CEPENOENT VARIABLE X 3

SQLRCE OF SUM CF SCUAP.ES KEAN SQUARE F VALLE

~ REGR 3 0.293602290-02 0.979674 150-03 1.6177269

OE v I A 11 CNS_ . . 3  ______ 0 .1 8 199C6Ip-02 ____ 0.604968710-03

TO IAL 6 0.975092860-0 -

R-SQUARL • 0.61790913 ________ S 1CVA = ______ ___ 0.29596 112CrCl_

SS FOR X I I )  A O J * ......... SS IF X I I I  LAST ...... T FOR HOO U< I I -6 R VALLES STC ERROR B

________     _  1.917 78CS _______
C.262B50390-02 0.22C36919D-03 -0 .603537 15 - 0 . 16363eC6C-Cl 0.271131710-01
0 .19C 5!9 l3C-09  0.2R066912D-03 0 .68  1 12527 0 .989033 ieC-C3 C.71C63759C-03
0 .2935631 I U - O J    0 .293963 I 10-03 -0.6965(1265 -0  . A C 7 7 A C h 1 C-C 5 C . 5 P 5 *2 6 25C-C 5

ScT EXPEC TEC (JBSERVEO DIFFERENCE

1 1.2519988 1.2565000 -0.5C011929C-C2
2 1.2*>24C66 1.2 12S000 0 . 199CA4 25I.-C 1
3 1.2767278 1 . 3C9CCC0 -C.322722J2C-C1
4 1.29CC2 32 1 .2 790000 0.1102 12CIC-C1
5 1.2999973 1.2780000 0 . 19973C05C-C2
6 1.3035935 1.2910000 0• 1 259 35 13L-C 1
7 1.2977523 I •3060000 -0.82977153C-C2

DEVIATIONS***** 0.18199C61D-02 0.161490610-02 -0.299J7173C-19

IM * I

STL e VALLES

-0.1095361
19.101057

-IC.P52CC9

h-*
CMvO



ANALYSIS OF VARIANCE TABLE , REGRESSION COEFFICIENTS , AND STATISTICS OF FIT FOR DEPENDENT VARIABLE X A TFT » 1

SOLRCE DF SUM CF SCUAFFS FLAN SCUARE F VALLE

REGR 3 35.922158 11*307386 56.153018

DE VIA11 CMS 

TOIAL

.. .  3 ____

6

_  0.626613C7 0 .20 R806 36 . 

36.566671

R-SCUARE » _____________ 0.9BIE6B6J ....   SIGMA ■>   0.65696115

SS FUR A l l )  ADJ SS IF XI I ) LASI T FCR HOO L* ( I l-*0 B VALLES STD ERRCR fi

30.356559 0.162321680-01 -0 .404B 99 t r
58.831139

-0.203953A5 C.5 C3 71 356
3.5675787 0.2A0266520-01 0.33921641 O.AA 78A56CC-C2 C.132C235/1-OL

0.201783710-06 0.20178371 O-OA 0.98  304 A 7*30-02 0 .10*91  784C-C5 C.1CB7H95F-03

SET. . EXPECTED OBSERVED U1FFCRENCE

1 56.552006 56.500000 C.520062CCC-C1
2 56.772016 5 7 .OOOOCO -0.22758586
3 67 *90696 8 5 7 . 5C00CO C• A C6S 56 AE
4 SB.P196 16 53.KC0CC0 C. 1 9*j365CCL-C1
5 59.9<j3?5A 60.5C0000 - 0 .5 3 6 7 A 5 71
6 61.338914 61.GCOOCO 0.33B91373
7 62.9A7J17 63.000000 -0.526833CSC-C1

DEVIATIONS***** “  0.62OA1307 0 .6264130 / 0 .5  18975 3C C - i1
. ..

SIC e VALDES

-1.19B6232 
2.1267032 

0 .  I ! 3695B6C-01

ssuxct
AC. X 1 
X i 
X t

»—• 
o



*♦***«♦*********»*♦***♦«*****♦»**««*»♦*¥**»* »»*»♦*»**»*♦»»*¥* .*«•**«»•
ORUEr CARD TMT » I ...... ....... NUMBER CF VARIABLES * 5 NUMBER OF INDEPENDENT' « 2

INDEPENDENT VARIABLES*) X 1 X fa

DEPENDENT VARIASLESO X 2 X ) X 4

________._______ INDICATORS*)__USE. UNCCRRECTED S .S ............. MO...........................  -

PRINT A MATRIX OF CCCLITTLE . NO 

PRINT D MA1RIX OF CCCLITTLE . NO

_________       PRIM C MATRIX OF CCCLITTLE • NO ....... ....................................

PRINT EXPECT EO VALUES ..................YES

A.V* *****.»***»»♦»♦*»*»***♦»»»«»*♦ »♦«*♦♦♦****♦»♦***»*»»«*»**»**♦********♦»*'*♦*»»**« 4

►—*
u>»—«



ANALYSIS CF VARIANCE 1 ABLE , REGRESSION CCEFFICIENTS . AND STATISTICS CF FIT FOK OEPENCENT VARIABLE X 2 TFT » I

SOLRCE DF SUN CF SQUARES MEAN SQUARE r  va lue

REGR 2 0.301437670-02 0.150(1286*0-02 * . 2 * 6  1928

PEVIATKNS _ * ______ . 0 * 1*2063 760-02 _____ 0.355159*00-03

TCIAL 6 0 .5 *3721*10-02

R-SQUARE -  , _  0.67983571 SILMA -  0.18UA567JC-C1

SS FOR X U ) ADJ SS IF X U )  LAST T FCR H008111=0 n VALLES STD ERRCR 8 STC e VALLt

0.232372C*
0 .29*27*120-02 0.52 82 92360-03 -1.2196233 - 0 .2 * 5  3 5 1** C-C 2 0 . 2C 11698 5C-C2 -  1 .2 72 1 1 07
0 .73835*720 -0 * o .n a j :» < w 2 0 -04 0.*5^>9‘| j n * 0.1 726HC2SC-C6 C.3787*Ct*L-C6 0.*7557913

SET e x r tC T tc UHSERVEO Dl FFEGEMt

I 0 • i  8*68 326 0.17850000 C.61832567C-C2
2 0.163*2919 0.17650000 - C . 13070011S-Cl
* 0.1*528351 0. 13GOOCCO 0.1520351CT-C1
<* o . n / 7 C C i i 0.16 100CC0 -0.23299U95f;-C I
5 0.13128235 0 .1 1 9COOCO C.1220235SC-CI
6 0.12615975 o . m c c o o o 0 .131597530-C1
7 0 .122*616* 0.133C0000 - 0 . IC538165L-C1

0.1*2C63760-02 0.1*2063760-02, -C . 3 507 39*CC-16

sou.-.ct

_ „ x  c „
X 1 
X t

►—
u>ro



ANALYSIS OF VARIANCE TABLE t REGRESSION" CCEFF 1C IE NTS , ANC STATISTICS GF FIT .OR OEPENOENT VARIABLE > J IFF •  I

SOURCE DF SUM OF SCUAI'l S M L AN SQUARE F VALUE

RECR 2 0.265535610-02 O *132767920-02 2.53*7585

DEVIATIONS ... *  ____ 0.20955703D-02 ____ 0 .523892560-03

TOTAL 6 0.A75C92fl60-02

R-SOUAKt * . 0 .5 5 > m 3 ‘-><» SIGMA =* 0.228UG*99C-Ci

SOURCE — SS FOR X I I )  AOJ SS IT X I I I  LAST ' r FOR HOOIM I )*0 U VALLES STO ERROR 8 STC e VALLES

x c 1. 20S6544
X 1 0.2628501*0-0? 0. JS69H74 2U-0 \ 0 • M 2 S 4 7 769 0.2C16869IC-C7 0.7**327510-02 I .C 1060 79
X « 0.7685A9CCU-0* o.26<3‘>490on-o* -0*22640742 -C.1C*1*68CC-C6 0.A55SS JU C -06 -0.27718389

SET c*i’rciru DMSLRVEO OIFFtHCNCE
— ------

1 U24<i|5tt6 I  .2 i6b000 - 0 .  ) I )4 1 3 SAC-C 1
2 1.76 33*86 1.7 375CC0 G.3CH*8 6 650-Cl
3 1.2796639 I • 3C9C0CQ -0 .29330  I41C-C1
4 1.7860737 1.2 7900C0 0.797 32* 76T.-C2
5 1.703*707 I • 2 9 >.t 0 G C 0 -  0 . * 5 2 0 ) * H 7 T - C 2
6 1.2992V.G 1 .2 9)00 00 0.E2S697 2IC-C2
7 1.30*1711 1.3060000 - 0 .  I82H92UC-C2

DEVIATIONS***** 0.2C9557030-07 0.709657030-02 -0 .1 *0 2*1 5 5 0 -1 5
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ANALYSIS OF VARIANCE TABLE , REGRESSION COEFFICIENTS , AND STATISTICS OF FIT ’■CR CEPENDENT VARIABLE * *

SOLRCE OF SUM CF SCUAR-S MIAN SQUARE F VALLE

RL CR 2 33.898132 16.947066 IC A .231 A3

DEVlAIICNS . A .........0 .6 5 0 4 3 9 7 2  . . . . . 0.16260993 . .
TOTAL b 34.548571

_______ __________ r - s q u a k e  -   o . m i / 3 i »     . .  s ig m a  -    o . a c 3 2 a s 22

SOdMtc SS FUR X I I )  AOJ SS IF X I I )  LAST T FOR H()0H( I I *0 U VALIES STC ERRCR B

X s 56.860466
X I 20.35A55S 0.1  CO78689 -0 .7 8  72 78 (»7 -0.338H8571C-CI C.A 30A52C5C-C 1
X t 3.5A35723 3 . 5A 35 72 3 A.668 t 748 C.37e3l26SC-CA c .e iO A c e n c -c s

SET I.XPECTEO (J8SFRVF0 U lf  FFHFACh

1 56.493345 56.-00000 -0.66553481C-C2
2 5 6 . B 73253 57.0C00C0 -C.1267A696
3 57.914124 5 7 . 5C00C0 0.43412427
4 50.7SC855 59.t irocco -0.S1A5A2ACC-C2
5 5 9.9C2 7V6 60.500000 - 0 .5 9  7054C5
6 61.298 7 72 61.001)100 C . is M 77193
7 63.CC67C6 fc 3.CC00C0 0.F7056E2SC-C2

TFT * 1

STC P VALLES

-O.l PS I ZB 05 
I .U C 7 3 I3

DEVIATIONS' 0 .650*3972 0.650A397C 0.516832A1C-M
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CAPAoL" OF ANaLYZIEG UNJALANCeO (AID BALANCED! UNiVA.KlATF AND WILT I VAX 1ATF ANALYSIS CF VARIANCE PHG»LF»S
AS Well AS UMVARJATc AND Mol H  VA.< I ATE REGRESSION PRQULEM> ( FEM. 177?) I? AUG 197h H  RK 36 MIN 1 2 .A6 SEE AM

bkUCt PLGSLEY

NUVrtc* OF /AKlAOLEs Kt. AD IN 

SA‘ P lc  S IZ ;  c

3

numblk of neh z a p , aiiles  added 0

O ll lPul OPTION As DATA I s P AD 

1NPDI GPU.IN 'J

IN 0

o a i a  on A:orui.a in put  d e v ic e

ZEND SET (3 C.10DJ-07

0

Tllv EA.’ l K M i . i l ' L  Ul l.IGS IIDIUU 

V| 1J I * T 1 1 U M J l i t

IS

Tits MAIN CEFcCt I IS I Ixt.T W i l l !  SimsC.PlPT I * 1, A TEMP I = 6.0, 2* 7 0 , 3*P0, *>90 COL 3
III-. MAIN EFFECT c IS FIXED Ml IH SUiSCRIPT J * 1 , 7 DiCCK 1*20, 2 * 3 0 , 3*A0, A*A5, S*SC, 6 * 5 5 , 7*tC

V J j *  H i X M A f  t 11 ,*  1 I f  St .1 . A 1
iH i  . o t f j i H  : i r  i \ i \  **o i. . is  i s  >.
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ANALYSIS CF VAl MANuu 1 API c

f  Me C t P E N O c N T  VAr t lAOLS FO* T H I S  TAPI E I S  I

S )Jkcc 01= SOM i f  Sw'JAITcj T*«; AN SQUALLS LXPtCTlR Ml AN SQUAHE COEFFICIENTS
r o

M t AM 1
T 1 i .  }•*<* t?r»-OA 6 .4 0 I0 7 F -0 4 7.000 0 .0
d 6 i .> 3  7«!li)-0 * 1 .6S6’iAr -0.4 0 .0  A♦GOO

I iAkiJix 1C h. i  »<; l i u - c j 4 . 6 i ‘M0!; - ‘>4

total 2tf C.o'tf.V#

FcGKc.iSlO'T • IC c . 6  4 m 6 .  r / o o o i ; - u 2

4 -$ l U\KcC c . ' j t t r n
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*FAN 1 4 i  . A I ;t
T J l . u 4 0  f i i l -C J •> .4 6 l l7 r -0 4 7.000 0 .0
b o • 5 .1 4 ‘>v4<}J-0J 9 .9 l6 i : * f : -04 0 .0  4 .000

f  KRLH 1 8 l .O f.o  *Ui)-C? 5.1? 76411-04

1 J f  Ac 4 5 • Vlt>

Rl GRcSSIOI . 1C t l . h?6 4 • 5 4 ? 0

*-5wJ4KtD C .41 j8b
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T he  C cPENUETT V A R I A P L i  H ’ S THIS TAMLE IS 1
* » * * # « • * * •  • * • * * » • * * * * * . * • * * * * * * * * * * * 4  - * * * * • * * ♦ * * ♦ ♦ * *  I t * *  4 * 4  t t * 4 4 * * 4 > * 4 4 * 4 4 * 4 * *  

»  «

« T Hi. f l lLL i l . IN G  T.XULE I S  OMLY \l AL I ' J  t  Li* H  * :0  MUUl i lS W I I H NO K I SS I N G  CELLS »

I I isAL
S.'lMwE VA-UAoLE VAKIAuLL  SOI' C f  S(.».VUS H ;  l  l .  I C I 1 0  : t - A A f l i )

tin. .9(1. n i  re h . tas COM r 1C It.NTS
1 1 0 • 6 2 e» 1 I 0 .14974 1 349.5

T 2 I 2 .4  3440C-0-, 1.702 3ctU-0 I 0,52472

T 3 2 t . I /O 721-03 *>,2 9 76 20-0 3 2.54C7

f 4 3 5.221610-04 6 .1 0  7140-0 3 1.1255

b 5 1 4.01 704U-O 3 - 4 .  3d idHO-03 b.feSO'j

b t» 2 3 . 9t> 1 7 • 0 -0 3 - 7 . 74 r>H 10-03 0.5344

h 7 3 7•626120-04 - 3 . OH 7500-0 3 t .64 3»J

B b 4 7.6UO21D-04 -  1.9 791 70-0 3 1.6382

b 9 5 i  • 6ft6670-04 - 3 .  3 J 13 30-03 0.57479

h 10 6 i  • 711 2'.*0-04 4 . 625000— 0 3 0.36085



fH :  UcPENOcNT VAkUHLc H33 THIS TABLE IS 2

i i » » » « * * * t * # * * * * * ( v t u - ' i M * ^ * * ( - 4 < * n < * ' > j « « * * f * * * ( ' M H n n t ¥ H * t * ^ < - * « * * v « * H H  
•  *

•  I Hi FCl LIUING TAt’LL IS ONLY VALID Fl.H HIXLU MODI’: LS WITH NG MS6IMC CULS *
* *

SJURCc VAKUitLr
.‘HU

I

of 10 INAL 
V Vt< I A.U i* 

H I .
1

sui* a  s go ...it. s
I L i Ft BiFAS 

*5 .410

In; i. i)K :1 I UN 
t i l r  r T IC U N fS

1 .2 /36

F -k f l l  l i  

76671 .

F 2 1 6 .  I 344OH-04 - 2 . 7 0 7  i f l i -O 3 1 .0J49

T 3 z 1.02*. 151.-03 - 4  • 9 40 4 M(;-0 .1 1.7794

1 A A 2.160710-06 3 . 9 2 8 5 7 0 - 0 4 J.64915L-03

b 5 1 7.312 511.-04 -7 .084310 -03 1.2 330

9 6 2 3. j 37 100-0 3 5.4291 70-0 J 5 .96  7 I

b 7 3 6.105170-04 -7 .762500 -03 1.0799

U 8 4 7.1 JO7 10-04 -  1.89 ♦ i 70-0 3 1.7079

B 9 5 2 .0 0 6 6 /0 -0 4 - 3 . Jj 330-03 0 • 4 4 9 d 7

B 10 6 9 . 1 1290U-0*> J . 375000-03 0.15373

►—* 
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97 J 7a .
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f  l i t :  f  f  1C  I c M f S  

S B .  )  t I

F -  K  A |  10 
A 8 B  1A •

1 > 2 1 G . A 2S  ‘*7 - 7.  l 42r t M > 0? 0.2 1 e  A

1 3 2.194 3 0.22857 r . i o o o

r 4 i 4. 971A M I -02 *i  .  7 1 A 2 J l J  -0 7 2. 2' )  16 7 L -  C  2
h b 1 97.849 O . S 86‘> n 29.010
p 6 f l ( . .  1 11 0. J 6667 3. O b  1 7
b r 3 1 7. 1 1 J 0.46290 M •  9 7 H 9
b b A 7. 20/9 0.38 79 I 3. 61)1
B 9 ? 0. 73*00 0.1 /■30 C . 36« A b
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f*UJ».L d» t M I M A F H U  Kt A NS  ANU VAHIANCc!*

1 J

NUM ;.ST. *7 A 2.1 A\sCi:
.*•„ AW Ui 7*:'A’l

1
7 4 *♦ ♦

I G .  1 A A A \ 0 .6  f- 7 7 / 1 -  0 ’*
2 1.2047 0 • i; •: 6 3 1. -  0 A
J V M -i. . U 7

/ 2
1 C,1AOfrA 0 .6 6 2  7 7 •£ "0 A
2 I . 2o0> 0. HAl.d 11 -CA
3 i>*» • A A 3 r . *to. 3 7

7 3 «>*
i 3. i r.CAi 0 .6627  7£-0A

1 • 2 o *> j 0 .  HA 7* A Of--0A
» 3 >•G7I 0 .2 « A ) /

7 A ***
1 0 .  1 62o A 0.o67  7 /t  -GA
z 1 a 2 6 O A 0. o-Vo^Cl -0A
3 3 7 • 1 2.:» 0.2-3A >7

«» ♦ ** 1
i 0 . 1 7 6 ft / 0 .1 1 6  73--03
2 L . lo o t 0 .  3 .-03
3 :» » .A 60 0. -W.j 70
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1 C . 17337 0. i I  > 9 9 :-0 )
2 I • 2 A A* 0.  4-.01 7 C -03
3 3 7 . 72> C . A 0 .j 7 0

A *** 3
1 0. 1 6 i ?  j 0 .1 !  03
2 1 • 2 2 0 0 .  1AH19L-0 3
3 ■*•3.07 3 0. A >0 70

A ** * A
1 < i. 1 A 7 7 0. 11 >; 3 .-03
2 1 .7  o v 7 0. 1 At» 10*-«3
3 6 #.*‘26 G . A * tf 7 u

A ♦ + * 5
2 C. 1 3i;3-'. 0. 4 1 :. ) 77 -0 3
2 1 .27*0 0 . 1 A,u 7 - -0  3
i -26 o « A > :> 7 o

A ♦ v * t
I C. 1 / 3 :7 0 .4  4 »w ) r> m
2 I . 26 V 0-43 Ml i i  0 J
3 6 4 .0 7 3 0.V1M 70
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1 •3.1 J 11 2 1). I 1 6 >3_-u J
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3 1*0. >.2 .-

H—1

u>



A P P E N D I X  F

L E T T E R S

144



WhirlpoolJL cOkronwiCN Evansville Division

FVANSVILLE, INOIANA A7727 • ARC* CODE 812 <14-7741

F e b r u a r y  2 7 ,  1976

Hr. B ru ce  P u g s l e y  
785 N orth  100 W est  
Orem, U tah  84507

D ear B r u c e ,

F or  y o u r  u s e  i n  yo u r  r e s e a r c h  p r o j e c t ,  t h e  f o r m u l a t i o n  and  
r a t i o  f o r  17 f o o t  t h i c k w a l l  c a b i n e t s  a r e :

F o r m u la t io n

6 7 . 1 2 1 %

.756%

.481%

.463%

.072%
30.501%

100 . 000%

R a t io
M a s t e r b a t c h  = 140 P a r t s

TDI 100 P a r t s

The m a s t e r b a t c h  s h ip p e d  t o  u s e  i s  i n  a s p e c i a l  p r e s s u r e  drum 
t h a t  i s  u s e d  f o r  m a s t e r b a t c h .  T h e r e f o r e ,  t h e  m a s t e r b a t c h  s h o u l d  
n o t  r e q u i r e  r e f o r m u l a t i o n .

I f  I ca n  a s s i s t  you  f u r t h e r  B r u c e ,  p l e a s e  c a l l .

R e s i n  6416  
S i l i c o n e  53^0  
W ater  
P o l y c a t  8 
T -12
F r e o n  R - l l

RN:dlh

c c :  K. L e i n g r u b e r
J .  S c h a u s
K. W c r l i n g
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E. I .  du  Po n t  dc N e m o u r s  &  C o m p a n y
IKCORVOR4TCO

W il m in g t o n , D e l a w a r e  19898

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

E l  A S T O M E R S  L A B O R A T O R Y  

C H E S T N U T  R U N

F e b r u a r y  3 ,  1976

Mr. B ru ce  A. P u g s l e y  
Brigham  Young U n i v e r s i t y  
765 H. 100W 
Orem, Utah 84057

D ear Mr. P u g s l e y :

In  y o u r  r e c e n t  l e t t e r  you  r e q u e s t e d  i n f o r m a t i o n  on  t h e  r i g i d  
u r e t h a n e  fo a m in g  p r o c e s s ,  p a r t i c u l a r l y  s e n s o r s  w h ic h  c o u l d  b e  
c o u p l e d  w i t h  a com p u ter  t o  c o n t r o l  t h e  p r o c e s s  v a r i a b l e s ,  and  
e q u ip m e n t  u s e d  f o r  m e a s u r in g  v i s c o s i t y  o f  t h e  i s o c y a n a t e .

The c h e m i s t r y  and m a n u fa c tu r e  o f  r i g i d  u r e t h a n e  foam i s  r a t h e r  
c o m p le x  a s  you  w i l l  s e e  by r e a d i n g  t h e  e n c l o s e d  l i t e r a t u r e .
Vie d o n ' t  know o f  an y  p a r t i c u l a r  s e n s o r s  t h a t  can  b e  c o u p l e d  t o  
c o m p u t e r s .  T h e r m o c o u p le s  ca n  b e  p o s i t i o n e d  i n  t h e  foam and t h e  
t e m p e r a t u r e  p r o f i l e  r e c o r d e d  on s t a n d a r d  m u l t i p o i n t  r e c o r d e r s ,  
b u t  I  d o n ’ t  know, i f  t h i s  i s  w h a t  you  w ant t o  d o .  The v i s c o s i t y  
o f  t h e  i s o c y a n a t e  (LD-3071 o r  KYLEbSo TRF) i s  m ea su re d  w i t h  a 
B r o o k f i e l d  V i s c o m e t e r ,  Model LVF ( B r o o k f i e l d  E n g i n e e r i n g  L a b s ,
I n c . ,  240 C u sh in g  S t r e e t ,  S t o u g h t o n ,  M a s s a c h u s e t t s  0 2 0 7 2 ) .  I n  
o r d e r  t o  s t u d y  v a r i a b l e s  i n  t h e  foam s y s t e m ,  ASTM D 2 2 3 7 ,  R a te  
o f  R i s e  P r o p e r t i e s  o f  U r e th a n e  Foam ing S y s t e m s ,  i s  o f t e n  u s e d  
( s e e  e n c l o s u r e ) .  O th e r  m e t h o d s ,  su c h  a s  t h e  U r e th a n e  Foam F low  

T e s t  ( e n c l o s e d ) , a r e  o f t e n  e m p lo y e d  t o  s t u d y  t h e  e f f e c t  o f  
v a r i o u s  c h a n g e s  i n  f o r m u l a t i o n  on  t h e  f l o w  p r o p e r t i e s  o f  f o a m in g  
s y s t e m s .

One o f  t h e  m o st  i n t e g r a t e d  s y s t e m s  f o r  c o n t r o l l i n g  t h e  v a r i a b l e s  
i n  t h e  u r e t h a n e  fo a m in g  s y s t e m  i s  made by F l u i d y n e  I n s t r u m e n t a t i o n ,  
1631  San P a b lo  A v en u e ,  O a k la n d ,  C a l i f o r n i a  9 4 6 1 2 .  P e r h a p s  t h e y  
c o u l d  bo o f  a s s i s t a n c e  t o  you i n  y o u r  r e s e a r c h  p r o j e c t .  I  h a v e  
i n c l u d e d  some a d d i t i o n a l  i n f o r m a t i o n  on "Du P o n t  S y n t h e t i c  R ubbers"  
w h ic h  may b e  o f  i n t e r e s t  t o  y o u .

V ery  t r u l y  y o u r s ,

RFHtbsa
E n d s . O E T T E R  T H I N G S  T O R  B E T T E R  L I V I N G  . . T H R O U G H  C H E M I S T R Y

TK* rtcofnm ande livn t lo r  v t*  o f  »or prodvcH o r *  ba te d  ipor> t u f t  b * li» v *d  to  bo  r* '.n b i» , H s » *« * f. <*• do not g u a ro r f* *  th *  rotwMt to  bo o b t« i*o4 .
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S E N S IT I V I T Y  O F  P R O C E S S  V A R I A B L E S  OH

RIGID P O L Y U R E T H A N E  FOAMiN<

B r u c e  A. P u g s l e y  

D e p a r t m e n t  of  M e c h n i c a l  E n g i n e e r i n g  

M. S. D e g r e e ,  D e c e m b e r  1976

A B S T R A C T

T h e  s c o p e  of t h i s  r e s e a r c h  w a s  to  d e t e r m i n e  t h e  s e n s i t i v i t y  
of th e  p r o c e s s  to  p r e - m i x e d  v i s c o s i t i e s ,  t e m p e r a t u r e ,  m i x  r a t i o ,  
a n d  m i x i n g  t i m e  o r  b l e n d a b i l i t y  of the  f o a m  i n g r e d i e n t s ;  a n d  t e m p e r ­
a t u r e  d i m e n s i o n s  and  s u r f a c e  f i n i s h  of  the  m o l d  on th e  r i g i d  
p o l y u r e t h a n e  f o a m  p r o c e s s .  T h e  o v e r a l l  g o a l  w a s  to  d e c r e a s e  th e  
p e r c e n t a g e  o v e r p a c k  n e e d e d  w h i l e  m a i n t a i n i n g  th e  c o r r e c t  " k "  
f a c t o r  o r  t h e r m a l  p r o p e r t i e s  of th e  f o a m .  B o th  e x p e r i m e n t a l  a n d  
l i t e r a t u r e  r e v i e w  w e r e  u t i l i z e d  to  a c c o m p l i s h  t h i s  g o a l .

F i n d i n g s  s h o w e d  t h a t  p o l y u r e t h a n e  f o a m  w a s  n o t  v e r y  s e n s i ­
t i v e  to c a v i t y  w a l l  t e m p e r a t u r e s  in  th e  r a n g e  b e t w e e n  4 0 ° C  to  5 5 ° C .

I n g r e d i e n t  t e m p e r a t u r e  a f f e c t e d  th e  r e a c t i o n  r a t e s  a n d  
v i s c o s i t i e s ;  b u t  h a d  l i t t l e  e f f e c t  on  f i n a l  d e n s i t i e s .
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