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THE RHEOLOGY LEAFLET 
N o . 9 T i d v r a g e l M a y , 1 9 3 9 

ELEVENTH ANNUAL MEETING 
T h e e leven th a n n u a l m e e t i n g of the Socie ty will be held this 

Fall, p robab ly in O c t o b e r , and cer ta in ly in ei ther New York or W a s h -
ing ton . T h e Execu t ive C o m m i t t e e regrets that a more def in i t e an-
n o u n c e m e n t c a n n o t be m a d e at th is t ime. T h e y will repor t their f ina l 
decision in the n e x t issue of the Leaf le t . 

In the m e a n t i m e , all m e m b e r s are invi ted to o f f e r pape r s fo r 
p r e sen t a t i on at the mee t ing , e i ther by themse lves or by thei r associates. 
P r o f e s s o r R. H. Ewell of P u r d u e Univers i ty , La faye t t e , Indiana, has 
been appo in ted C h a i r m a n of the P r o g r a m C o m m i t t e e , and will be 
glad to receive o f f e r s of papers e i ther comple ted or in p repa ra t ion . 

P a p e r s a l w a y s t ake longer to p repa re than we ant ic ipate . Be t te r 
get an ear ly s ta r t . 

We are discussed in NATURE 
. T h e act ivi t ies of the Society of Rheo logy were m e n t i o n e d in the 

" N e w s and V i e w s " sect ion of the J u n e 10th issue of N A T U R E . T h e y 
say in p a r t : " R h e o l o g y is one of those f ields which include several 
sc iences—phys ics , chemis t ry and physical chemis t ry and , of late 
years , b iology. Its i m p o r t a n c e and scope are only n o w b e g i n n i n g to 
be genera l ly recognized. G i v e n the necessary increase in suppor t , t he 
Society should then fulf i l l a ve ry u s e f u l f u n c t i o n . It wou ld be espec-
ially va luable if its f i n a n c e s reached the point w h e r e it b ecame 
possible to list ( w i t h o u t ful l abs t r ac t ing) all pape r s bear ing on the 
sub jec t . N o w the Society is s t ak ing its reserves on the dr ive fo r 
increased m e m b e r s h i p in such m a n n e r that they will be e x h a u s t e d in 
t w o yea r s if t he dr ive fails. It is to be hoped tha t the Socie ty will 
receive the requi red s u p p o r t . " W e apprec ia te these e n c o u r a g i n g words . 

"The Science cf Rheology and the Plastics Industry" is t he title 
of an in te res t ing article wr i t ten by Dr. G . W . Scott Blair and publ i shed 
in British Plast ics f o r March, 1939. T h e principal t h e m e is tha t the 
plast ics indus t ry m a y prof i t by a scient i f ic a p p r o a c h to the p h e n o m e n a 
of d e f o r m a t i o n . O n the o the r h a n d the a u t h o r sugges t s that the scien-
tists adopt m o r e practical and less c o n f u s e d de f in i t ions of such 
c o m m o n l y used t e r m s as "p las t i c i ty . " He takes excep t ion to the 
def in i t ion of a plast ic solid as given on Page 15 of T h e Rheo logy 

1. 



Leaf le t No. 7. It a p p e a r s tha t the word " p l a s t i c " m e a n s an ent i re ly 
d i f f e r e n t th ing to a physicis t t h a n to the so-called "plas t ics i n d u s t r y " . 

Dr . Scot t -Bla i r i l lust ra tes the m a n n e r in wh ich va r ious b r a n c h e s 
of t echno logy m a y have p rob l ems which h a v e their roots in the s a m e 
basic physical laws. He po in t s ou t t h a t : " F a i l u r e to realize t h e 
" o n e n e s s " of the science of Rheo logy is a ve ry grea t h i n d r a n c e to 
p rog res s in m a n y indus t r ies today , not least in the plastics indus t ry . 
So m u c h t ime would be saved if t he research w o r k e r would realize that 
his p rob l ems are not un ique , tha t s o m e o the r w o r k e r in an ent i re ly 
d i f f e r e n t f ield is f ac ing the s a m e dif f icul t ies , and tha t in s o m e cases 
so lu t ions h a v e already been f o u n d . " T h e Socie ty of Rheo logy is 
des igned as a na tu ra l m e e t i n g place fo r w o r k e r s w h o s e diverse l ines 
of research h a v e such a c o m m o n f u n d a m e n t a l base. 

T h e a u t h o r has recent ly been a t t e m p t i n g to corre la te def in i t e 
and measu reab l e physical p roper t i es wi th the psychological f ac to r s 
involved in the c r a f t s m a n s h i p of a skilled w o r k m a n . T h i s is an ex-
t r eme ly involved p rob lem which indus t ry will even tua l ly solve. T h e 
present wr i te r r e m e m b e r s a per iod of s o m e f i f t een yea r s ago w h e n he 
deve loped a sense of feel which enabled h im to de t e rmine the sui t -
abil i ty of a plast ic f o r success fu l m o u l d i n g . Valuable as such rule of 
t h u m b tests m a y be, the posi t ion of a c o m p a n y d e p e n d i n g on such 
cont ro l is ap t to be an u n t e n a b l e one . Dr . Scot t Blair r e fe r s to th is as the 
" B i l l " m e t h o d or the psycho-rheological basis of c r a f t s m a n s h i p and 
gives credit to the high skill of the c r a f t s m e n and a c k n o w l e d g e s o u r 
debt t o t h e m . He conc ludes that " t o replace such m e n by m a c h i n e s 
which d o not correc t ly in tegra te the physical f a c t o r s requi red in the 
p roduc t is inexcusably bad bus iness . " 

T h e au thor , w h o is a m e m b e r of the Socie ty of Rheo logy recent ly 
w r o t e " A n In t roduc t ion to Industr ia l R h e o l o g y " which w a s rev iewed 
in T h e Rheo logy Leaf le t No. 8. 

REPORT OF COMMITTEE ON NOMINATIONS 
T h e C o n s t i t u t i o n of the Socie ty p rov ides tha t o f f i ce r s be elected 

b i annua l l y by a le t ter ballot of the m e m b e r s h i p . T h e By-Laws p rov ide 
t h a t cand ida tes be n o m i n a t e d by a n o m i n a t i n g c o m m i t t e e appo in t ed 
by the Pres iden t , and tha t these n o m i n a t i o n s be publ i shed n ine m o n t h s 
in a d v a n c e of the elect ion. 

T h e nex t election will t ake place in a d v a n c e of the a n n u a l m e e t i n g 
fo r 1939 which will p robab ly be held in O c t o b e r . At the last m e e t i n g 
Pres ident M o o n e y appo in ted a n o m i n a t i n g c o m m i t t e e consis t ing of 
R. H. Ewell , R. L. Peek, J r . , and W . H. Herschel , C h a i r m a n . T h e list 
of cand ida tes p repa red by this c o m m i t t e e is g iven be low. 
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T h e By-Laws f u r t h e r p rov ide f o r addi t ional n o m i n a t i o n s to be 
received u p o n the pet i t ion of three act ive m e m b e r s u p to six m o n t h s 
be fo re the election, and tha t bal lots be mailed to all m e m b e r s three 
m o n t h s in a d v a n c e of the election. As it has been impossible to publish 
the n o m i n a t i o n s be fo re th is da te , the Secre ta ry will receive pe t i t ions 
fo r addi t ional n o m i n a t i o n s u p to S e p t e m b e r 1 and will mail ballots 
t o the m e m b e r s s o m e t i m e b e t w e e n S e p t e m b e r 1 and O c t o b e r 1. 

T h e c o m m i t t e e on n o m i n a t i o n s s u b m i t s the fo l lowing slate f o r 
the 1 9 3 9 e lec t ion : 

For P r e s i d e n t : 
A. S. H u n t e r ; E. I. du P o n t de N e m o u r s & Co. 

Buf fa lo , N. Y. 
For First V ice -Pres iden t : 

J . H. Di l lon ; F i res tone Tire and R u b b e r Co. 
Akron , O h i o . 

For Second Vice-Pres iden t : 
R. H. Ewel l ; P u r d u e Univers i ty , 

La faye t t e , Ind. 
For S e c r e t a r y - T r e a s u r e r : 

H o w a r d R. Lillie; C o r n i n g G l a s s W o r k s 
C o r n i n g , N. Y. 

F o r Ed i to r : 
W . P . D a v e y ; P e n n s y l v a n i a S ta te College 

S ta te College, Pa . 
F o r Associate Ed i to r : 

H. F. W a k e f i e l d ; Bakel i te Corpora t ion 
Bloomf ie ld , N. J . 

C o m m i t t e e on N o m i n a t i o n s 
W . H. Herschel , 

C h a i r m a n 
T h e n o m i n e e fo r Pres ident was the f i rs t secre tary of the Socie ty , 

an o f f i ce which he held unti l a severe s ickness compel led h im to 
l ighten his load. He is f o r t y - t w o yea r s of age and has been engaged 
in industr ia l research fo r about t w e n t y years . He is research physicis t 
and physical chemis t in the r ayon division of E. I. du P o n t de N e m o u r s 
and Co. 

J . H. Dil lon, thirty-fo.ur years of age, has been a physicist f o r 
the F i res tone Tire and Rubber C o m p a n y since receiving his P h . D . 
f r o m Wiscons in in 1931. His work has been on the physical p roper t i es 
of rubber , and m a n y articles on the ex t rus ion type rubber p l a s t o m e t e r 
h a v e appea red u n d e r his au tho r sh ip . 
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R. H. Ewell , t h i r ty -one yea r s old, h a s been a m e m b e r of the 
f a c u l t y of P u r d u e Univers i ty since 1937 w h e n h e received his P h . D . 
f r o m Pr ince ton w h e r e he w o r k e d wi th P r o f e s s o r Eyr ing . He is k n o w n 
f o r his work on the plast ici ty of ce ramic mate r i a l s and on the viscosi ty 
of solut ions . Readers of the J o u r n a l of Appl ied Phys ics will r e m e m b e r 
his recent article on the reac t ion ra te t heo ry of viscosi ty . 

T h e n o m i n e e fo r Sec re t a ry -Treasu re r h a s served f o r t w o con-
secut ive t e r m s as c h a i r m a n of the p r o g r a m c o m m i t t e e . He has d o n e 
o u t s t a n d i n g w o r k on the rheological p roper t i e s of glasses at the 
physical resarch divis ion of the C o r n i n g Glass W o r k s , C o r n i n g , 
New York. 

T h e n o m i n e e f o r Edi tor is Research P ro fe s so r of Phys ics and 
C h e m i s t r y at T h e P e n n s y l v a n i a S t a t e Col lege, S ta te College, Pa . He 
is k n o w n fo r his researches on crysta l s t r u c t u r e and X-rays. 

H. F. W a k e f i e l d has been engaged in research and d e v e l o p m e n t 
w o r k on res ins and plastics fo r abou t f i f t e e n years , all of t ha t t ime 
h a v i n g been spent wi th the Bakel i te C o r p o r a t i o n , Bloomfie ld , N. J . 

AN ACKNOWLEDGMENT 
O n e of the in te res t ing p a p e r s at the P i t t s b u r g h m e e t i n g w a s t ha t 

of Dr. E. P. I rany of S h a w i n i g a n Chemica ls , Ltd., on "Viscos i ty and 
C o n s t i t u t i o n . " It is a c o n t i n u a t i o n of Dr . I r any ' s con t r i bu t i on to the 
J o u r n a l of the Amer i can Chemica l Socie ty f o r S e p t e m b e r , 1938. Edi tor 
A r t h u r B. L a m b has g iven his pe rmiss ion t o r epea t this pape r and it 
is a p leasure to a c k n o w l e d g e his k indness . Lack of space p r e v e n t s 
the p resen ta t ion of m o r e t h a n an abs t rac t bu t it is easily avai lable 
f o r those w h o wish to rev iew it in detail . T h e s u m m a r y is g iven as it 
appea r s in the or iginal art icle. 

The Viscosity Function 
E. P . I rany . J . Am. C h e m . Soc. 60 , 2 1 0 6 - 2 1 1 5 ( 1 9 3 8 ) . 

T h e p r o b l e m of ob t a in ing a s t ra ight l ine c u r v e fo r viscosity-
concen t r a t i on re la t ionsh ips of ideal m i x t u r e s is solved by a g r aph -
ical m e t h o d . W i t h this scale der ived by graph ica l ana lys i s all such 
ideal m i x t u r e s appea r as s t ra igh t lines. T h e f u n c t i o n of th is scale 
is called "Viscos i ty F u n c t i o n ( )" . T h e scale is genera l ly valid if 
v o l u m e c o n c e n t r a t i o n s are used. Non-ideal e f f ec t s such as associat ion, 
dissociat ion and c o m p o u n d f o r m a t i o n are easily and accura te ly re-
cognized by dev ia t ions of the curve f r o m a s t ra ight line. Var ious 
e x a m p l e s of ideal m i x t u r e s are s h o w n by c u r v e s and c o m p a r e d w i t h 
l i t e ra tu re r e f e r ences in wh ich ideal m i x t u r e s are selected by o the r 
m e a n s . By the a u t h o r ' s m e t h o d n o excep t ions are f o u n d in the gen-
erally accepted ideal m i x t u r e s . 
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/ 
C e r t a i n app l ica t ions can be m a d e on solid subs t ances us ing 

v o l u m e concen t r a t i ons . S o m e res ins and e lect rolytes are included. 
Addi t ional ev idence is g iven as to the l iquid s ta te of solids in so lu t ion . 

T h e s a m e scale can be used fo r the v i scos i ty - t empera tu re f u n c -
t i o n ; t he r e fo r e the genera l laws unde r ly ing the e f f ec t of di lut ion and 
t e m p e r a t u r e are identical . 

Associated mater ia l s will give s t ra ight lines if the associa t ion 
r e m a i n s c o n s t a n t but will give dev ia t ions wi th c h a n g i n g associa t ion. 

For v iscos i ty-pressure f u n c t i o n s a d i f f e r e n t scale is requi red . 
T h e s e f u n c t i o n s are genera l ly addi t ive but are d i f f icu l t t o exp res s 
m a t h e m a t i c a l l y . 

S u m m a r y 
D u e to o u r insuf f i c i en t k n o w l e d g e of the s t r u c t u r e of l iquids 

it is impossible to f o r m u l a t e the basic and genera l ly valid laws which 
re la te l iquid viscosi ty wi th var iables of condi t ion , such as v o l u m e 
( d i l u t i o n ) , t e m p e r a t u r e and pressure . T h e r e is no real proof tha t such 
l aws of broad val idi ty exist , or tha t they are recognizable . 

A m e t h o d of graphica l ana lys i s w a s used in p rov id ing this 
ev idence which m a y be s u m m a r i z e d in three pos tu l a t e s : 

. 1. A f u n c t i o n of viscosity exists , i>U}) or the"t> sca le" , which 
is genera l ly addi t ive in t e r m s of v o l u m e ; i. e., of d i lu t ion in ideal 
m i x t u r e s . 

2. A f u n c t i o n of viscosity exis ts which is genera l ly addi t ive in 
t e r m s of t e m p e r a t u r e . T h i s f u n c t i o n or f unc t i ona l scale is identical 
wi th the above, k ; t e m p e r a t u r e and di lu t ion h a v e the same quan t i t -
a t ive e f fec t s u p o n viscosi ty. 

3. A n o t h e r f u n c t i o n of viscosi ty exists , iT(H) , or the " 1 scale" , 
which is genera l ly addi t ive in t e r m s of p ressure . 

If viscosit ies are plot ted in these func t i ona l scales, all n o r m a l 
or " i d e a l " addi t iv i ty is r ep resen ted as a s t ra ight line. Dev i a t i ons f r o m 
this course are very accura te ly recognizable and s igni f icant . 

T h u s the d i a g r a m s reveal " n o n - i d e a l " cond i t ions ; i. e., associat-
ive or dissociat ive t endenc ies which could not be detec ted by o the r 
m e a n s . Ex t r apo la t ion in to the critical region sugges t s impor t an t con-
c lus ions r ega rd ing s ta te d i scon t inu i ty . T h e scale shows the correct 
m a g n i t u d e of the in te rna l p ressures of l iquids which , accord ing to 
th i s evidence, are charac ter i s t ic f o r whole series of related subs tances . 
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VISCOSITY and CONSTITUTION 
Ernes t P. I rany, S h a w i n i g a n C h e m i c a l s Limi ted 

P resen ted at the 10th A n n u a l Meet ing , Socie ty of Rheo logy 
Many a t t e m p t s h a v e been m a d e to expla in the re la t ionship be-

tween the viscosity of l iquids and their chemical cons t i tu t ion , and 
m a n y in te res t ing rules have been p r o p o s e d ; never the less , the p rob lem 
is still ve ry far f r o m any genera l so lu t ion . Th i s is not at all su rp r i s ing 
if we t ry to realize the di f f icul t ies . 

T o begin wi th , we d o not k n o w beyond d o u b t wha t , precisely, 
a l iquid is. Wi th in the classical concepts we f ind no really conv inc ing 
a n s w e r as to w h a t d i s t inguishes the liquid s ta te and liquid s t r u c t u r e 
f r o m tha t of gases compressed to a c o m p a r a b l e densi ty , yet , there 
are, of course , very real d i f f e rences . More recent ly , stat ist ical t heo ry 
h a s been in t roduced in to this problem, and physic is ts ascribe m u c h 
s ign i f icance to several pure ly ma thema t i ca l so lu t ions a l ready propos-
ed. Howeve r , it wou ld be p r e m a t u r e to expec t too m u c h at o n c e ; 
stat ist ical t heo ry is pr imari ly , a ma thema t i ca l device, which depends , 
as a n y o ther , on the f u n d a m e n t a l p remises m a d e ; the so lu t ions appea r 
in the f o r m of i nde t e rmina te equa t i ons which can only be applied with 
f u r t h e r a rb i t ra ry a s sumpt ions . In any case, we h a v e no def in i t e con-
cept of l iquid s t r u c t u r e which a l lows us to m a k e a n y practical use of it. 

F u r t h e r m o r e , we are also qu i te unce r t a in abou t w h a t to regard 
as the physical uni t in l iquids. Is it t he chemical molecu le as w e de f ine 
it by its s t ruc tu ra l f o r m u l a , is it a g r o u p of such individual molecules , 
is it an en t i ty of qui te d i f f e r e n t descr ip t ion? 

W e k n o w to-day tha t molecu les as such do no t exist in c rys ta l s ; 
as fu l ly se l f -conta ined uni t s they a p p e a r on ly in gases . All w e can 
p r e s u m e abou t l iquids is tha t the chemica l ly de f ined molecu les m u s t 
be in s o m e in t e rmed ia t e cond i t ion , ne i the r as f ixed and d i f f u s e d as 
in solids, nor as mobi le and i n d e p e n d e n t as in gases. Beyond this, 
e v e r y t h i n g is specula t ion . 

W i t h so m u c h unce r t a in ty a b o u t the n a t u r e of t h e l iquid s ta te 
and the m e a n i n g of chemical cons t i tu t ion wi th in it, the re is at p resen t 
l i t t le hope f o r valid q u a n t i t a t i v e c o m p r e h e n s i o n of macroscopica l 
physical proper t ies , including, of course , viscosi ty . T h e r e are n u m e r -
ous f o r m u l a t i o n s of supposed ly genera l addi t ive re la t ionsh ips b e t w e e n 
chemical cons t i tu t ion and viscosi ty bu t n o m a t t e r w h e t h e r or no t 
t h e y are fo r t i f i ed by s o m e kind of theore t ica l cons idera t ions , we m u s t 
regard t h e m all as empir ical . 

It is no t the p u r p o s e of th is pape r t o give a su rvey of these 
p roposed rules , bu t ra ther , to t ake s tock of o u r a t t i tude t o w a r d s the 
p rob lem and to m a k e s o m e cons t ruc t ive sugges t ions . 

Most m o d e r n au thor i t i es agree u p o n the d e p e n d e n c e of l iquid 
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viscosi ty on cons t i tu t iona l v o l u m e , i. e., t he molecu la r or an associa ted 
v o l u m e ; m a n y even pos tu la te a direct addi t iv i ty in such t e rms . Fu r th -
e rmore , collisional and d i f f u s i o n a l e f f ec t s are t a k e n in to accoun t . 
T h e r e is, howeve r , a s ingu la r and qu i te explicit a g r e e m e n t in disre-
ga rd ing the in te r -molecu la r a t t r ac t ions the ex is tence of which , of 
course , c a n n o t be ques t ioned . 

A f e w q u o t a t i o n s will e x e m p l i f y this a p p a r e n t consensus of 
o p i n i o n : 

B ingham, in "F lu id i t y and Plas t ic i ty" , 1 9 2 2 : 
" . . . it is genera l ly agreed tha t the re is a second cause of viscous 

resis tance, which, w i t h o u t a n y good reason in its f a v o u r , has been 
repea ted ly a t t r ibu ted to the a t t rac t ion b e t w e e n the molecules . 
No reasonable h y p o t h e s i s h a s been p roposed t o ex t r ica te u s f r o m this 
d i l emma , on the basis of cohes ion , hence , we are fo rced to look fo r 
s o m e o ther c ause . " 

Mcl .eod, T r a n s . F a r a d a y Soc. , 21, ( 1 9 2 5 ) , 1 5 1 : 

"Viscosi ty in l iquids is, in fac t , as in gases, d u e to a t r a n s f e r e n c e 
of m o m e n t u m , and does no t depend on a n y p r o p e r t y of the molecu le 
except its weight . It is t rue the ' f r ee space ' and the degree of associat ion 
m a y be g o v e r n e d largely by the ' chemical a f f i n i t y ' be tween the mole -
cules, bu t ' in te rna l f r i c t ion ' in l iquids is no t itself a f u n c t i o n of the 
su r f ace of molecules , and is no t t he r e fo r e a n a l o g o u s to the f r ic t ion 
b e t w e e n solid bodies . " 

Ha tschek , in " T h e Viscosi ty of L iqu ids" , 1928, 

" M c L e o d is no doub t r ight in cons ider ing a t t e m p t s t o r ep re sen t 
the m e c h a n i s m of viscosi ty as f r ic t ion b e t w e e n molecu la r s u r f a c e s to 
be mere ly fa lse ana log ies . " 

S t a u d i n g e r and Heuer , B. 63, ( 1 9 3 0 ) , 2 2 2 . 

T h e s e au tho r s p ropose a l inear re la t ion b e t w e e n the viscosi ty 
of p o l y m e r - h o m o l o g o u s subs t ances in so lu t ion , and thei r mo lecu la r 
we igh t . Th i s rule, k n o w n as " S t a u d i n g e r ' s Viscosi ty L a w " , is based 
on a f o r m u l a by Einste in in which an ideal case w i t h o u t inter-par t ic le 
a t t r ac t ions is a s sumed . 

W h y these au thor i t i es c o m m i t t h e m s e l v e s so def in i te ly aga ins t 
recogni t ion of the e f f ec t s u p o n viscosity, of the in te r -molecular fo rces 
c a n n o t well be u n d e r s t o o d . O n t h e con t ra ry , it is qu i t e ev ident t ha t 
liquid viscosi ty c a n n o t be exp la ined w i t h o u t them. 

T h e m a i n a r g u m e n t r e j ec t s the idea of quas i -mechan ica l f r ic t ion 
b e t w e e n " m o l e c u l a r s u r f a c e s " . O f course , the re are n o " s u r f a c e s " on 
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the bodies of the molecules , and the c o n c e p t of macroscopica l f r ic t ion 
c a n n o t be appl ied to a sub-molecu la r m e d i u m ; to t h ink of l iquid 
s t r u c t u r e as of a m i n i a t u r e ball mill w o u l d be c r u d e indeed. Never the-
less the ana logy b e t w e e n liqiud viscosi ty and mechan i ca l f r ic t ion 
is no t en t i re ly a b s u r d ; in fac t , it m a y yet a s s u m e g rea t in teres t in v iew 
of the m o s t up- to-date theor ies on the s t r u c t u r e of l iquids. T h e c o m m o n 
t rend of these theor ies is t o w a r d s the conv ic t ion t ha t l iquids are not 
m e r e assembl ies of molecu les in r a n d o m m o t i o n and d is t r ibut ion , 
bu t t ha t there is s o m e k ind of local concen t r a t i on and o r ien ta t ion , 
ne i ther f ixed nor p e r m a n e n t , bu t c o n t a i n i n g the e l emen t of o rgan ized 
s t ruc tu re . But then , if we are jus t i f ied in conce iv ing of a mul t i -mole-
cular s t ruc tu re , w e m a y also t h ink of f r ic t ion in the o rd ina ry s e n s e — 
mechan ica l f r ic t ion which d e p e n d s on in te r -molecu la r a t t rac t ions . 

In te r -molecu la r fo rces are at a possible m i n i m u m in cer ta in sub-
s tances , par t icu lar ly in the p a r a f f i n h y d r o c a r b o n s . Th i s can be easily 
deduced f r o m all their physical and chemical p roper t ies . It so h a p p e n s 
that they are avai lable in an e x t r e m e l y long and u n b r o k e n series, 
and it is a m a t t e r of course tha t t h e y are a l w a y s chosen as the f i rs t 
ob jec t s of s t udy in the ver i f ica t ion of a n e w ru le of consitutiona.1 
addi t iv i ty . Very o f t e n indeed, the n e w ru le is sus ta ined qui te well 
a m o n g them, fo r the i n c r e m e n t s are so r egu la r t ha t a lmos t a n y ap-
p r o x i m a t i o n or a s s u m p t i o n will f i t beau t i fu l ly , and t he r e are n o inter-
molecu la r forces which , t h r o u g h their i r ra t ional i ty , m a y cause discord. 
T h e grea t n u m b e r of f ac t s reproduc ib le wi th in th i s series is impress ive , 
and this is ve ry likely t o sugges t tha t a ru le or a l aw of f u n d a m e n t a l 
val idi ty has been f o u n d . Howeve r , as soon as t h e n e w f o r m u l a is 
appl ied t o subs t ances ou ts ide the pro tec ted f ield of the p a r a f f i n hydro-
carbons , excep t ions begin to appea r . 

As long as the d iscrepancies can be cons idered except ions , sup-
p l e m e n t a r y e x p l a n a t i o n s are in o rde r ; if w e h a v e l imited ourse lves to 
v iew viscosi ty ent i re ly in v o l u m e te rms , the m o s t logical w a y ou t is 
t o a s s u m e molecu la r associa t ion. Hence , w e f ind a p p e n d e d t o mos t 
rules of addi t ivi ty , e labora te tables of "assoc ia t ion f ac to r s " , which 
disagree widely, d e p e n d i n g on thei r source . Actual ly , these associa-
t ion f ac to r s r ep resen t the i n a d e q u a c y of the or iginal p remises . 

T h e r e are t w o very w e i g h t y a r g u m e n t s agains t these factors . 
First , t h e y are all f r ac t iona l n u m b e r s , wh ich would indicate the 
p resence of severa l species of d i f f e r en t assoc ia t ion ; s ince all these 
der ive f r o m one m o t h e r subs t ance and are conver t ib le in to one ano the r , 
t h e y could exist o n l y in a very sensi t ive equi l ibr ium, sub jec t to con-
di t ions . Howeve r , it is possible t o s h o w ( * ) tha t the re is n o var iable 

(*) Irany, J. Am. Chem. Soc., 60, 2106, (1938). Nearly all pure substances, with the exeception, e.g., of the lowest alcohols and fa t ty acids, give straight lines in the functional viscosity diagrams, over the whole recorded ranges of tempera ture and pressure. 
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associat ion in p u r e l iquids, except on ly a f e w . If never the less , we 
a s s u m e associat ion of grea t p e r m a n e n c e , w e mee t the o the r o b j e c t i o n : 
all m i x t u r e s would h a v e to be ideal, and all w o u l d have to obey the 
s a m e law. Th i s is in conf l ic t wi th all k n o w n fac ts . Be tween t ru ly 
ideal m i x t u r e s in which m u t u a l in t e r fe rence a m o n g the molecu les 
can be d is regarded , and those in which def in i t e molecu la r associa t ion 
occurs , there is a c o n t i n u o u s g r a d u a t i o n which can on ly be ascribed 
to in te r -molecular fo rces of varied in tens i ty . 

S o fa r , it m a y seem tha t there is very little indeed that m a y 
ju s t i f y our abil i ty to talk abou t "Viscosi ty a n d C o n s t i t u t i o n " ; n o t h i n g 
tha t wou ld lend s igni f icance to the little word " a n d " . I m u s t also 
d i sappo in t those w h o m a y still expec t m e to o f f e r a panacea of m y 
o w n . 1 can on ly indicate wha t in m y op in ion would be an app roach 
to the p rob lem. 

W e m a y de f ine a hypo the t i ca l e q u a t i o n of the liquid s t a t e — 
a f u n c t i o n of the var iables p, v, and T , — p r e s s u r e , vo lume, and 
t e m p e r a t u r e . Of course , we do not k n o w the exact m a t h e m a t i c a l 
f o r m of this e q u a t i o n but , p r e sumab ly , it c o n t a i n s va r ious mater ia l 
cons tan t s , a, b, c, . . . , and s o m e genera l cons tan t s , R, S, . . . . W e 
are t h e n — a g a i n h y p o t h e t i c a l l y — c a p a b l e of de r iv ing f r o m this e q u a -
t ion of s ta te every physical p rope r ty of the l iquid u n d e r g iven 
condi t ions . T h u s , 

Equa t ion of S t a t e : F (p, v, T ; a, b, c, . . . ; R, S, . . . ) = 0 ( 1 ) 

Viscosi ty n = 4 (p, v, T ; a, b, c, . . . ; R, S, . . .) ( 2 ) 

By m e a n s of the equa t ion of s ta te we can subs t i t u t e one of the 
th ree var iables in to the genera l express ion of the viscosi ty; thus , we 
der ive th ree par t f u n c t i o n s of viscosity, 

n = f x ( T ; a , b , c , . . . ; R , S , . . . ) p = c o n s t . ( 3 a ) 

n = % ( p ; a , b , c , . . . ; R , S , . . .) T = c o n s t . ( 3 b ) 

A = f j ( v ; a , b , c , . . . ; R , S , . . .) T = c o n s t . ( 3 c ) 

T h e f i rs t of these r ep resen t s the v i scos i ty - t empera tu re f u n c t i o n , 
say , u n d e r a t m o s p h e r i c p r e s s u r e ; the second, the v iscos i ty-pressure 
f u n c t i o n at a c o n s t a n t t e m p e r a t u r e ; the third, the viscosi ty-concen-
t ra t ion f u n c t i o n w h e r e an ideal d i luen t m a y be a s s u m e d . T h e s e are 
the re la t ions in which viscosi ty m e a s u r e m e n t s are avai lable . T h e 
th ree sets of mater ia l c o n s t a n t s in these equa t ions , 

a l > bl> ¿ i , — > a 2 , , c 2 , ... , ag, b j , ... , 
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are p a r a m e t e r s in wh ich the n a t u r e of the subs tance , in o the r words , 
i ts cons t i t u t i ve e lements , are expres sed ; a m o n g t h e m w e m u s t t ry t o 
detect f u n d a m e n t a l regular i t ies . U n f o r t u n a t e l y , h o w e v e r , w e ne i the r 
k n o w the m a t h e m a t i c a l e q u a t i o n s in wh ich they occur , nor their 
ac tual va lues . 

W h e r e m a t h e m a t i c a l analys is of the p rob lem fails, the re still 
r e m a i n s the possibili ty of e m p l o y i n g the empir ical m e t h o d of graphica l 
c o m p a r i s o n . In th is case w e do no t need the k n o w l e d g e of the explicit 
f u n c t i o n s , but instead, rely ent i re ly u p o n m e a s u r e m e n t . F o r t u n a t e l y , 
the f u n d a m e n t a l regular i t ies of viscosities are of a k ind tha t can be 
recognized and , to a cer ta in ex ten t , eva lua ted by this s imple m e t h o d . 

For detai ls 1 m u s t r e fe r to the or iginal p a p e r on this sub jec t ( * ) ; 
I shall repeat here on ly very br ief ly w h a t will be necessary fo r f u r t h e r 
unde r s t and ing . 

T h e d iagramat ica l r ep resen ta t ion of the three viscosi ty f u n c t i o n s 
( 3 a ) , ( 3 b ) , ( 3 c ) , yield in each case sharp ly a scend ing curves if 
absolu te viscosity un i t s are used as ord ina tes . It is possible, howeve r , 
to cons t ruc t a scale of viscosities f o r each d i a g i a m which m a k e all 
cu rves d r a w n in it a p p e a r as pe r fec t ly s t ra ight lines, provided that 
a b n o r m a l a f f ec t s are absen t . (Fig . 1 ) . Th i s t r a n s f o r m a t i o n mere ly 
m e a n s tha t the f u n c t i o n a l c u r v a t u r e h a s been t r ans fe r r ed into a f unc -
t ional viscosi ty scale; in th is f o r m we are m u c h be t te r able to recognize 
the inhe ren t regular i t ies . A m o n g these th ree viscosi ty scales or f u n c -
t ions, t w o h a v e been f o u n d iden t i ca l—those of the t e m p e r a t u r e and 
the concen t r a t ion d i ag rams ; that of the p ressure f u n c t i o n is d i f f e r en t . 
I called the f irst one 4 ( i \ ) . a n d t h e l a t t e r 1 1 ( ) • 

Accordingly , we can say tha t the c o m p l e t e b e h a v i o u r of a p u r e 
s u b s t a n c e — i t s equa t ion of s t a t e—is de t e rmined by t w o genera l scales 
wh ich are c o m m o n fo r all subs tances , and by the n u m b e r of e l emen t s 
wh ich de t e rmine three s t ra ight lines. T h e t w o genera l scales m u s t be 
represen ted by the genera l c o n s t a n t s R, S, ... in the above e q u a t i o n s ; 
t h e e l emen t s of the individual lines, i.e., in tercepts , g radients , etc., 
by t h e mater ia l c o n t s a n t s a, b, c, ... . T h e ques t ion n o w arises, as to 
the necessary and su f f i c i en t n u m b e r of these cons t i tu t ive e l emen t s . 

O n e g iven viscosi ty m e a s u r e m e n t de t e rmines one po in t in 
each d i a g r a m ; to th is w e h a v e to add a n o t h e r one, respect ively , which 
b r ings the to ta l to f o u r . H o w e v e r , we h a v e to t ake in to accoun t the 
ident i ty of t w o of the sca les—actua l ly , t he t e m p e r a t u r e f u n c t i o n can be 
cons idered a special case of d i lu t ion , i.e., wi th a subs t ance of n o vis-
cosi ty, or a void. In o the r words , the i r reve lence f o r cons t i tu t ion is the 
same . Th i s reduces the n u m b e r of i ndependen t mate r i a l f a c t o r s to 
three . 

(*) Irany. loc.cit. C. A. 32,8867; 1938 (Copy at tached) 
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H o w e v e r , w e can still s impl i fy this absolu te r equ i r emen t . Vis-
cosi ty u n d e r high pressures is se ldom u n d e r s u r v e y ; the usua l press-
ures of one , even of several , a t m o s p h e r e s h a v e n o apprec iable e f f ec t 
u p o n viscosity, so tha t we are jus t i f ied in say ing tha t , ordinari ly , we 
c o m p a r e viscosit ies in s tr ict ly " c o r r e s p o n d i n g " s ta tes wi th regard t o 
p ressure — at the ex te rna l pressure nil. Th i s e l imina tes ano the r 
mater ia l cons tan t , l eav ing only t w o . T h e s e are ind i spensab le ; n o rule 
of cons t i tu t ive viscosi ty can be genera l ly valid unless it pos tu la te s 
t w o i n d e p e n d e n t p a r a m e t e r s of d i f f e r e n t c o m p u t a t i o n . 

H o w e v e r , the re are special cases, series of s t ruc tu ra l ly related 
subs tance , of which it can be safe ly said tha t the in te r -molecular 
fo rces are ei ther negligible or cons t an t f o r all m e m b e r s . 
For example , 

( a ) , h o m o l o g o u s series of non-pola r subs tances ; e.g., the 
p a r a f f i n h y d r o c a r b o n s ; 

( b ) . p o l y m e r - h o m o l o g o u s series, each m e m b e r of which is 
composed of a large but d i f f e r en t n u m b e r of identical 
polar g roup ings , e.g., po lyv inyl der iva t ives . 

In these t w o cases one of the t w o cons t i tu t ive p a r a m e t e r s becomes 
a serial c o n s t a n t ; the o the r is then fu l ly descr ipt ive fo r the individual 
m e m b e r , and is addi t ive in a n y s t ruc tura l t e r m s conven i en t to use, 
such as molecu la r vo lume , molecu la r weight , n u m b e r of cons t i tuen t 
g roup ings , degree of po lymer i sa t ion . O f course, this s impl i f ica t ion 
is appl icable on ly wi th in a g iven series of the above descr ipt ion. 
Fai lure to obse rve this ve ry impor t an t l imi ta t ion is the c o m m o n er ror 
which inva l ida tes the n u m e r o u s s ing le -paramete r ru les of addi t ive 
viscosity and the s u p p l e m e n t a r y tables of associat ion fac tors . 

A m o n g the p a r a f f i n h y d r o c a r b o n s the i nc r emen t s are so regu la r 
tha t t h e cons t i tu t iona l p rob lem of viscosi ty is reduced to its g rea tes t 
s implici ty . If t he viscosit ies are plot ted in the f u n c t i o n a l <) scale 
against reduced absolute t e m p e r a t u r e s , T / 6 , the l ines coincide a lmost 
comple te ly . Hence , (> — K T / 0 , w h e r e K is a serial cons t an t , and 
0 , t he critical t e m p e r a t u r e , a p p e a r s as the cons t i tu t ive p a r a m e t e r . T h e 
p rob lem resolves to tha t of the addi t ivi ty of the critical t e m p e r a t u r e , 
reverse ly , the critical t e m p e r a t u r e of a h y d r o c a r b o n can be c o m p u t e d 
f r o m a single viscosi ty m e a s u r e m e n t . 

W h a t can be done wi th graphica l analysis in the case of the 
p o l y m e r - h o m o l o g u e s m a y be s h o w n on the series of po lyvinyl ace-
ta tes . Since t hese are colloids of e n o r m o u s and u n k n o w n molecu la r 
weight , t he d is t inct ion by critical t e m p e r a t u r e s is m e a n i n g l e s s ; the 

11. 



cons t i tu t ive p a r a m e t e r m u s t be d e f i n e d t h r o u g h the viscosi ty-con-
cen t ra t ion re la t ionsh ip of so lu t ions . 

It the viscosities of po lyv iny l ace ta te so lu t ions are plot ted in 
scale agains t concen t r a t i on , no s t ra ight lines appear , but cu rves w h o s e 
t r end indicates s t r ong associa t ive or so lva t ing e f f ec t s b e t w e e n solute 
and so lvents of va r ious descr ip t ion . (Fig . 2 . ) . In o rder to recognize 
quan t i t a t i ve re la t ionsh ips in these dev ia t ions f r o m the s t ra ight course , 
the s a m e m e t h o d can be appl ied as in the cons t ruc t ion of the t> scale 
i tself; except fo r the d i f f e rence tha t in the p resen t ins tance not the 
ideal viscosi ty f u n c t i o n , bu t some specif ic e f f ec t s of polar i ty are to be 
• ' l inear ized". 

Let us f irst cons ider several po lyv inyl ace ta tes of d i f f e r e n t aver-
age cha in length , dissolved in the s a m e so lvent , e.g., benzene . W e 
choose a n y one of t h e m as a s t andard , and arbi t rar i ly represen t its 
v iscos i ty-concentra t ion c u r v e as a s t ra ight l ine; us ing the m e a s u r e d 
viscosities as f ixed points , we can cons t ruc t a viscosi ty scale T , which 
embod ie s the character is t ic viscosi ty f u n c t i o n of tha t par t icular poly-
vinyl ace ta te in b e n z e n e solu t ion . (Fig . 3 ) , But if n o w the benzene 
so lu t ions of o the r po lyvinyl ace ta tes of smaller or g rea te r molecu la r 
complex i ty are plot ted in the s a m e d iagram, all appea r as s t ra ight 
lines. (F ig . 3 a ) . 

T h i s is ve ry s t r ik ing proof of the fac t that all po lyv inyl acetates , 
n o m a t t e r of w h a t cha in length , are cons t i tu t ed in exact ly identical 
f o r m . 

A n a l o g o u s scales can be de t e rmined f o r o the r solvents , e.g., 
ethyl ace ta te (F ig . 3 b ) , bu ty l aceta te , pyr idine, d ioxan , te t rachlore-
t h a n e (Fig . 3 c ) , etc. For each one of these so lven t s a scale f u n c t i o n 
of viscosity is ob ta ined which s t r a igh tens the concen t r a t i on cu rves 
of all po lyv inyl ace ta tes into per fec t ly s t ra ight lines. 

U p o n c o m p a r i n g these specif ic T scales of the va r ious so lvents , 
it is f o u n d that a m a j o r i t y of t h e m are ac tual ly one and the same . Th i s 
again , is ve ry s ign i f i can t : it m u s t be conc luded tha t the so lvents of this 
g r o u p all behave in a n o r m a l m a n n e r t o w a r d s the so lu t e ; that the 
so lva t ion e f f ec t s which m a k e the so lu t ions non-ideal , are typical of 
po lyvinyl aceta te . 

In these T scale d i ag rams , d i f f e r e n t po lyvinyl ace ta tes give 
lines of va r ious g rad ien t s ; t h e g rea te r the complex i ty , the s teeper the 
line. S u p p o s e n o w tha t the line of one par t icular spec imen is d r a w n 
at the s a m e angle in every one of the so lvent charts , and that the 
respect ive scales are ad jus t ed accord ing ly ; we then discover tha t the 
lines of the o the r po lyvinyl ace ta tes appea r u n d e r the s a m e angle in 
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each char t , t h a t the c o m p l e t e d i a g r a m s can be supe r - imposed u p o n 
each o the r wi th the greates t accuracy . (F ig . 4 ) . 

Here we f ind revealed a regula r i ty which is i n d e p e n d e n t of t h e 
solvent , and which , t he re fo re , m u s t be a cons t i tu t ive p r o p e r t y of 
po lyv iny l ace ta te as such. W h a t we h a v e achieved by m a n i p u l a t i n g 
the func t i ona l scales is t o cancel ou t the e f f ec t s of the in te r -molecular 
forces , and to isolate, in graphica l terms, the pure ly serial re la t ionship . 

T h a t th is m e t h o d is genera l ly appl icable to t rue p o l y m e r homolo -
gues , can be s h o w n in ano the r s e r i e s — t h e po lyvinyl alcohols. T h e s e 
are insoluble in o rgan ic solvents , but soluble in wa te r . Fig. 5. s h o w s 
t h a t a q u e o u s so lu t ions of d i f f e r en t po lyvinyl a l c o h o l s - c a n also be 
" l i nea r i zed" in a c o m m o n f u n c t i o n a l scale. 

W e m a y n o w r e f e r to one of t hose rules of cons t i tu t iona l addit-
ivity which, except fo r the i r neglect of the in te r -molecu la r forces , rest 
on reasonab le p r e m i s e s — t h e m u c h deba ted "viscosi ty l a w " of S t aud -
m g e r ( * ) . 

Einste in ( * * ) der ived a f o r m u l a fo r the v iscous res is tance in an 
ideal c a s e — t h a t of spherical , rigid, and non-po la r part icles d ispersed 
in a v iscous l iquid, w i t h o u t a s s u m p t i o n of m u t u a l a t t r ac t ions : 

H » Ho ( 1 - KCy ) 
w h e r e ^ is the viscosity of the whole f luid sys tem, i \ 0 tha t of the 
m e d i u m ; c v is the v o l u m e concen t r a t i on of the dispersed phase , and 
K a c o n s t a n t . Because of the disregard of the inter-part icle a t t rac t ions , 
this mode l sys t em is not appl icable to real so lut ions , but u n d e r the 
l imita t ion of m a x i m u m di lut ion, S t a u d i n g e r t r a n s f o r m e d it in to 

l i sp = Tf " c - I** M 

w h e r e Hap is t e rmed "spec i f ic viscosi ty" , Km is a cons t an t valid 
fo r a g iven p o l y m e r - h o m o l o g o u s series in a g iven solvent , M the 
molecu la r we igh t , and c the concen t r a t ion . In a d i ag ram w h e r e absol-
u te viscosity is p lot ted against concen t ra t ion , the t e rm ( ^ - i l o ) / c 
appea r s as the g rad ien t of the c u r v e in the vicini ty of the or igin. 
(F ig . 6 ) . 

O u r func t i ona l T scales of viscosity r ep resen t these same curves 
as s t ra ight l ines t h r o u g h o u t the i r course ; their g rad ien t is cons tan t , 
and there is no need n o w to limit the rule to low concen t r a t ions . T h e 
r eason ing tha t led f r o m Eins te in ' s ideal f o r m u l a to S t a u d i n g e r ' s ap-
p rox ima t ion is f o r m a l l y acceptable , if on ly w e wri te T f o r q i.e., 
if w e subs t i tu te absolu te viscosi ty by tha t f u n c t i o n T of it which, 

* Staudinger, Die hochmolekularen Verbindungen, Berlin, 1932 *• Einstein Am. Phys. 19 (1906), 289 
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according to precept , c o m p e n s a t e s fo r the e f f ec t s of the in te r -molecular 
f o r c e s : r - T 0 

w h e r e r 8 p / c n o w to be called the "spec i f ic viscosity f u n c t i o n " , is the 
g r ad i en t of the s t ra ight l ine in the F d i ag ram. In o the r words—if 
we d r a w a line parallel to the viscosi ty axis, the in te rcepts on it m u s t 
be in p ropo r t i on of the respect ive cons t i tu t iona l pa rame te r s , in this 
case equa l ly well expressed in t e r m s of molecu la r weights , or vo lumes , 
or l engths . (Fig . 7 ) . 

W e h a v e discussed t w o special cases in which w e m a y h a v e 
good reason to th ink tha t we k n o w and u n d e r s t a n d the serial re la t ion-
ship . O u t s i d e these we m u s t admit o u r inabil i ty of quan t i t a t i ve con-
s t ruc t i on ; we m u s t wai t f o r a super-s ta t is t ical m e t h o d which is no t 
ye t inven ted . 

S u m m a r y 
T h e in te r -molecular fo rces are still neglected in our c u r r e n t 

concep t s of l iquid viscosi ty. T h e n o r m a l p a r a f f i n s usual ly p rov ide the 
tes t ing g r o u n d fo r n e w empir ica l ru les of cons t i tu t iona l ly addi t ive 
viscosity, but a m o n g the m e m b e r s of th is series, the in te r -molecular 
fo rces are negligible, and a g r e e m e n t is decept ive ly easy . T h e resul t 
is mos t ly an invalid genera l iza t ion inc lud ing subs t ances of p r o n o u n c e d 
polar i ty , s u p p l e m e n t e d by a rb i t ra ry "assoc ia t ion f ac to r s " . 

According to graphica l ev idence , the genera l viscosi ty f u n c t i o n 
con ta in s at least t w o i n d e p e n d e n t cons t i tu t ive pa rame te r s . In t ru ly 
p o l y m e r - h o m o l o g o u s series one p a r a m e t e r is cons t an t , t he o the r ad-
d i t ive ; in these cases, cons t i tu t iona l analys is of viscosi ty is possible 
by graphical m e t h o d s , us ing func t i ona l viscosi ty scales. 
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figure I. The V i s c o s i t y F u n c t i o n 
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