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VISCOELASTIC BEHAVIOR 

HIGH PRESSURE 

B. P. D~yachenko, A. 
and A~ I. Moiseev 

OF MINERAL OILS AT 

P .  S t a r o s t i n a ,  UDC532.135 

Resul ts  of an exper imenta l  study of shear  v iscoelas t ic i ty  of mine ra l  oils and a method for  ap- 
proximat ing  liquid re laxat ion spec t ra  by a genera l ized  Maxwell model a re  presented .  

The s t r e s s e d  state of an oil l aye r  in a heavily loaded rapidly moving e las tohydrodynamic f r i c t ion -pa i r  
contact can be desc r ibed  by the assumption of delay in es tabl ishment  of equi l ibr ium viscos i ty  upon a sharp 
change in p r e s s u r e  in the contact zone [1, 2, 3]. 

The  represen ta t ion  of liquid s t ruc tura l  equi l ibr ium-delay  p r o c e s s e s  by the  F r e n k e l ' - O b r a z t s o v  model 
for  gradual  p r e s s u r e  change [2] leads to the express ions  for  v iscos i ty  at the contact: 

= ~0 exp aP~ exp (-- ~uP1) (D 

and delay t ime:  
tret ---- ~10 expaPz. 

G| (2) 

The  p a r a m e t e r  p is defined in [2] f rom the equation 

G~t 
---- Ei (~cr - -  Ei (~1cr (3) 

'10 exp aP 1 

Here  Ei ( f i l~Pl)  is an exponential integral ,  which cons iders  the loading p reh i s to ry .  

In Eqs. (2) and (3) t he re  appears  the value of the instantaneous shea r  modulus of e las t ic i ty  Gin, which 
can be obtained f rom study of liquid re laxat ion spectra .  

It i s  known [4] that mine ra l  oils have continuous relaxat ion spec t ra  encompassing not less  than 5-8 
f requency decade. A phenomenological  r ep resen ta t ion  of this  behavior  in minera l  oi ls  is poss ible  within 
the f ramework  of the genera l ized  Maxwell model.  For  this model  the most  general  form of the complex 
modulus of e las t ic i ty  expanded into the re laxat ion t ime  spec t rum was emEloyed: 

n 2 2 n 

I + ~ ) ~  " (4) 

The components  of the complex modulus of e las t ic i ty  Gw and GN w ere  m e a s u r e d  at p r e s s u r e s  to 
6 .10  a N / m  2 at t e m p e r a t u r e s  of 17-100~ by quartz  tors ional  osci l la t ion re sona to r s  at f requencies  of 23, 43, 
80, and 126 kHz by  the method descr ibed  in [5]. Since this  f requency in te rva l  does not include the range 
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Fig. 1. Frequency  dis t r ibut ion of 
components  of  complex  shea r  m o d -  
ulus fo r  MS-14 oil ,  obta ined by r e -  
duction with r e s p e c t  to t e m p e r a t u r e  
and p r e s s u r e :  1) 17.2~ 2) 34.3~ 
3) 50~ 4) 74~ 5) 100~ Go, , 
GN, N/m2;  COinv, 1 / s e c .  

a - - f  
o - - Z  

o "~-- 4 

e - - , 5  

n e c e s s a r y  for  study of the s p e c t r a  of  the oi ls ,  the f requency range  of Go, and G N m e a s u r e m e n t  was  expanded 
by the method of reduct ion of v a r i a b l e s  [4, 6]. P r e s s u r e  and t e m p e r a t u r e  reduct ions  w e r e  made  to a t m o -  
spher ic  p r e s s u r e  and t e m p e r a t u r e "  T 0 = 100~ The  t e m p e r a t u r e  and p r e s s u r e  co r rec t ion  coeff icients  a = 
ri T, P / ~  To, 0 for  the o i l s  w e r e  de t e rmined  f r o m  the fo rmula  

a = exp [--  I~0 (T - -  To) ~- a r  P). (5) 

The  val idi ty  of  th is  f o r m u l a  i s  conf i rmed  by c o m p a r i s o n  of ca lcula ted  data with exper imen ta l  data  for  30 oil 
spec imens  of differ ing hydroca rbon  composi t ion,  studied at p r e s s u r e s  up to 6- 108 N / m  2 and at t e m p e r a t u r e s  
of  20-125" C. 

It was  e s t a b l i s h e d  that  for  o i ls  with po lymer - th i cken ing  addit ives in weight concentra t ion up to 20%, 
with m o l e c u l a r  weights  up to 30,000, the co r r ec t i on  coeff icient  i s  de t e rmined  bas i ca l l y  by  the t e m p e r a t u r e  and 
p iezocoef f ic ien ts  of  v i s cos i t y  of  the so lven t -bases .  

An example  of  a re laxa t ion  spec t rum,  obtained by the method of reduct ion of v a r i a b l e s  f r o m  m e a s u r e -  
m e n t s  at 23, 43, 80, and 126 kHz at p r e s s u r e s  up to 6- 108 N / m  2 in the t e m p e r a t u r e  range  17-125~ is  p r e -  
sented in Fig. 1 for  MS-14 oil. In the f igure  Winv = ac0 is  the  c o r r e c t e d  frequency.  

As a rule ,  in the oi ls  studied the re la t ionship  between 1/rl w and 0) 2 was  not l inear ,  and so it  may  be 
a s sumed  that  r e laxa t ion  s p e c t r a  exis t  in them [7]. The  re laxa t ion  s p e c t r a  obtained w e r e  approx imated  by the 
gene ra l i zed  Maxwell  model  wi th  the use  of  Eq. {4). 

The  approx imat ion  was  p e r f o r m e d  with an e lec t ron ic  compute r  by sea rch ing  for  the min imum in the 
m e a n - s q u a r e  deviat ion S of the functions G w = FI( co, ~ ,  ~i)  and G N = F~ (c0, Gi ,  ~i)  f r o m  the values  of 
Gco(C0), GN(c0) in the c o r r e c t e d  spec t r a l  cu rves  fo r  a r b i t r a r y  va lues  of  G i and T i. 

The  r e l a t ive  m e a n - s q u a r e  deviat ion w a s  defined in the  fo rm 

§ r0.,,.,o,,-o,,,,o., o,..,7}. 

Here  Gco(C0K) and GN(COK) a re  o rd ina tes  in the K- th  sec t ions  with a b s c i s s a s  (WK) inv of the cu rves  
obtained by reduct ion of va r i ab l e s .  

The  s e a r c h  fo r  the m i n i m u m  of the re la t ive  m e a n - s q u a r e  deviat ion was  p e r f o r m e d  by the  conf igura-  
t ions method [8]. 

Expansion (4) i s  a spec ia l  c a se  of a ra t iona l  function. The accu racy  with which the approximat ing  func- 
t ion approaches  the t rue  va lues  of  the functional dependence i s  de t e rmined  [9] by the deg ree  of the n -po ly -  
nomia l  in the denomina tor  of  the f rac t ion  (in the given case ,  n i s  the n u m b e r  of  r e l axa t ion  m e c h a n i s m s  in the 
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TABLE 1. Oil-Relaxation-SpectrumApproximation by Generalized 
Maxwell Model 

n a i , N / m  2 
mZ 

1 2403506 
2 4955578 

14151 
6837115 

nlim=3 156988 
2312 

1 373201 
2 208651 

207293 
243775 

3 48579 
1489212 
197125 

nnm=4 50694 
1!42434 
909934 

1 861992 
2 56288 

981936 
70323 

nlim=3 1039769 
572 

' ~ i X I 0 ~  

s e c  
S.% o~ 

m 

. 
d 

x 

C 

0,116 
0,015 
5,39 
0,007 
0,321 

17,50 

156 

45,9 

20,2 

0,613 12,6 
0,595 t 10,1 
0,485 
0,0664 
2.460 , 8,2 
0,074 i 
0,0287 
2,427 I 8,2 
0,0635 I 
0,0509 i 

MS-14 oil 

0,0131 

0,0278 

0,0149 

0,0139 

112 2403505 

13 4969730 

6 6996416 

MS-20 oil 

0,0173 

0,0249 
0,0247 

0,02?3 

0,0220 

46,5 
46 

30 

29 

373201 
415945 

1781566 

2300190 
i 

I 

Specimen P-37 (base G-14+ 20% vinypoi) 

0,136 24 I 0,0118 38,8 ! 861992 
1,348 4,6 [ 0,0112 30 I, I03822~ 
0,0411 0,0085 , i 

1,090 ] 
0,0360 4,0 0,0102 20 1110664 
0,00014 

O, 200 

1,25 

1,06 

g e n e r a l i z e d  M a x w e l l  mode l ) .  S ince ,  at  p r e s e n t ,  g e n e r a l  c r i t e r i a  f o r  l i m i t a t i o n  of  the  p o w e r  n a r e  not  known, 
in  e s t i m a t i n g  t h e  a c c u r a c y  of  a p p r o x i m a t i o n  of  t he  r a t i o n a l  funct ion ,  one  u s u a l l y  a p p r o a c h e s  the  s e l e c t i o n  of  
n s u b j e c t i v e l y ,  c o m m e n c i n g  wi th  t h e  l e a s t  c o m p l e x  a p p r o x i m a t i n g  funct ion.  

T h e  d e t e r m i n a t i o n  o f  t h e  p o w e r  n i n e x p a n s i o n  (4) m a y  b e  p e r f o r m e d  by  c o n s i d e r i n g  the  m i n i m u m  of  t he  
m e a n - s q u a r e  d e v i a t i o n  S at t he  m a x i m u m  c o r r e s p o n d e n c e  of  m e a s u r e d  s t a t i c  v i s c o s i t y  r / w i t h  t he  c a l c u l a t e d  
v a l u e :  

!] ----- lim ~ Gi~ i. (7) 
t z ~  

i = l  

However, the tendency to complete convergence of measured  and calculated v iscos i t ies  attainable with 
i n c r e a s e  o f  n in  e x p a n s i o n  (4) can  l e a d  to  t h e  a p p e a r a n c e  o f  n o i s e  in  t h e  c a l c u l a t e d  c o e f f i c i e n t s  o f  t h e  a p p r o x -  
i m a t i n g  funct ion.  T h e  l a t t e r  i s  due to r a n d o m  e r r o r s  in  m e a s u r e m e n t  and e x t r a p o l a t i o n  e r r o r s  in  c o r r e c t i n g  
the  v i s c o s i t y .  

A r e l i a b l e  a p p r o x i m a t i o n  of  the  r e l a x a t i o n  s p e c t r a  of  the  o i l s  by  e x p a n s i o n  (4} wi th  m i n i m u m  m a c h i n e -  
t i m e  e x p e n d i t u r e  i s  p o s s i b l e  i f  n i s  l i m i t e d  by  the  c o n v e r g e n c e  m o m e n t  of  the  r i g h t  and l e f t  s i d e s  o f  t he  i n -  
e q u a l i t y  

~r.,0 % 1 +611T,p. (8) 

2 G:~ 

Here 5~ T,P is the limiting error in viscosity reduction with use of Eq. (5). For all oils studied the 
error 5~? T,P does not exceed 0.3. 

An example of relaxation-spectrum approximation for three oils with the generalized Maxwell model is 
presented in Table i. In the table, nli m is the limiting number of Maxwell mechanisms in the generalized 
model, found from the condition of Eq. (8). It is evident from the table that with increase in n for all oils, the 
mean-square deviation S decreases and Eq. (7) converges. Table i shows values of mean phenomenologlcal 
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relawation times (T S)T0,0 , determined for atmospheric pressure and a correction temperature of 100~ 

from the expression (vS)T0,0 = 7/T0,0/G~ o. In calculating (1-S)T0,0, the instantaneous modulus G~o is defined 
in the form 

nlim 

~ l  

Calculations of shear relaxation time and the delay time of equilibrium-viscosity establishment at 
pressures  of 1.5 �9 109 - 3. l0 s N/m z in the temperature interval 20-125~ show that these times for the oils 
studied will lie in the interval 10-~-10 -2 sec. Such high delay times for establishment of equilibrium viscos- 
ity with instantaneous volume compression indicate the necessity of considering volume viscoelastic effects 
in corresponding hydrodynamic calculations of rapidly moving friction-pair contacts. 

N O T A T I O N  

a ,  piezocoefficient of viscosity in Barus equation Wp = W0 exp~P; fi0, temperature coefficient of viscos- 
ity at atmospheric pressure;  G~o, instantaneous modulus of elasticity; ~/0, static viscosity at atmospheric 
pressure;  P1, pressure equal to maximum Hertz stress in contact; fl =1 - (P* /P1) ,  parameter;  P*, fictitious 
pressure  corresponding to change in free volume for time t > 0 upon action of pressure P1 after its abrupt 
change; Ei (fl~P1), Ei (fll~P1), exponential integrals; tret,  delay time for establishment of equilibrium vis- 
cosity; �9 , Maxwell relaxation time; Gw, dynamic modulus of elasticity; GN, loss modulus; 7/i, Gi, ~i, vis- 
cosity, modulus of elasticity, and relaxation time of i-th relaxation mechanism; w, circular frequency; a, 
temperature and pressure  correction coefficient; Winv, corrected frequency; Gr GN, dynamic and loss 
moduli corrected to atmospheric pressure  and correction temperature To; ~ T0, 0, static viscosity at atmo- 
spheric pressure and correction temperature To; WT,P, static viscosity at pressure P and temperature T; 
W~ = GN/w, dynamic viscosity; S, relative mean-square deviation; n, number of relaxation mechanisms in 
generalized Maxwell model; nlim, limiting number of relaxation mechanisms sufficient for reliable approxi- 
mation of relaxation spectra by generalized Maxwell model. 

1. 

2,  

3. 

, 

5. 

6o 

7. 

8, 

9. 

L I T E R A T U R E  C I T E D  

J. C. Bell and J. W. Kannel, "Interpretation of data on oil film thickness with vibration. Parts  1 and 
2," in: Friction and Lubrication Problems [Russian translation], Set. F, No. 4, Mir (1971). 
R. S. Fein, J. Lubrication Technol., Trans. ASME, Set. F, 89, No. 2 (1967). 
G. Harrison and J. G. Trachman, "The role of viscoelastic compression in lubrication of rolling con- 
tacts," in: Friction and Lubrication Problems [Russian translation], Set. F, No. 4, Mir (1972). 
A. J. Barlow and J. Lamb, J. Proc. Roy. 253, 52-69 (1959). 
B. P. D'yanchenko, Author's Abstract of Candidate's Dissertation, S. P. Korolev Aviation Institute, 
Kuiby shev (1973). 
J. D. Ferry,  Viscoelastic Properties of Polymers,  2rid ed., Wiley (1970). 
I. G. Mikhallov, V. A. Solov'ev, and Yu. P. Syrnikov, Fundamentals of Molecular Acoustics [in Russian], 
Nauka, Moscow (1964). 
D. J. Wilde, Optimum-Seeking Methods, Prentice-Hall (1964)~ 
R. W. Hamming, Numerical Methods for Scientists and Engineers, McGraw-Hill (1962). 

164 


