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The Capillary Flow of Silicones 

DONALD L. JOHNSON* and ERIC BAER,t Department of Chem&slty and 
Chemical E n g i m * q ,  University of Illinois, Urbana, Illinois 

The flow of molten polymers through capillaries recently has received 
considerable attention. Experimental results from capillary flow data can 
be used in evaluating various aspects of the non-Newtonian and Viscoelaatic 
flow behavior of polymer melts. The data can also be applied to polymer 
processing such as in extrusion die design.' 

In this paper, the results of flow studies with Viscasil silicone fluids in a 
capillary viscometer are reported. Both entrance and exit effects were 
investigated, as well as the complex nature of the non-Newtonian flow in 
the capillary. 

EXPERIMENTAL 

The data were obtained with a capillary viscometer very similar to 
melt indexer of the American Society of Testing Materials.2 The test 
liquid was maintained at  a temperature =k0.loC. in a thermostatted stain- 
less-steel reservoir 5 in. in diameter. In the center of the base, capillary 
tubes 0.324 cm. in diameter having various LID ratios were attached. In 
all experiments a flat entry was used. The pressure could be regulated to 
between 0 and 300 psi. 

Swelling measurements of the issuing vertical capillary jet were made 
with a vernier microscope (Griffen and George, Model No. 1507). To 
minimize gravitational effects, the jet was extruded into a cylinder con- 
taining alcohol. The alcohol level was kept about 1/4 in. from the tip of 
the capillary. The tip of the capillary was carefully machined to a sharp 
30° angle and inspected under a microscope before use. 

The experiments were performed with silicone fluids of various bulk vis- 
cosities (cstokes): Viscasil 5,000, Viscasil 30,000, Viscasil 60,000, and Vis- 
casil 100,OOO. The physical properties of these fluids are reported by the 
manufa~turer.~ In all experiments the fluids were maintained a t  25OC. 

DISCUSSION OF RESULTS 

The discussion is divided into three parts. First, the flow data are dis- 
cussed with the assumption of a power law fluid. Second, the viscoelastic 
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nature of entrance effects are analyzed according to the method proposed 
by Bagle~.%~ Finally, the results of swelling measurements a t  the capillary 
exit are discussed. 

Power Law Fluid 
It is well known that the power law formula can readily be used in flow 

calculations involving a nonlinear liquid. ?%%en more complex rheological 
models are used the solutions of the resulting mathematical expressions are 
usually very cumbersome. For a fluid flowing in a capillary of length L, 
the power law can be written as follows: 

rr = (AP/2L)r = m(-dv/dr>" (1) 

rr is the shear stress, dv/dr is the velocity gradient in the radial direction 
r, AP is the pressure drop, and m and n are the consistency and flow index, 
respectively. Integration of eq. (1) in the usual manneld gives 

log G, = l/nlog P - l/nlog2Lm/R - log (3n + 1)/4n (2) 

where G, = 4Q/9rR3, Q is the volumetric flow rate, and R the capillary ra- 
dius. According to eq. (2), if the fluid obeys the power law, a plot of log 
G, versus log P will give a straight line. From the slope, n is found, and 
m is obtained from the intercept. 

The flow data for three silicone fluids are given in Figures 1, 2, and 3. 
The flow behavior was studied in capillaries with different L/R ratios. In 

Fig. 1. Log shear rate v8. log presaure for V k d  30,000. L/R values (A) 5; (0) 13: 
(0) 10.2; (0) 16; (a) 22; (A) 40. 



CAPILLARY FLOW OF SILICONES iw 

all cases, at  low pressures the data fell on straight lines from which n and 
m could be calculated. However, at  high pressures in nearly all cases 
appreciable deviations from linearity were observed. In Table I, the 
values for the flow index and consistency are given. It is interesting to 
note that both n and m vary with L/R.  In Figure 4, n versus L / R ,  and 

'05' 

Fig. 2. Log shear rate vs. log pressure for Viscasil 60,000. L/R values (0) 2; (0 )  5 ;  
(0) 8; (m) 10.2; (A) 13; (A) 16; (9) 22; (8) 40; (V) 80; (7) 160. 

m/To (the consistency divided by the Newtonian viscosity, 70) versus L / R  
are. shown for the three fluids. As L / R  increases to large values, both n 
and m/q, approach unity. This indicates that in the limit, as L / R  be- 
comes very large, the fluid will behave as a Newtonian liquid. All the 
data for the three fluids fall on the same curves, indicating that the flow 
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Fig. 3. Log shear rate vs. log pressure for Viscaeil 100,OOO. L/R valuea the same as 
Fig. 2. 

index and consistency are primarily dependent on L / R  and are independent 
of the molecular weight of the fluid. 

Entrance Effects 
Recently Bagley'~~ has shown, for polyethylene, that entrance effects are 

strongly dependent on the elaatic properties of the melt. For a Newtonian 
fluid in fully developed flow, the relations for the maximum shear rate G, 
and the shear stress at the wall of the capillary rB are 

G, = 4Q/?rRa (3) 

TR = APR/PL (4) 
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TABLE I 
Values of Flow Index n and Consistency m Determined from Figurea 1,2, and 3 

LIR n m, dyne cm.-' MC." 

V k c d  30,Ooo 

5 0.65 2310 
10.2 0.75 1050 
13 0.78 838 
16 0.80 720 
22 0.81 634 
40 0.84 538 

Viscsail60,Ooo 
2 0.55 9820 
5 0.63 4800 
8 0.70 2640 
10.2 0.73 2230 
13 0.75 1860 
16 0.78 1670 
22 0.81 1290 
40 0.M 1180 
80 0.90 862 
160 0.93 74 1 

V i e c d  lo0,OOo MM 
2 0.55 12400 
5 0.63 5900 
8 0.70 3600 
10.2 0.73 3100 
13 0.75 2980 
16 0.78 2150 
22 0.81 1870 
40 0.84 2110 
80 0.90 1580 
160 0.93 1340 

In order to account for entrance effects, eq. (4) can be modified to 

re = AP/(B(L/R) + e )  (5) 
where e is the total end correction. Bagley found, surprisingly, that eq. 
(5) could be applied to polyethylene, a non-NewtOnian fluid. 

The end correction is determined at  constant G, by plotting AP versus 
L/R on linear graph paper. By extrapolating to AP = 0, e can be deter- 
mined (e = -L /R) .  Figures 5,  6,  and 7 are plots of AP versus LIP for 
the silicone fluids. In all cases, the data fall on straight lines. By using 
the end correction in eq. (5) it is possible to calculate corrected 00w curves 
which are independent of the LIR ratio. In Figure 8 the corrected flow 
curves for the three silicone fluids are compared with the corrected flow 
curve for polyethylene. 

The end correction versus the corrected shear stress is shown in Figure 9, 
and also a comparison is made with Bagley's data for polyethylene. At 
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Fig. 4. Variation of the flow index and consistency with L/R.  (A,A) Visrasil30,OOO; 
(.,0) Viscasil80,000; (0,O) Viscasil 100,OOO. 
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Fig. 5. Pressure VB. L / R  at constant shear rate for Viscasil 30,000. 
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Fig. 6.  Pressure VB. L / R  at c o n s e t  shear rate for Viscasil60,OOO. 
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Fig. 7.  Pressure VB. L / R  at constant shear rate for viscasil 100,OOO. 
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Fig. 9. Total end correction VB. corrected shear stress. 
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TABLE I1 
Effect of Shear Stresa on Swelling of Capillary Jets 

Shear streas 
Swelling ratio ra x 10-4 Residence time 

LIR B dyne/cm. -* t ,  sec. 

Viscabil 100,000 
80 1.06 2.16 18.6 

1.07 3.24 11.0 
1.08 4.31 8.2 
1.09 6.46 5.4 
1.11 8.62 4.7 
1.12 10.8 2.9 
1.13 12.9 2.3 
1.04 1.23 43.0 
1.06 1.85 20.0 
1.08 2.46 15.2 
1.10 4.92 7.1 
1.11 6.15 5.2 
1.12 7.38 4.4 

Viscssil30,000 

1.07 1.08 8.3 
1.08 2.16 3.1 
1.11 4.31 1.9 
1.12 6.47 1.2 
1.12 8.62 0.92 
1.14 12.9 0.54 
1.04 0.615 19.6 
1.05 1.23 11.2 
1.06 2.46 5.3 
1.06 3.69 3.8 
1.08 4.92 2.7 
1.09 7.38 1.8 

Viscasil 5,000 
1.08 1.08 1.65 
1.10 2.16 0.83 
1.11 3.24 0.55 
1.12 4.31 0.40 
1.15 6.46 0 26 
1.15 8.62 0.19 
1.18 10.8 0.15 
1.17 12.9 0.10 

man and Gavis* used aqueous solutions of carboxymethylcellulose (CMC) 
to study this phenomenon. The ratio of the maximum diameter of the 
free stream to the inside diameter of the capillary, 8, w&s determined as a 
measure of the swelling. Both investigations showed that when the swell- 
ing ratio is plotted against the shear stress a maximum is reached. Figure 
10 shows a typical set of data for a 2% CMC solution. Also shown are 
swelling data for three silicone fluids. The effect of shear stress on the 
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swelling is considerably less for the silicone fluids, and a qualitative com- 
parison indicates that these fluids are only mildly viscoelsstic under these 
conditions. This conclusion agrees with the overall results obtained from 
the entrance effects analysis. Table I1 gives additional swelling data and 
also lists the residence time of the fluid in the capillary for each run. 
Attempts to fit these data to a previously proposed viscoelastic model' were 
unsuccessful owing to insufficient data at short residence times. 

CONCLUSIONS 
1. At low pressures the silicone fluids obeyed the power law. However, 

at high pressures appreciable deviations from linearity were observed, 
especially for the capillaries with short L / R  ratios. As L/R becomes 
large, both the flow index n and the consistency m approach the Newtonian 
values. 

2. The entrance effects were successfully analyzed by the method pro- 
posed by Bagley. At low shear stresses the end correction is only de- 
pendent on the geometry of the apparatus. Only at  relatively high shear 
stresses does the elastic part of the end correction become appreciable. A 
comparison with polyethylene at 190OC. shows that the silicones at  25OC. 
are less viscoelastic. 

3. The swelling of capillary jets issuing from the tube increased slightly 
with increasing shear stress. A qualitative comparison with the behavior 
of a 2% CMC solution again indicates the mildly viscoelastic nature of the 
silicone fluids at  25OC. 

The authors wish to thank E. I. du Pont de Nemours & Co., Inc., for the financial 
The authors are also indebted to the General Electric Company support of this work. 

which supplied the Vkcaail silicone fluids. 
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S P P h  
The non-Newtonian flow of silicone fluids in capillaries was inv&igated with special 

empha& on the viscoelastic nature of entrance and exit effects. At low preeaures the 
power law waa obeyed, while at high pressures considerable deviations were observed, 
particularly with short capillaries. For capillaries with large length-to-radius ratioe, 
the flow index and ConSiatency approached the Newtonian values. Entrance effects 
were ~u~cessfully analyzed by the method proposed by Bagley. At low shear stresaes 
the end correction was dependent only on the geometry of the apparatus. An elastic 



1370 D. L. JOHNSON AND E. BAER 

contribution to the end correction waa observed only a t  high shear stress, indicating a 
relatively mild viacoehtic behavior. Additions! evidence indicating small elaatic 
effects waa obtained from swelling measurements of capillary jets. 

Rhumb 
On a BtudiB 1’6coulement non-Newtonien de silicones liquides, spckialement du point 

de vue de la nature v k o 6 h t i q u e  des effets d’entr6e e t  de sortie. A basse preaaion, 
la loi de 1’6nergie eat respecae tandia qu’B haute pression il y a des Bcarta conaidBrables 
surtout avec de courts capillaires. Pour des capillaires B grand rapport L/R,  l’index 
d’bcoulement e t  la viacoait6 sont prochea dea valeura Newtoniennea. Lea effeta d’entrbe 
ont B t k  succeaaivement analyds par la mCthode propode par Bagley. Pour de faiblea 
tenaiona de ciaaillement, la correction h a l e  dBpend seulement de la gBom6trie de l’ap- 
pareil. Une contribution Blastique B la correction h a l e  eat seulement observbe pour 
de fortea tendona de ciaaillement, indiquant un comportement viacdlaatique relative- 
ment peu important. Une preuve supplbmentaire dea faiblea effets Blaatiques est 
fournie par lee mesures de gonflement des jete capillaires. 

Zusammenfassung 

Daa nicheNewtonache Flieaaen flussiger Silikone in Kapillaren wurde mit beaonderer 
Beruchaichtigung der viakoelaatiachen Natur von Ein- und Auatrittaeffekten unteraucht. 
Bei niedrigem Druck erwies sich daa Potenzgesetz ala giiltig wahrend bei hohem Druck 
beaondera in kurzen Kapillaren betriichtliche Abweichungen auftraten. In Kapillaren 
mit hohem L/R-Vehiiltnia niiherten sich Fliessindex und Konaiatenz den Newtomhen 
Werten. Eintrittaeffekte konnten mit der von Bagley vorgeschlagenen Methode mit 
Erfolg erfaest werden. Bei kleiner Schubapannung hing die Endkorrektur nur von der 
Geometrie des Apparatea ab. Ein elastiacher Beitrag zur Endkorrektur konnte nur 
bei hoher Schubspannung beobachtet werden, waa fur ein relativ schwachea viako- 
elastiaches Verhalten spricht. Zuaatzliche Hinweiae auf kleine elastiache Effekte wurden 
aua KapillaratrahLQuellungameaaungen erhalten. 
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