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A theory was developed In an attempt to explain the experimental results. 
The theory predicts pseudoplastIc flow behavior for agglomerated suspensions, 
but the quantitative correlation between theory and experiment is not satisfactory. 
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Rheology of COPreiTM-atrd Suspension of Spheres 

III.  Sus^ejlgionjXpglt^njorared by an  Tmmlsrlble Second Liquid 

Shenu Van Kao, Lawrence E. Nielsen 
and Christopher T. HIM 

Materials Research Laboratory 
Washinftton University 

St. Louis, Missouri 63130 

Abstract 

Small amounts of a second immiscible liquid, water, were Introduced 

into suspensions at  toiass beads (untreated or surface treated with 

dlmethyldlchlorosllane) in liquid polybutadiene.  Water formed liquid 

bridges between the particles and caused the suspensions containln«» 

untreated beads to agglomerate.  Those large agglomerates changed the 

flow behavior from Newtonian to pseudoflastic. The extrapolated 

Bingham yield stress went through a maximum as the amount of water 

incieased.  Surfactants first decrease the pseudoplastic behavior, and 

then at higher concentrations, surfact.mts cause the suspensions to 

become Newtonian in behavior. 

A theory was developed in an attempt to explain the experimental 

results.  The theory predicts pseudoplastic flow behavior for agglomerated 

suspensions, but the quintitative correlation between theory and experiment 

is not satIsf ulory. 
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Rheology of Concentrated Suspensions of Spheres 

III.  Suspensions Agglomerated by an InBn',.sclble Secoi d Liquid 

Introduction 

The effect of liquid bridges between particles on tha  rheologlcal 

behavior of granular materials bus been a subject of Investigation for 

a long time (1-6). Most such studies measured the 'er ile strength 

of wet granular agglomerates and correlated the strength with the 

attractive force of the liquid bridges which held the particles 

together.  Liquid bridges also are capable of forming agglomerates In 

a suspension when the bridging liquid is immiscible with the main 

suspending liquid (7).  However, very little work has been done on 

the effect of adding a second immiscible liquid to a suspension.  The 

present work studies the role of liquid bridges in suspensions in more 

derail than past work and tries to correlate the rheologlcal behavior 

of agglomerated suspensions with the aMiactive force of the liquid 

bridge as measured by the interfacial tension between the two immiscible 

liquids. 

Theoretical 

The energy balance approach may be used to derive a rheologlcal 

equation of state for agglomerated suspensions; i.e., the total rate of 

energy input per unit volume, E , Is nssumod to be the sura of the rate of 

energy dissipated in breaking agglomerates ipnrr per unit volume, E , 

and the rate of viscous energy dissipation per unit volui..e, E..: 

ET = KB ♦ EV . m 

It is assumou  for mathematical simplicity that the agglomerates 

maintain an equl1 Ihrlum size which is a function of the shear  rate. 

At lower shear rates,  the agglomerates have a larger diameter 

than  they have at hlc.her shear rate.   In the steady 
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state condition at a given shear rate Y , It Is assumed that the 

collision frequency of agglomerates Is given by the von Smoluchowskl 

equation 
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dn      1  n2   OR,3 <r T-  ■  2  O   (2R)  Y 121 

where n Is the number of agglomerates, and R Is the radius of the 

agglomerates.  By equating the tonrile force acting cm the surface of 

agglomerates with the cohesive force (liquid bridge force) which holds 

the particles together, it can be shown (8) that the equilibrium 

radius R of agglomerates is Inversely proportional to the square root 

of the shear rate: 

R = m' 12 

for  Y < Y 131 

where r Is the radius of the primary particles (glass beads), and Yc 

Is the critical shear rate above which no a^glomeri-tes exist. 

In the low she ir rate region (i < Y.). the flow units «re 

agglomerates.  They will collide to form larger apglomeratcs which 

immediately are broken up to form smaller agglomerates that are stable 

under the particular shear rate. The calculation of that part of the 

energy whih is Hue to the breaking up of collision pairs of agglomerates 

lollows very closely the method suggested by Michaels and Bulger (9). 

The equation ol Sinitb, et. al. (10) f-r relating the coordination number 

of particles In i,;glomer,ites to their porosity is Incorporated into the 

calculation.  The rale of energy »i issipated per unit volume is then 

I 
6W <2Y 3/2 

o 
2 1  1/2 *   * 

IT r Y       r  (1-4 ) c 

m 
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where W Is Che work needed to break a liquid bridge, $ is the volume 

fraction of solid particles in the suspension, and ^ is the 

volume fraction of particles in the agglomerates. 

If the effect of gravity is neglected, the attractive force 

caused by the liquid bridge is due to the interfacial tension and 

pressure difference between the two liquids. According to Fisher (2), 

the attractive force when the two spheres make contact, F  , is given by: 
max 

2  I 
F   ■ 27rrOslniJ'sln(tiHO)+APTTr sin> [5] 

where a is the interfacial tension, and the angles ^ and 8 are shown 

in Figure 1.  Fisher has calculated this force for various amounts of 

liquid between the spheres.  From these data, an approximate relation 

between the maximum attractive force and the volume, V, of bridging 

liquid is 

/-\ -0.0237 

V > 
F   i 1.56TrrO I -^ I . [61 max ii" - i"J 

Assuming that the volume of every bridge is the same, the volume is 

related to the totnl weight W of bridging liquid by: 

w 0.860Trp r3(l-i>*) 
V- 1   j j:      j, m 

W and W are the weip.ht of brldfiing liquid and weight of solid 

particles, respectively, in the suspension.  The corresponding densities 

are pB and Pg 
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The attractive force caused by a liquid bridge between equal radius 

spheres shows an approximate linear decrease with the distance 

between the spheres (11, 12), I.e., 

I 

r 
I 
I 

where X^ is the distance between two spheres when the bridge breaks. 

Experimentally, this rupture distance has been found to be (11) 

:>) 

X        /  \ 0.348 

f • i-o?Mr • t9) 

The work W required to break one liquid bridge Is then 

/X 
Wo ' / r FXdX ' C 835rar v0,324  • (10) 

Therefore, the r.u e of energy dissipation per unit volume caused by 

f! 

The rate of viscous dlssipatloP per unit volume in a suspension i 

separating agglomerate pairs is 

50HV0.324   .2     3/2 f .        . f     , ] 
EB     i  Ih—r—•—  fo' ^< YC [11i 

Ey - n-y2 = nrnoY
2 [12] 

wliere  nr is the relative viscosity of a suspension in which no 

agglorerates arc present, .ind n  is the viscosity of the pure liquid 
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liquid Is a mixture of els and trans polybutadlene which la Insoluble 

In water. The viscosity of the Llthene Is 2300 cp, and Its density 

is 0.897 g/cc at 250C. Two other liquids vere tested as main suspending 

media — glycerol and Thanol SF-6500 obtained from Jefferson Chemical Co. 

Suspensions of glass beads in the different liquids were prepared 

by introducing the liquid into a flask in which the glass beads were 

under vacuum.  Mixing was then conducted under vacuum for several 

hours. The well-dispersed suspensions were stored In sealed beakers. 

The second liquid, water, in most cases, was introduced Into the sus- 

pension, and the beaker was sealed with a Parafilm cover. The scaled 

beakers were placed in a sonic vibrating water bath for 2 to 3 days. 

Cold water flowed continuously through the bath to keep the suspension 

at low temperature.  The formation of aRglotnerates in the suspensions 

was observable.  After the suspension was taken from the bath, it was 

nixed further by hand with a spoonula for 30 minutes before making the 

rheological measurements. 

A rotational concentric cylinder viscometer, (Rotovlsco, Haakc 

Instruments), was used to measure the rheological behavior of the 

suspensions at 25<,C.  Measurements on suspensions started at the highest 

rotational speeds to minimize the error caused by settling of agglomerates 

which grew to very larpe size at low shear rates.  Surface tension measure- 

ments were made by the ring method.  Additional detail? on the materials 

and techniques m.iy bo found in HPC-74-16* (!♦)• 

Results_and Disc»tfuion 

An ideal suspendiap liquid is one in which the addition of the 

bridRlng liquid has little effect on its rheological properties. 

__ 
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Figure ? Indicate? that the liquid polybutadiene, Lithene, la ideal, 

but glycerol and Thinol are not. Water lowers the viscosity of 

glycerol; the amount of lowering is about the same for pure glycerol 

end glycerol containing glass beads. Water increases the viscosity 

of Thanol. Water has essentially no effect on the viscosity of 

Lithene. 

The effects of adding water to the suspensions of Lithene and 

glass beads are shown in Figures 3 through 7 for representative 

experiments. The amount of water is expressed as the rr.tio of weight 

of water to weight of glass beads, W /W ,  which is proportional 
a      b 

to the 'Oiume of each liquid bridge.  In the case of untreated beads, 

the water migrates to the surface of the beads, and the resulting 
■ 

wötei bridges are responsible for the formation of the agglomerates, 

which are visually observable.  The suspensions containing water are 

all pseudoplastic in their flow behavior. Both the large and small 

beads show the aamc kind of flow curves.  In the case of the 

dimethyldlchlorosllane treated beads, the small beads (M000) are 

agglomerated, but the large beads (11225  + 400) are not. The suspensions 

containing large treated beads are essentially Newtonian in behavior 

while those containing small treated beads show pseudoplastic flow 

behavior. After the/treated bends settle out, -he  sipernatant liquid 

is more milky than before the addifion of water. Apparently an 

emulsion Is formed. Therefore, it Is speculated that the mechanism of 

agglomeration in this case is not all due to liquid bridge formation, 

but the mechanism is similar to ti.at observrrl with treated beads in 

glycerol in the absence of water (!'•). Tie polar water drops in the 

emulsion may be capable of pushing the small beads with a nonpolar 

-  
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surface together to form agglomerates because the mutual Incompatibility 

will not allow the emulsion to wet the surface of the treated beads. 

However, this mechanism for agglomeration fails to operate for the 

J'uge beads with their reduced surface to vo.ume ratio. 

Typical extrapolated Blngham yield stresses and relative plastic 

viscosities (which are proportional to the straight line sections of the 

flow curves) arc read fron the flow curves and are plotted against the 

*mo..nt of watev in Figures 8 and .9.  It is seen that the yield stress 

rises rapidly at first to a maximum value around W^Wg ■ 1.5Z and then 

drops down very slowly.  If the packing density inside an agglomerate. 

♦*, is taken to be 0.55, then the amount of water at which the 

funicular state is reached can be calculated to be about 62. The 

reason why there Is I .uaximum yield value at such a low water content 

(1.5Z) is unknown. This behavior is different from that of wet 

granular materials which mow their highest strength at a much higher 

water content when the water is in the capillary state. (See Figure 1.) 

From equation 15 the Binghan yield stress Ty can be related 10 

the amount of water W/W in the suspension as 

Ty - f I W 
0.324 

tl6l 

1 

where 

2 
irr 

3    * 
O.RftOTTpsr  (I-* ) 

0.324 

M.MMM_M<MMH   
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In Figure 8 typical data are fitted to equation 16. The theoretical 

curve does not predict the maximum in yield stress iround V^/Wg - 1.5X. 

Also, the constant C evaluated from the material properties used in 

the suspensions is an older of magnitude lower than the values 

obtained by fitting the experimental data. 

The relative plastic viscosity of the wet tc dry suspensions 

varies irregularly with respect to the amo-mt of water as illustrated 

in Figure 9.  At high enough shear rates for the agglomerates to be 

broken up, the situation in the suspension can be quite con-plicated. 

Since there is a soft water layer around each particle, the applicability 

of conventional viscosity equations for rigid particles is questionable. 

Besides, it is possible that the water can be sheared off the particle 

surfaces and dispersed into the medium as an emulsion. 

Because the attractive force caused by liquid bridges is a function of the 

interfacial tension of the bridging and suspending liquids,it is interesting to 

see how the reduction of the interfacial tension of the bridge liquid 

effects the flow behavior of the agglomerated suspensions.  A surfactant, 

Atlas' Tween 20 (polyoxyethylenc (20) sorbitan monolaurate), was 

selected because it had little effect on the viscosity of Lithenc. 

The surface tension of water is reduce«1 from 71.8 dynes/cm to 35.2 dynes/cm 

when Tween is added.  Assuming Antonoffs rule to apply, the Tween 

should reduce the interfacial tension between water and Uthcne from 

about 34 to 0.5 dynes/cm.  The surface tensions being 34.7, 68.7, and 

35.2 dynes/cm for I.ithene saturated with water, for water saturated 

with Lichen«, and for water containing Tween 20 and Lithene, respectively 

The suspensions had been agglomerated by adding water prior to the 

addition of the surfactant.  From Figure 10 and Table 1 it is seen that 
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the flow curves of suspensions containing Ti een 20 differ dramatically 

from the original agglomerated suspensions. With Increasing amounts 

of Tween, the flow changes from psetdoplastlc to Newtonian. Since the 

•urfacta.it does not alter the flow behavior of Llthene within the concentra- 

tion range used, the change of flow behavior must be due to the reduction 

of the attractive force of the liquid bridge as a result of the reduced 

Interfacial tension. The Increase In ruiximum packing fraction on addition 

of Tween is a good indication of the reduction in the stare of agglomeration. 

Q 

!l 
Sunmary 

In this study of the effect of a second immiscible liquid. It Is 

found that water Is capable of forming liquid bridges between particles 

suspended In liquid polybutadlene. The liquid bridges then agglomerate 

the particles and change the flow behavior from Newtonian to pseudoplastlc. 

The apparent viscosities of agglomerated suspensions can be as high as 

five times the viscosities of the non-agglomerated suspensions at low 

rates of shear. The attractive force of liquid bridges is mainly due 

to the Interfacial tension between the two liquids, which can be reduced 

by surfactants. The flow behavior of suspensions and the attractive 

force between particles is related for the first time by a theory. 

However, the theory does not agrre well with the experimental data, 

probably because of several simplifying assumptions made In deriving 

the theory. ' 

II 
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Property 

Table 1 

Effect of Tween 20 on Properties* 

Yifld Strc-s 

2 
(Dynes/cm ) 

Apparent Relative 

Viscosity 

Maximum Packing 

Volume Fraction 

0 

2260 

Percent of Tween 20 

0.217     1.02     2.80   4.:5 

300       100 

* Volume fraction of beads » 0.30, W /W - C.0137 

50 0 

1.08 0.942 1.06 1.15 1.24 

0.299     '   0.321 0.346 0.414      0.461 

B    S 

mm^^mm 
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Figures 

1. LlquiJ bride s between spherical particles. 

2. Effect of adding small quantities of water to TV.nol, Lithene, 

and glycerol on their 'iscoslty. Hp Is the viscosity of the 

liquids or suspensions containing no water. 

3. Flow curves of Llthenn containing snail untreated glass beads 

(#4000) with the addition of water, ^rt* fraction of beads 

({> - 0.20. 

4. Effect of adding water to Lithene containing glass beads (fiUOOO) 

treated with dimethyldlchlorosilane.  (J> ■ 0.20. 

5. Effect of adding water to Lithene r mtainlng large untreated 

glass beads (^325 + 400).  | - 0.20 

6. Effect of adding water to Lithene containing large glass beads 

(#325 ♦ 400) treated with dinethyldichlorosllane. 0 ■ 0.20. 

7. Effect on the flow curves of adding water to Lithene containing 

untreated glass beads (/'325 ♦ 400).  | - 0.30. 

8. The variation of Blnphnm yield stresses of wet suspensions of Lithene 

dud untreated glass beads (#929 + A00). 0 - 0.30. The dotted line 

Is equation 16 with C ■ 6500. 

9. The variation of the relative plastic viscosities of the wet to the 

dry suspensions of Lithene and untreated glass beads (/!325 ♦ 400). 

(a).  | = 0.20.  (b).  f = 0.30. 

10.  Flow curves of suspensions of Lithene and untreated glass beads 

(//325 + 400) with the addition of water and Tween 20.  $ " 0.30. 
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