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Rheological, Stability and Antiwear Properties of
Water-in-Oil Emulsion Hydraulic Fluids
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1. Introduction

There has been a growing legistative mandate for
the use of fire-resistant fluids as lubricants in ap-
plications where there is a special fire hazard, as in
the mining and steel industry. Synthetic fluids such
as phosphate esters and perfluoropolyethers have
been developed but these tend to be significantly
more expensive and toxic than mineral oils. In view
of this, the alternative approach has been to render
combustible oils less flammable by including a high
percentage of water either by preparing water-in-oil
(W/O) or oil-in water (O/W), or by dissolving water-
in-suitable polyalkyleneglycol (W/G). These produce
reasonably inexpensive fire-resistat lubricants, al-
though their use is limited to temperatures below the
boiling point of water and above pour point. Ad-
ditionally, each of the fire-resistant fluids desired
has its own performance deficiencies such as rheo-
logical property and stability for the (O/W) emulsion
fluid, stability for the (W/O) “invert” emulsion fluid,
and antiwcar property and health hazards for the
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(W/G) fluid. In spite of these limitations, the (W/O)
“invert” emulsion fluid is widely used as fire-resis-
tant hydraulic fluid in the mining and steel industry
because of its good rheological, corrosion and an-
tiwear properties [1]. Much has been invented, in-
novated and reported in (W/O) emlusions hydraulic
fluids [2,3]. However, to the best of authors
knowledge, no systematic work has been done on
this class of hydraulic fluids.

The present work, therefore, is an attempt to study
the emulsion viscosity, stability and antiwear pro-
perties of (W/O) “inverted” emulsion hydraulic fluids,
particularly relating to the effects of water con-
centration, base oil viscosity and emulsifier content.
Little such information is available in the literature,
although the knowledge on these effects is generally
considered critical in assessing the performance ca-
pability of (W/O) emulsion hydraulic fluids.

2. Experimental

Water-in-oil emulsion hydraulc fluids were pre-
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Table 1. Physical Property of Base Oils

Oil A Oil B 0il C
Specific Gravity @ 15°C 0.846 0.863 (.871
Kinematic Viscosity, ¢St @ 40°C 11.72 24.55 36.30
Pour Point, °C -10 -7 -4

pared from distilled water and mineral oils which
contain functional additives such as antiwear agent,
corrosion inhibitor and pour point depressant. The
emulsion fluids were stabilized with an anionic
emulsifier by passing through a Greerco laboratory
homogenizer/mixer for 10 minutes while main-
taining their temperature below 60°C. An emulsifier
concentration of 5.0 percent by weight was used
throughout this study unless otherwise specified.
Typical properties of the test oils used are shown in
Table 1.

Emulsion viscosity and antiwear characteristics
were measured using ASTM Method D445 (at
40°C) and D4172, respectively. Emulsion stability
was determined in the following manner: Place an
emulsion sample in a 100 mL graduated cyclinder
and store it in an oven at 93°C. Check the sample
on a daily basis. Terminate the test and record the
number of days either when the percent water
separation is 10 or when the percent of oil and
water separation is 25 whichever occurs first. The
determinations were made with the emulsions pre-
pared from at least two separate batches for each
sample.

3. Results and Discussion

Initial experiments investigated the effect of mix-
ing time and shear rate on the property of emulsions
produced with a 0.369 volume fraction of water in
Oil B (24.55 cS8t). Results are plotted in Fig. 1. The
plot shows that the effects of longer mixing time
and higher shear rate were to reduce the number of
larger water droplets, thereby producing a stable
emulsion. Only relatively small changes in the emul-
sions were observed after about 10 minutes mixing
with 100 percent power input, so this was adopted
as a standard manufacturing proceure throughout
this study.

Fig. 2 is photomicrograph of a typical emulsion
sample. Droplet sizes were estimated to be 1.0 - 1.5
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Fig. 1. Effect of homogenization time on emulsion sta-
bility.

10 pm
Fig. 2. Typical photomicrograph of (Water/oil) emul-
sion.

3-1. Effects of Oil Viscosity and the Volume
Fraction of Water

Fig. 3 represents the variation of emulsion viscos-
ity (n.) as a function of oil viscosity (1,) for a
given the volume fraction (¢) of water. The emul-
sion viscosity progrssively rises with increasing oil
viscosity for a given water concentration. An
straight-line relationship implies that the emulsion
viscosity is directly proportional to the oil viscosity.
The straight lines are constant irrespective of
changes in the volume fraction of water.

The results from Fig. 3 are re-plotted in a semi-
log chart to more clearly illustrate the effect of the
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Fig. 4. Effect of water content on emulsion viscos-
ity.

volume fraction of dispersed water phase on emul-
sion viscosity for a given oil viscosity. As given in
Fig. 4, the emulsion viscosity, unlike depicted in
Fig. 3, increases exponentially with increasing the
volume fraction of water for all three base oils, in-
dicating that the viscosity of (W/O) emulsions is pri-
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Table 2. Effective viscosity relations

Theory Relationship

Einstein N/Ne=1+2.5¢ ©<0.02
Eilers Ne/No = {1 +—2(i—i%—5%y
Sibree n./n, = ﬁﬁg

Empirical n/n, =1+ % 135<f<1.91

marily a function of the volume fraction of the disp-
ersed phase. In addition to the effects of oil viscos-
ity and the volume fraction of dispersed phase, vari-
ations in the emulsifier and droplet size have some
impact on the emulsion viscosity. But, it has been re-
ported that these seem to be second-order effects,
when the concentration of the dispersed phase is
high [4].

3-2. Emulsion Viscosity

As indicated in the previous section, the usual way
of characterizing the rheological behavior of (W/O)
emulsions is through the use of emulsion viscosity.
The emulsion viscosity is related to the viscosity of
continuous phase (oil) by a factor which is a com-
plex function of the volume fraction of water.

Several well-known emulsion viscosity equations
are given in Table 2 and graphically shown in Fig. 5
along with the experimental data sourced from Fig.
3. The classic work of Einstein [5], derived on hy-
drodynamic grounds, is valid only for dispersed
phase fractions of below 0.02. Although a variety of
“improved” models [6,7] were developed for higher
concentrations, they all retain the initial assumption
that the dispersed phase is rigid. Thus, none of the
models takes any account of the viscous properties
of dispersed phase in a (W/O) emulsion.

When the predictions of various theoretical
models are compared with the experimental emul-
sion viscosity measurements, both Sibree and Eilers
models tend to overestimate the emulsion viscosity
at the entire concentration ranges of dispersed phase.
On the other hand, Einstein equation accurately
predicts the emulsion viscosity at lower con-
centrations, but it largely underestimates at higher
concentrations.

Because of the discrepancies, several semi-em-
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Fig. 5. Relate viscosity as a function of volume frac-
tion of dispersed phase.

pirical equations have been proposed which take the
general form [8],

N ___49 (1)

Mo 1-fo

where a is a constant, usually of value 2.5 and 1 -
fyis the "free volume” of continuous phase. When
Equation (1) was applied to the present emulsion
viscosity study with a swelling factor value, f, of ar-
bitrarily selected 1.63 (Equation (1) is valid only for
1.35< f<1.91). With these selected values, Equation
(1) then becomes

Me - _259 @)
Mo 1-1.630

A comparison between the present experimental
observations and Equation (2), shown in Fig. 6, in-
dicates that the equation accurately predicts the
emulsion viscosity. Accordingly, Equation (2) ap-
pears well suited for use in estimating the viscosity
of (W/O) emulsion up to an “inversion” point of
this type of emulsions. The “inversion” point may
come when (1-1.63 @) approaches zero. It must be
remineded, however, that the value of f may vary de-
pendent upon the emulsifier, mixing time and shear
rate employed.

6 T T T

Data from Fig. 3
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. . Te P
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To investigate the viscosity change in (W/O) emul-
sions during aging, three emulsion samples with the
water volume fractions of (0.088, 0.273 and 0.378
were aged at 25°C for 30 days. Relative viscosity (
Ne/Mo) versus aging time was used to characterize
emulsion stability, which is shown in Fig. 7. The re-
lative viscosity data shows that the emulsion viscos-
ity hardly changes for the water volume fraction of 0.
088, whereas it decreases about 10 percent for the
water volume fraction of 0.378. All in all, little
change in the emulsion viscosity on aging was ob-
served with the emulsion samples, indicating that
they provide excellent emulsion stability.

3-3. Changes in Emulsion Stability on Emul-
sion Viscosity

To examine the emulsion viscosity effects on
emulsion stability, the stability was determined on
many emulsion samples prepared by varing the
volume fraction of water, the oil viscosity and the
emulsifier concentration. Test results are presented
in Fig. 7 by plotting in a log-log chart the stability
as a function of emulsion viscosity for different
emulsifier concentrations. The results give a straight
line relation for a given emulsifier concentration.

According to Fig. 7, the emulsion stability (E.S.)
is related which takes an empirical form:

ES. =b(n. ) 3

where b and k are constants which may be related
to emulsifier concentration in a certain form. By sub-
stituting Equation (2), Equation (3) now becomes

Vol. 12, Vol. 2, 1996



52 Joosup Shim and Wonoh Cho

s J
¢=0.369
L

-3
-
=
g af 1
2 =0.273
£ r\‘\ @ .
@
2 | E
.‘E-' 2
4
S ©=0.088
’\_g -
1t hd )
0 1 T" i
0 10 20 30 10

Aging Time, days

Fig. 7. Changes in relative viscosity on aging.
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Using Fig. 7, Equation (4) for an emulsifier con-
centration of five percent can be written as

1—1.63(pj ®)

ES. =081|n, (1+
With Equation (5), E.S. values can be estimated if
N, and @ values are given. Similar expressions can
be developed for other emulsifier concentrations. It
is clear from Fig. 7 that the emulsifier concentration
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Fig. 9. Influence of emulsifier content on stability
of emulsions with different amounts of dispered
phase.

plays a major role in the determination of emulsion
stability. In order to expand and generalize the ap-
plication of Equation (4), more extensive study is ne-
eded to include other emulsifier systems, manufac-
turing procedure and other related factors.

3-4. Emulsifier Concentration Effects on Emul-
sion Stability

To further examine the effects of emulsifier con-
centration on emulsion stability, a series of fresh
emulsion samples were produced with Oil B varying
emulsifier concentration and the volume fraction of
water. Stability data are presented in Fig. 9.

Fig. 9 shows that the emulsion stability improves
and appears to approach an asymptotic value for a
given water content with increasing emulsifier con-
centration. For example, the asymptotic values are 15
days at five percent emulsifier and 0.088 fraction of
water, and 33 days at seven percent emulsifier and 0.
369 water volume fraction. Also, it can be seen
from Fig. 8 that the emulsion stability dramatically
improves with increasing the volume fraction of wat-
er for a given emulsifier concentration. This dramat-
ic improvement may be attributable mainly to the in-
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Table 3. Effect of water content on antiwear properties

A B C D E F
Water Content, vol% 0.0 8.8 17.9 27.3 36.9 46.8
Viscoity, ¢St @ 40°C 24.65 3295 40.34 57.32 89.52 140.7
Four-Ball Wear Test, mm scar
(20 kg, 1200 rpm, 49°C, 1 h) 0.38 0.45 0.50 (.50 0.55 0.74
(40 kg, 1200 pm, 49°C, 1 h) 0.62 0.65 0.80 0.83 0.85 1.02
Vickers 104C Vane Pump Wear Test
(10 Mpa, 65°C, 100 h), mg wt loss 57/72 57/72 61 56 74 123 514

crease in emulsion viscosity. Equation (4) clearly
signifies this relation.

3-5. Antiwear Property

A series of the emulsion samples prepared using
Oil B at different volume fraction of water was evalu-
ated to investigate water content effects on the an-
tiwear characteristics of (W/Q) emulsion hydraulic
fluids. In addition to Four-Ball wear test (ASTM D
4172), Vickers V-104C vane pump wear test (ASTM
D2882) was used to rate the antiwear property. Test
results are summarized in Table 3.

Four-Ball wear results show that the wear scar di-
ameter increases gradually with increasing water con-
tent: Under 20kg load, the wear scar is mildly af-
fected by the increase in water content, even though
the emulsion viscosity almost quarterlipled. But, the
wear finally starts to accelerate when the water con-
tent reaches 46.8 percent. Under 40kg load, the
wear shows similar trend, but higher levels of wear.

Vickers V-104C vane pump wear also demonstrates
similar characteristics, showing that large increases
in the emulsion viscosity has a minor effect on
pump wear. But, the pump wear starts to rise ra-
pidly when the water content exceeds 36.9 percent.

These results suggest that the emulsion viscosity
has little effect on the wear characteristics of (W/O)
emulsion hydraulic fluids; i.e. the oil viscosity plays
a key role in the wear behavior, not the emulsion
viscosity. On the other hand, at higher levels of wat-
er content, the water has an adverse effect on the
wear chracteristics of (W/O) emulsions. It is unclear
how the water damages surface of contact points in
the Four-Ball and Vickers vane pump wear tests. It
may be speculated that turbulences in the inlet re-
gion of the contact point could mold the water dro-
plets into flat platelets which will be drawn through
the contact, thereby causing surface damages.

Hamaguchi et.al [9] concluded from the first major
study of the elastohydrodynamic (EHD) properties
of (W/O) emulsions that the EHD film thickness
was determined almost entirely by the properties of
base oil so that although, when water was added,
bulk emulsion viscosity increased, this had no effect
on EHD film thickness, thereby minor impact on
wear protection.

4. Conclusions

The rheological, stability and antiwear properties
of (W/O) emulsion hydraulic fluids were in-
vestigated under various conditions by sys-
tematically changing base oil viscosity, the volume
fraction of water and emulsifier concentration. The
investigation reveals the followings:

1. The emulsion viscosity rises exponentially with
increasing the volume fraction of water for a given
oil, while it increases progressively with increasing
the viscosity of base oil.

2. A semi-empirical equation has been proposed
for use in estimating the viscosity of (W/O) emul-
sions. The equation can predict with a reasonable ac-
curacy the emulsion viscosity if the viscosity of
base oil and the volume fraction of water are known.

3. The emulsion stability is a logarithmic function
of the emulsion viscosity. Their inter-relation ap-
pears to be very complex. The types of emulsifier
and their concentration probably play an important
role in the emulsion stability. Also, manufacturing
(mixing time and shear rate) is a factor as well.

4. The emulsion viscosity has little effect on the
wear characteristics of (W/O) emuision hydraulic
fluids. The wear was impacted primarily by the
viscosity of base oil. However, at the high level of
water content, the water has a marked adverse effect
on the wear.

Vol. 12, Vol 2, 1996
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