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Abstract 

Extensive density measurements were performed with mixtures of 12 degassed 

(dead) crude oils with respective oilfield brines (formation waters). All unprocessed 

samples were collected directly from well-heads and contained only indigenous 

surfactants, such as asphaltenes and fine solids. Non-zero excess densities and excess 

thermal expansions (evaluated in the assumption of quasi-binary water-oil mixtures) 

were observed for water cuts in the range from X=0.4 to X=0.6 at all studied 

temperatures of T=5-50oC. We suggest that these results are due to a formation of 

some dense asphaltene-mediated “middle phase” in the studied w/o dispersions. This 

suggestion is substantiated by plotting T-X phase diagrams which topologically 

strongly resemble those conventionally observed in some standard Winsor III-type 

systems. The formation of a complexly-structured “middle phase” has been directly 

verified by preliminary visual/microscopic studies of a phase separation in a crude oil 

– water mixture  
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1. Introduction 

The output of a production oil well consists typically of a dispersion of 

formation water (brine) in a crude oil. The knowledge of the physical properties of 

water/crude oil dispersions is necessary if the behaviour and characteristics of their 

multiphase flows are to be predicted correctly. These properties are essential for the 

interpretation of rheological experiments, for development of multiphase metering 

devices and for equipment and pipeline design [1-3]. Depending on the water cut and 

the flow conditions, water/oil dispersions may exhibit transitions among a variety of 

phase states; in the presence of surfactants, stable emulsions may be formed [4-8]. A 

well-known type of a phase transition in a water/oil mixture is that of a phase 

inversion from a w/o to a o/w dispersion [1,9-11]. The phase transitions are usually 

accompanied by noticeable anomalies of some mixture’s properties and may be the 

cause of a significant increase in the pressure gradient in a flowing fluid, of 

undesirable stability of w/o or o/w emulsions etc. In spite of an extensive research, the 

microscopic phenomena near the phase transitions are still poorly understood (cf. a 

recent review [11]). In particular, there is a large diversity of data for oil/brine 

dispersions from different well-streams, apparently due to different contents of the 

“indigenous surfactants” in crude oils, such as asphaltenes, resins and fine solids [12]. 

It is suggested, that some of these indigenous components may be responsible for 

specific structural transitions in oilfield w/o mixtures, which precede a phase 

inversion and resemble the phenomena of formation of “middle phase” 

microemulsions (Winsor III systems) in model mixtures [11]. Apparently, for oilfield 

practitioners, dealing with heavy oils and bituminous oilsands, formation of three-

phase systems in non-flowing oil-brine mixtures is a well-known phenomenon, the 

middle (macro)emulsion phase most frequently referred to as the “rag layer”. 
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Although “rag layers” are the cause of costly problems in performance of 

dewatering/desalting equipment, only recently these pre-inversion middle phases 

became objects of systematic experimental investigations [13,14].  

Presently, the main method of studying phase transformations in crude 

oil/water mixtures is that of rheological measurements [1-11,15,16]. It has been 

repeatedly demonstrated that rheological technique offer means to determine the inner 

structure of emulsions and provide evidence of the technologically important 

structural changes. The main drawback of this technique is the presence of a fluid 

flow which may noticeably change the structural properties of an oil/water mixture 

[1,2,15]. Due to continuous mechanical agitation, flowing dispersions may be 

dynamically stabilised [17] and may exhibit the properties close to those of stable 

emulsions. 

Phase diagrams of non-flowing oil/water mixtures most frequently are 

investigated by straightforward visualisation techniques [18-21]. These techniques are 

favoured owing to the ease of interpretation; however the volumes of visibly distinct 

phases can not be determined with high precision. Moreover, in dark heavy oil or 

bitumen mixtures some of these phases are visually indistinguishable. 

To reveal the details of the phase behaviour, it may be useful to apply to a 

crude oil/brine system, in spite of it compositional complexity, some of the 

approaches developed for binary liquid-liquid mixtures. Specific molecular 

interactions in binary mixtures are successfully interpreted on the basis of the 

Prigogine–Flory–Patterson (PFP) model [22-24], where thermodynamic/interaction 

parameters are related to measurable macroscopic properties through the so-called 

excess functions, e.g. the excess molar volume Vm
E . In practice, the values of Vm

E for 

mixtures of components with well-known molecular weights are calculated from the 
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corresponding density measurements. For such complex components as crude oil and 

formation water (brine) molecular weights can not be strictly defined, hence it seems 

more appropriate to analyse the mixtures not in terms of excess molar volumes but 

directly in terms of excess densities.  

In view of the above arguments, a technique of detailed density measurements 

(and evaluation of the corresponding excess functions), well developed for simple 

binary solutions/mixtures, may be applied for studying more complex crude oil/brine 

mixtures. Though this suggestion may seem trivial, a review of the available (English 

and Russian – language) literature did not reveal any relevant publications. Hence, the 

present work was aimed at producing new results of density-structure relationships in 

industrial crude oil-brine mixtures.  

 

2. Experimental 

2.1. Samples 

The studied crude oil and brine samples were collected from the well-heads at 

the newly-developed Aktanishskoje oil reservoir, Tatarstan, Russia and have been 

supplied by the TATNEFT oil company. The basic physicochemical properties of 

these 12 samples (determined by the supplier) are listed in the upper lines of Table 1. 

The samples are denoted according to the corresponding productive layers: T – 

“Tulskij”; B – “Bobrikovskij”; K – “Kizelovskij”. The next two digits denote the 

individual number of the well, the last two ones – the year of the sampling. It can be 

seen, that according to standard classification schemes (e.g. that of Tissot and Welte 

[25]), all crudes may be classified as “heavy sour” with densities in the range of 897-

908 kg/m3 and sulphur contents above 3 wt. %. All brines are strongly mineralised 

and exhibit densities of 1148-1175 kg/m3 , i.e. salt contents of about 150 g/litre, which 
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is somewhat higher, but close to the values typical for other studies of crude oil/brine 

mixtures [1]. The bottom line in Table 1 shows the properties of the 

“Romashkinskoje” sample, employed in phase separation experiments (cf. Section 

3.8). 

 

2.2 Apparatus and procedure 

The experimental investigation of oil/brine mixtures has been performed at the 

TATNIPINEFT Scientific Research Institute with the primary goal to update a 

database for reservoir modelling of the new Aktanishskoje oilfield. Hence the ranges 

of investigated water cuts and temperatures were those, encountered in the oil 

production processes, namely maximum water cuts of 0.6 and fluid temperatures of 5-

50oC. All oils and brines were stored at room temperature. In each experiment, some 

quantities of both liquids were preheated/precooled to the measurement’s temperature 

and samples with the required water cuts were mixed (at this temperature) for several 

minutes in a conventional magnetic stirrer. Both viscosity and density measurements 

commenced within 1 minute after homogenising the samples and no visible phase 

separation was registered in course of any experiment. 

The dynamic viscosities of all samples have been measured with a 

temperature-controlled METTLER Reomat RM-180 viscometer for shear rates of 6-

80 s-1 . At each mixture’s temperature, the measurements proceeded in an ascending-

rate order.  

Densities of pure components and of oil/brine mixtures were determined in a 

temperature-controlled closet by using a standard 10 ml pycnometer, weighed with an 

accuracy of 0.1 mg. The relative excess density E
R  for any water cut X was 
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calculated from the measured values of the densities of the liquid mixture M , of the 

crude oil O and of the brine B , using an equation: 

E
R = (M - ID)/ID                                                   (1) 

where ID is a density of an ideal binary mixture of non-interacting components:  

ID = O (1-X) + B X                                 (2) 

 

3. Results and Discussion 

3.1. Viscosity measurements 

 A detailed report on the viscosity experiments with oilfield water – crude oil 

mixtures will be published elsewhere. The results in this section are presented to 

provide a basis of comparison of our samples with w/o dispersions, rheologically 

investigated in earlier studies. Fig. 1 shows a representative dependence of viscosity  

  on a water cut  X  for the sample T6097, at 50oC. All data were obtained for a shear 

rate of 80 s-1, at the Newtonian viscosity plateaux above the shear-thinning ranges. 

The observed (X) dependence (filled circles) is much steeper than viscosity trends 

for w/o emulsions with non-interacting drops [26] predicted by the hydrodynamic 

Stockes-Einstein expression  = OIL (1+ 2.5X) and by its quadratic expansion =OIL 

(1 + 2.5X +6X2) (solid lines 1 and 2, respectively). The best fit to our data set (solid 

curve 3) was obtained by applying the Mooney expression for dispersions of 

interacting particles (water drops) [27,28] :  

M = OIL exp[2.5X/(1-mX)]                                      (3) 

with the value of interaction parameter  m  equal to 0.83.  

 It has been repeatedly shown [1,9-11] that an inversion from an oil-continuous 

to a water-continuous dispersion is necessarily accompanied by a substantial 

(sometimes by orders of magnitude) viscosity reduction. In all our samples viscosities 
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gradually increased with increasing water cuts (as in Fig. 1), indicating that in no case 

an inversion occurred and that inversion points were above X=0.6. It should be noted 

that in some other studies of crude oil / brine mixtures inversion points were observed 

at lower water cuts, namely at X=0.45-0.55 [1], at X0.4 [2] and even at X=0.05 [21]. 

These differences may be attributed to individual properties of the crudes, as follows 

from an extensive study by Djuve et al. [21] of o/w mixtures with 13 crudes of various 

geographical origins. The data of [21] show that the main factors affecting an 

inversion water cut are crude’s viscosity and asphaltene content. Inversion at X=0.05 

was observed for crudes with negligible content of asphaltenes and with viscosities 

below 4 mPas (at 25oC). In crudes with 2.6-3.6 wt. % asphaltenes and with =10-17 

mPas, inversion points increased to X=0.6. Hence, even higher inversion points may 

be expected for our samples (cf. Table 1) with 3.03-9.35 wt. % asphaltenes and 

viscosities of 37-64 mPas (at 20oC). 

 For all samples at temperatures in the range of 5-50oC the measured viscosity-

water cut dependencies at the first glance looked like perfectly monotonous functions 

and did not show any evidence of some specific pre-inversion phase transformations. 

However, after such transformations were revealed by density studies, discussed in 

the following sections, it became reasonable to seek the presence of respective 

anomalies in the seemingly smooth viscosity dependencies.  

Firstly, distinct peaking was revealed in the temperature dependence of the 

best-fit Mooney interaction parameters  m,  as shown in Fig. 2. A maximum at 30oC 

is in a good agreement with extrema of excess densities in Fig. 6. Secondly, an 

evidence of some pre-inversion structural transformation was obtained by analysing 

the shear-thinning behaviour of brine/oil mixtures with increasing water cuts. As a 

measure of shear thinning we used the ratio of viscosities at the minimum and the 
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maximum shear rates (6 s-1 and 80 s-1). Fig. 3 shows that at low water cuts the value 

of (6)/(80) remains virtually constant, while above X=0.4 it starts to increase, 

indicating the appearance of some weakly bound structures, which are destroyed at 

high shear rates. Again, the results of Fig. 3 are in qualitative agreement with the 

excess density data, discussed in the following sections. 

 

3.2. Density – water cut relationships 

A linear relationship (2) of the density and water cut for crude oil – brine 

dispersions/emulsions (additivity law) is frequently implied and, in some cases, it is 

recommended for industrially-oriented calculations of multiphase flows even in cases 

of substantial water cuts [29]. However, for a majority of our samples anomalous 

deviations from linear M(X) dependencies at water cuts of 0.4-0.6 were evident even 

before calculation of excess functions. The largest (positive) deviations from an 

additivity law were observed with the sample T6097 – for a water cut of 0.4, at 5oC, 

the measured mixture’s density M was by  17 kg/m3 larger than ID calculated 

according to an additivity law (2). At 5oC, positive deviations from an additivity law 

were observed in approximately 50% of the studied samples, though in most cases the 

magnitude of these deviations was so small, that they were revealed only by 

calculation of excess functions. An example is the sample T6199 for which the 

original M(X) dependencies at first glance looked almost perfectly linear as the 

largest deviation of M from ID  was as small as 2.6 kg/m3 (for water cut 0.5, at 

50oC). Finally a sizeable part of the studied samples (e.g. the sample B4899) exhibited 

(at least, at some temperatures) negative deviations of M from ID , with clearly 

observed “depression” at the original  M(X) dependencies.  
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These above specific water cuts are close to inversion points observed in other 

studies of natural crude oil / brine dispersions [1,2,9,21], hence the observed density 

anomalies were regarded as indicative of some pre-inversion phase transformations in 

the studied samples.  

 

3.3. Correlations of maximum excess densities with oil/brine properties 

 Maximum deviations from an additivity law for the studied samples (i.e. peak 

values of relative excess densities E
R ) were tested for correlations with all crude 

oil/brine properties, listed in Table 1. We could not find any conclusive correlations 

with oil or brine density, oil molecular weight, or the contents of sulphur, resins and 

waxes. On the other hand, there appear to be definite correlations of E
R with oil 

asphaltene contents and with oil kinematic viscosities, as shown in Fig. 4 (test 

temperature 5oC, water cuts 0.4 and 0.5 for asphaltene and viscosity correlations, 

respectively). The sufficiently high values of the coefficients of determination (R2 = 

0.552 and R2 = 0.361) indicate that asphaltene contents and viscosities of oils indeed 

may be the major factors determining a non-ideality of crude oil / formation water 

mixtures. A notable feature of Fig. 4 is an apparent existence of a “critical asphaltene 

content” (5 wt. %) and of a “critical viscosity” (50 mm2/s) which delimit the data 

subsets with negative and positive values of E
R . 

 

3.4. Water cut effects on the excess densities 

 The measured densities of all studied samples with water cuts of X0.3 did not 

show any variations from an additivity law and these mixtures behaved like ideal 

binary ones with E
R = 0. Density anomalies, i.e. non-zero values of E

R, were 

registered only for water cuts of 0.4, 0.5 and 0.6, with maximum peaking of E
R at 
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X0.45-0.55 (pre-inversion transformations), as shown in Fig. 5 for some 

representative cases. The lines, connecting the data points, are drawn merely to guide 

the eye and have no special significance.  

 The highest absolute values of the excess density (E
R2%) in our studies 

were observed for the sample T6097 (Fig. 5a), where density anomalies remained 

high and positive at all fluid temperatures from 5oC (open circles) to 50oC (filled 

circles). In other samples with smaller density anomalies E
R may have remained 

positive (sample T6199, Fig. 5b) or negative in the entire temperature range studied, 

or may have changed sign at some specific temperature, as in case of sample B4899 

(Fig. 5c).  

 

3.5. Non-monotonous temperature effects on the excess densities 

In all studied oil/brine samples, for any water cut with non-zero E
R values, we 

observed a common qualitative feature of temperature effect on the excess densities. 

Namely, all measured E
R exhibited distinct extrema (either minima or maxima) in the 

same comparatively narrow temperature range from 26oC to 34oC, as illustrated in 

Fig. 6a,b,c for a water cut of 0.4. In the previous sections, peaking of E
R(X) 

dependencies was regarded as indicative of some pre-inversion phase transformations. 

By analogy, we may interpret extrema of E
R(T) in Fig. 6 as an evidence of an 

apparent phase transformation temperature (PTT) inherent to the studied oil/brine 

mixtures. It should be noted that the specific non-monotonous effects of temperature 

have not been registered in viscosity studies of oil / water mixtures, reported by other 

authors  [1-3,15], though the fluid’s temperatures have been close to those in our 

measurements (e.g. 5-40oC in Ref. 1). On the other hand, our earlier rheological 

experiments with unprocessed crude oils [48], toluene solutions of oil vacuum residue 
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[47], and crude oil / 25% brine mixtures [16] have revealed a universal importance of 

temperatures 28-30oC, supposedly being a signature of some structural phase 

transitions in an asphaltene/resin subsystem of petroleum-based fluids. 

 

3.6. Volume expansion coefficients of crude oil / brine mixtures 

 Coefficients of volume expansion 
dT

dV

V
T

1
)(   for crude oils, brines and 

mixtures with any water cut were numerically calculated from the original density vs. 

temperature data sets as 







T

mTmT )()( , where  = i+1 - i and T = Ti+1 - Ti 

are density and temperature increments for consecutive data points, Tm = (Ti+1 + Ti)/2.  

 Representative (T) dependencies are shown in Fig. 7a,b,c for the same 

samples as in Figs. 5,6. These results also indicate the existence of a phase 

transformation temperature, even in a more straightforward manner, than the E
R(T) 

data of Fig. 6. Namely, in all studied cases, (T) dependencies for non-mixed oils and 

brines form two well separated, slowly varying branches. Individual (T) curves for 

mixtures with water cuts below 0.3 (not shown in Fig. 7 to avoid a clatter of data 

points) are also slowly varying and tend to lie close to the respective “Oil” branches, 

as may be expected, because in natural mixtures with low water cuts crude oil is 

known to be the continuous phase [4,8,17,21,29]. On the other hand, in all studied 

mixtures for water cuts with anomalous excess densities, we observed non-monotonic 

(T) dependencies with step-like transition between “Oil” and “Brine” branches, as 

illustrated in Fig. 7 for mixtures with 50% brine content. For samples T6097 (Fig. 7a) 

and B4899 (Fig. 7c) the transition is from oil-dominated to water-dominated systems 

above the PTT of about 25-30oC, while for the sample T6199 (Fig. 7b) the transition 

obviously is in the opposite direction.  
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3.7. Phase diagrams of crude oil / brine mixtures 

 To our knowledge, pre-inversion structural transformations have not been 

reported previously for natural crude oil - brine mixtures, containing only indigenous 

surfactants, such as asphaltenes. However the existence of specific phase 

transformations at water cuts close to X0.5 (i.e. at water/oil ratios W/O1) is well 

documented for crude oil – brine mixtures containing sufficient quantities of some 

specially formulated surfactant/cosurfactant additives [19,20,30,31]. Namely, these 

mixtures may transform into three-phase (Winsor III type) systems with the new 

(middle) phase being that of a thermodynamically stable, densely packed 

microemulsion/bicontinuous phase. The details of phase transformations in a 

particular mixture are strongly dependent on the mixture’s temperature, as illustrated 

in Fig. 8 by a schematic slice of a 3D phase diagram at a fixed surfactant 

concentration (adapted from Refs. 32,33). The diagram shows the regions of W/O and 

O/W emulsions, of emulsions in equilibrium with an excess phase (W/O+W, 

O/W+O), of lamellar (L) and bicontinuous (BC) structures. Note, that for water cuts 

close to 0.5 there exists a “phase inversion temperature” (PIT) of about 45oC. 

As indicated in Section 2.2, our density studies have been performed with non-

equilibrated samples, prior to a visible onset of any spatial phase separation. Although 

this technique does not provide proper phase diagrams, information on the phase 

transformations may be obtained by plotting contours of equal excess densities on 

temperature – water cut graphs; such contour plots of excess functions are frequently 

used for describing properties of fluid mixtures (cf. e.g. [34]). Fig. 9 shows some 

representative contour diagrams for our crude oil – brine samples, plotted on the basis 

of the measured E
R(X) and E

R(T) dependencies (cf. Figs. 5,6). The majority of these 



 13

“contour phase diagrams” are topologically similar to various T-X slices of 3D phase 

diagrams for oil/brine mixtures with added surfactant formulations [32,33].  

In particular, for the sample T6097 with large (positive) excess density 

anomalies (E
R up to 1.7% , cf. Figs. 5a,6a) contour lines 1 and 2 in Fig. 9a were 

plotted for E
R=0.5% and for E

R=1.2%, respectively. The resulting diagram is fairly 

symmetrical with respect to a water cut X0.45, possesses an apparent “phase 

transition temperature” PTT37oC and closely resembles the phase diagram of Fig. 8. 

Some further information on the phase behaviour of this sample may be obtained by 

inspection of the respective volume expansion coefficients (cf. Fig. 7a). In particular, 

the semi-oval above PTT may be identified with an “oil-dominated” state, while that 

at lower temperatures – with a “water-dominated” state of the crude oil – brine 

mixture (cf. Section 3.6). 

For those samples which exhibit both positive and negative excess densities, 

the “contour phase diagrams” are usually much more complex (Fig. 9c,d). However, 

an inspection of the collection of contour diagrams for all studied samples allows to 

suggest that this complexity may have some common origin. Namely, a complex 

contour plot apparently may be regarded as a superposition of two simpler 

“subdiagrams”, each possessing the basic features of the plot shown in Fig. 9a, but 

somewhat shifted along both (X and T) axes. This observation may be regarded as 

indicative of an inhomogeneous, bi-modal composition of the respective W/O 

dispersions. Typical cases of superposition of two “subdiagrams” are contour plots for 

samples B4899 (Fig. 9c) and B5498 (Fig. 9d). In both cases excess densities are small 

(E
R<0.7%) and predominantly negative, with the exception of the shaded areas; 

contours 1,2 and 3 are plotted for E
R=-0.5%, -0.1% and +0.1% respectively. Finally, 

the contour plot for the sample T6199 (Fig. 9b) evidently belongs to a single (higher 
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X) “subdiagram”. It may be noted that although this sample is also characterised by 

small excess densities (<0.45%) the values of E
R remain positive at all studied 

temperatures (cf. Figs. 5,6). 

 Summarising, we may conclude, that the experimental studies of pre-inversion 

phenomena in 12 oilfield brine – crude oil dispersions reveal that some features of 

these phenomena strongly resemble those conventionally observed in Winsor III-type 

dispersions due to an emergence of a “middle” microemulsion/bicontinuous phase at 

W/O ratios close to 1. Surely, such resemblance should not be regarded as an 

evidence of our W/O dispersions being Winsor-III systems, but the close analogy may 

indicate a presence of some common physicochemical processes. To substantiate this 

apparent analogy, we have performed some additional studies of phase separation 

processes in water/oil dispersions. 

 

3.8. Direct visualisation of a “middle phase” in crude oil / brine mixtures 

 At the time when the above analysis of the TATNIPINEFT’s density/viscosity 

database was completed, the original 12 samples of Table 1 were no longer available. 

Hence, phase separation studies were performed with a new crude oil sample from 

another, geographically close, Tatarstan oilfield – namely from Romashkinskoje 

reservoir, Aznakajevskaja productive area, well number 24534, sampled at September 

2002. Basic properties of this crude are listed at the bottom line of Table 1. Additional 

data, which may be relevant to interpretation of our observations, are its almost black 

colour as well as the contents of suspended solids - 0.06 % (555 mg/m3) and of 

chloride salts - 0.15% (1388 mg/m3). Owing to a presence of salts in the crude, we 

used conventional tap water as a second phase in the studied mixtures.  
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 All studies were performed in standard 10mm cylindrical glass vessels with 

the mixture’s volume of about 10 cm3, the W/O ratio being close to unity. The two 

phases were mixed by vigorously shaking and upturning a vessel several times, which 

resulted in producing a visually homogenous very dark (opaque) liquid. After mixing, 

the vessels were placed in a vertical position at room temperature (20-22oC). 

Unexpectedly, in course of a phase separation no well-defined boundary was observed 

between the lower free-water phase and the upper (opaque) part of the sample. 

Instead, transparent water patches appeared independently in various spatially 

separated regions all over the lower part of the sample. At the first, “swift” stage of 

water separation the “patchy” volume increased almost linearly with time until, in 4.5 

- 5 hours, it amounted to approximately 70 % of the initial volume of the water phase. 

At longer times separation proceeded much more slowly with a volume increment not 

exceeding 2% in 48 hours. After removal (by pipette) of the upper homogeneous (as 

proved microscopically) oil phase it became clear that the process of free water 

separation occurred via a destruction (coalescence) of a densely packed w/o emulsion 

with large (3-4 mm) water drops. A characteristic hexagonal-like structure was 

observed in the upper emulsion layers indicating its high water content of 0.74 [35-

37]. Water coalescence eventually resulted in an effectively bicontinous composition 

of the lower part of the sample, partially visible even at the early stages of the “swift” 

phase separation. Namely, the predominant transparent water phase was almost totally 

interpenetrated by a delicate 3D foam-like structure with cell walls composed of thin, 

multiply-punctured films of a dark material, as illustrated in Fig. 10. The 

characteristic features of the observed complex macroscopic emulsion/bicontinuous 

phase closely resembled the structures, usually revealed by imaging of microscopic 

(submicron) biliqud foams (“gel emulsions”) [35,36].  
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Thin films of “dark subphase” in the foam-like structure could withstand a 

mechanical stress and demonstrated a high degree of elasticity, as observed by gently 

shaking and rotating a glass vessel. Samples of these films were collected from 

broken cells in the bicontinuous regions and microscopic examination revealed that 

this “subphase” was also a w/o emulsion with a high water content, though with much 

smaller water droplets. A representative microscopic image of the “dark material” 

placed on a glass slide is shown in Fig. 11. A characteristic feature of this emulsion is 

its clearly bimodal character with two well-separated populations of droplets. A 

quantitative analysis of the image in Fig. 11 shows that larger droplets have a wide 

distribution centred at 40-45 m, with a “tail” at larger sizes indicating a tendency to 

coalescence. The most abundant small droplets have a distribution peaked below 7-8 

m (the smaller drops could not be reliably resolved at the photographic image). Fig. 

11 also shows that the small water droplets tend to form closely packed structures, 

usually characteristic to submicron high internal phase ratio emulsions (HIPRE) [35]. 

Moreover, in Fig. 11 2-D arrays of small droplets encapsulate some larger droplets, 

evidently providing stabilising action – only slow coalescence effects were observed 

in this sample even after two weeks-long storage in air. Steric stabilisation of 

macroscopic water-in-oil droplets by 2D layers of (solid) colloid particles of 

comparable dimensions is a well known phenomenon in so-called Pickering 

emulsions [38,39] and images of individual encapsulated droplets with raspberry-like 

texture (“colloidosomes”) [40,41] resemble some of the structures seen in Fig. 11. We 

suggest that the “subphase” of the smallest w/o droplets is responsible for formation 

of the larger-scale densely packed emulsion/bicontinuous phase. Such suggestion is 

based on the previously reported observations of bimodal emulsions, where dense 
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arrays of larger drops were formed as a result of a depletion attraction provided by 

smaller droplets (cf. a review [37] and references therein).  

 To our knowledge, the formation of the described middle phase, with the 

structure resembling that of “quasi-biliquid foams” has never been observed in oilfield 

crude oil – brine mixtures, hence this unusual phenomenon will be a subject of a 

special detailed investigation. In relation to the present density studies, the 

preliminary phase separation experiments evidently confirm the above conclusion (cf. 

Section 3.7) that peaking of excess densities at water cuts of 0.4-0.6 may be the result 

of formation in crude oil – brine mixtures of dense middle phases with structures 

resembling those observed in some microemulsions. 

 

3.9.  Possible role of asphaltenes in dense “middle phases” 

 Some evidence of stabilisation of water-in-oil droplets by dense rigid/elastic 

layers has been presented in earlier publications [7,11,42], while recent studies have 

shown that this dense phase may possess a highly ordered structure like that in 

lamellar liquid crystals (cf. a review [12] and references therein). In the above 

references it is argued that the main constituents of the stabilising dense phase are 

evidently molecular aggregates of asphaltenes with a possible contribution of fine 

solids and of naphthenic acids. Kilpatrick and Spiecker [43] postulated that the 

stabilising phase is a viscous, cross-linked, three-dimensional network of asphaltene 

aggregates with high mechanical strength. The exact conformation in which 

asphaltenes organise at oil-water interfaces and the corresponding intermolecular 

interactions have yet to be agreed upon. The suggested explanations are H-bonding 

between acidic functional groups, electron donor-acceptor bonding between metal 

atoms and polar functional groups, π-bonding between delocalised π electrons in 
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fused aromatic rings. The relative strength and importance of each in forming the 

interfacial phase in water-in-oil emulsions have still not been fully explained. In the 

oil phase asphaltenes are peptised by the resinous components. However, when 

asphaltenic aggregates adsorb to the o/w interface, the resins are evidently shed and 

do not participate in the stabilising phase [43]. This is in agreement with the observed 

lack of correlation of the excess densities with the resin content of our crudes (cf. 

Section 3.3). 

In the absence of other solids, the maximum density of a new phase is 

evidently that of solid asphaltenes (A1.1 g/cm3 [44]), while the respective phase 

volume (and, hence, the maximum value of E
R) should primarily depend on the 

asphaltene content of a crude oil. The latter conclusion is supported by the data of Fig. 

4 which indicate that for a given water cut the maximum values of E
R decrease with 

decreasing asphaltene concentration until below 5 wt. % asphaltenes apparently 

cease to be the determining species at the o/w interface. In oils with low asphaltene 

contents the properties of the interfacial phase are apparently determined by various 

non-asphaltene molecules. Differences in sizes and shapes of these molecular species 

as well as a presence of some weak repulsive interactions may be responsible for the 

observed negative excess densities [45]. 

The observed “phase transformation temperatures” (PTT) (cf. Figs.2,6,7,9) 

also may be attributed (at least partially) to the specific properties of crude oil 

asphaltenes. Namely, asphaltene colloidal dispersions are known to be sterically 

stabilised by solvated resins [46]. A structural transformation of asphaltene aggregates 

may occur when resin molecules “desorb” from asphaltenes. In our previous studies 

of model crude oils [47,48] we have obtained experimental evidence of a structural 

phase transition in the asphaltene/resin subsystem at temperatures close to 30 0C and 
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suggested two possible effects that trigger the apparent desorption of resins. One is a 

first-order transition between closely packed and loosely bound structures in the 

adsorbed layers of resin molecules. Another possible mechanism is the change of the 

surface energy of -stacked asphaltene aggregates due to phase transformation of their 

inner molecular structure. Thermally activated structural transition in asphaltene 

aggregates, triggered by the destruction of stabilising resin shells at 30 0C also has 

been regarded as a probable cause of rheological anomalies in bitumen [49].  

A particular mechanism of a PTT at 30 0C may be a change of wettability of 

some solids at the w/o interface. As structurally modified asphaltene particles are no 

longer fully solvated by resins, they show a higher propensity to adsorb at other solid 

particles, e.g. at fine solids and at wax crystallites. In particular, when asphaltene 

aggregates adsorb on the surfaces of wax particles, their wettability changes from 

completely oil wetting to a mixed (intermediate) wetting; the asphaltene-solvated wax 

particles migrate to the oil–water interface, contributing to the formation of rigid 

layers around water droplet and to the emulsion tightness [7,42].  

 

5. Conclusions  

The oilfield samples studied were mixtures of 12 degassed (dead) crude oils 

with respective oilfield brines (formation waters) from Aktanishskoje oil reservoir, 

Tatarstan, Russia. All unprocessed samples were collected directly from well-heads 

and contained only indigenous surfactants, such as asphaltenes, resins  and fine solids. 

A conventional viscometer technique did not reveal any structural transformations in 

pre-inversion brine/water dispersions. On the other hand, by density measurements we 

observed easily detectable non-zero excess densities and excess thermal expansions 

for water cuts in the range from X=0.4 to X=0.6 at all studied temperatures of T=5-
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50oC. There were definite correlations of the excess values with asphaltene contents 

and viscosities of crude oils. T-X contour plots of excess densities resulted in 

diagrams, topologically very close to T-X phase diagrams conventionally observed in 

some standard Winsor III type systems. We suggest that the observed results are due 

to a formation of some dense asphaltene-mediated “middle phase” in the studied w/o 

dispersions. The formation of a complexly-structured foam-like “middle phase” has 

been directly verified by visual/microscopic studies of a phase separation in a crude 

oil – water mixture  
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Table 1. Properties of crude oil – brine samples used in density studies (12 upper 

lines) and in phase separation experiments (bottom line). 

 
DEGASSED CRUDE OIL BRINE  

 
WELL 

Density 
(20oC) 
kg/m3 

Viscosity 
(20oC) 
mm2/s 

MW 
g/mol 

Sulphur 
wt % 

Asphaltenes 
wt % 

Resins 
wt % 

Waxes 
wt % 

Density 
(20oC) 
kg/m3 

         
T6097 902.2 64.80 250.1 3.68 8.89 19.25 5.59 1153.9 
T6098 905.1 69.94 224.3 3.92 3.03 12.65 1.96 1148.2 
T6199 904.4 64.34 256.0 4.11 5.13 11.71 3.23 1148.0 
B5494 902.4 52.41 250.1 3.30 6.20 11.52 1.42 1174.7 
B7695 898.0 49.60 250.1 3.01 7.78 8.60 2.99 1174.7 
B0598 897.5 40.93 237.9 3.42 3.85 12.89 2.03 1148.2 
B5498 905.4 58.25 246.2 3.29 9.35 10.98 1.86 1148.2 
B6698 896.7 42.43 232.5 3.41 3.28 11.45 1.80 1148.2 
B4899 904.1 50.72 260.4 4.43 6.04 11.11 12.5 1148.0 
B7599 900.5 44.59 277.0 3.32 5.13 11.71 3.23 1152.7 
K3396 908.2 66.78 254.1 3.41 4.97 15.60 2.13 1154.9 
K4999 906.0 53.10 274.9 3.82 5.35 9.75 12.42 1148.0 

         
Romash 915.0 86.19  2.19 3.29 24.77 2.48 Tap Water 
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Fig. 1. Filled circles – an experimental viscosity - water cut dependence for 

sample T6097 at 50oC. Lines – best fits of the Stockes-Einstein linear model (1), of its 

quadratic expansion (2) and of the Mooney expression for interacting particles (3).  
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Fig. 2. Temperature dependence of the best-fit Mooney interaction parameters 

for sample T6097. 
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Fig. 3. Water cut effect on the shear-thinning behaviour of viscosity in sample 

T6097 at 5oC. 
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Fig. 4. Correlation of the peak values of relative excess densities in 12 crude 

oil/brine mixtures with asphaltene contents (wt. %) and kinematic viscosities (mm2/s) 

of crude oils. 
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Fig. 5. Water cut effects on the excess densities at 5oC (open circles) and 50oC 

(filled circles) in samples T6097 (a), T6199 (b) and B4899 (c). 
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Fig. 6. Temperature effects on the excess densities in samples T6097 (a), 

T6199 (b) and B4899 (c) at a water cut X=0.4. 
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Fig. 7. Temperature effects on volume expansion in samples T6097 (a), T6199 

(b) and B4899 (c). Open circles – 100% crude oils and brines; filled circles – 50% 

oil/brine mixtures. 
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Fig. 8. A typical T-X phase diagram for an oil – water system with specially 

formulated surfactant/cosurfactant additives (after [32,33]). 
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Fig. 9. T-X “contour phase diagrams” (lines of equal excess densities) for 

samples T6097 (a), T6199 (b), B4899 (c) and B5498 (d). 
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Fig. 10. Transient 3D foam-like structures of thin films between water droplets 

in a coalescing densely packed w/o emulsion (photos taken through the walls of 12 

mm cylindrical glass vessels).  
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Fig. 11. A microscopic image of the film-forming material in Fig. 10. The 

horizontal bar denotes 100 micrometers. 
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