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Abstract
A consistent approach to modelling the phase equilibria of solids, liquids and gases is

advocated. Examples of complex phase behaviour involving solid depositions from

petroleum fluids are presented which have been calculated in this way. Examples

include cases where different solid phases are present and affect one another.

Introduction
The oil industry is regularly involved in dealing with complex phase behaviour in the

processing of oil and gas streams. The fluid phases which may be encountered include a

gas phase, one or two hydrocarbon liquid phases and an aqueous phase. Besides the

fluid phases a number of undesirable solids phases can be deposited including pure

solids (e.g. ice, solid carbon dioxide etc.), gas hydrates, waxes, asphaltenes and scales.

Gas hydrates are clathrates of the components of natural gases in an ice-like crystal

lattice. Waxes are a mixture of solid hydrocarbons, normally dominated by paraffinic

components and asphaltenes are also an organic deposit but they consist of highly polar

heavy aromatics. Scales are somewhat different being mixtures of crystalline inorganic

salts. In this paper we present an approach to modelling these effects in a consistent and

systematic way that can be used for engineering studies.



Computational framework

Phase equilibrium and model library

In order to solve phase equilibrium problems involving any number or combination of

solid, liquid and gaseous phases, the authors have developed an algorithm [1] that sys-

tematically searches for the equilibrium phases using a sequence of phase stability tests

and phase split calculations as advocated by Michelsen [2]. An important feature of the

algorithm is that it allows different models to be used for each type of phase and

property that is to be calculated, so that phases with completely different thermodynamic

properties can be handled simultaneously. The user initiates phase equilibrium

calculations by defining a list of possible phases that should be considered, and

specifying the models to be used for each property of each phase. The algorithm

operates by making successive calls to a models library for the properties of the phases.

The thermodynamic models in the models library have all to be implemented in a com-

pletely uniform way for every possible phase. Our convention is to supply the pressure,

temperature and component mole numbers of a phase as inputs and to return the

fugacity coefficients and total volumes, enthalpies and entropies. We also return

analytical derivatives of all the output quantities with respect to all input quantities for

each phase, if required, to support second order solution methods. Care has to be taken

to use strictly consistent reference points: for most components, for example, we use the

ideal gas state at unit pressure to calculate fugacity coefficients. However, for ionic

species a reference state in aqueous solution is more appropriate.

To operate a model library along these lines, it is important in practice to allow model

‘chains’, where one model can call another. A familiar example is the use of gas phase

correction models with activity equations when calculating fugacities. Another example

is modelling solid phases where it is often convenient to calculate the thermodynamics

of a liquid phase of the same composition, temperature and pressure with one model,

and then to add terms for the thermodynamics of solidification with another model.

Tracing phase boundaries

The authors have developed a new multiple phase boundary tracer to help picture com-

plex phase behaviour. Currently available phase envelope routines are usually restricted



to handling vapour-liquid equilibria. In contrast, the new phase boundary tracer can fol-

low the boundary of any phase the user may specify. Because the number of coexisting

phases is not fixed, the tracer has to test for the possible appearance and disappearance

of phases at every point it calculates. Whenever the coexisting phases change, the phase

boundary will show a gradient discontinuity; the tracer locates the point of the disconti-

nuity and searches for the new direction of the phase boundary beyond the discontinuity.

Models used

For the examples in this paper we used either the SRK [3] or Peng-Robinson [4] equa-

tions with minor adaptations for the fluid phases. For the hydrate phases we used our

own implementation of the Van der Waals-Platteeuw theory [5]. The wax phase model

is based on that proposed by Firoozabadi and co-workers [6]. Asphaltenes have been

treated as single solid components with thermodynamic properties regressed to match

the available data [7]. For scales, we have implemented expressions for the activity

coefficients in aqueous solution as a function of temperature and composition [8,9].

The structure of the model library also makes it relatively simple to implement

alternative models for any of the solid or fluid phases. However, the main purpose of

this paper is to show the advantages of a consistent framework for performing complex

phase equilibrium calculations, not to advocate particular thermodynamic models.

Examples

Gas hydrates

Fig. 1 shows a phase diagram for a lean natural gas that contains about 96.8 mol%

methane; the phase boundary tracer shows the hydrocarbon vapour-liquid envelope. The

water dew point line is also shown starting from the triple point. Below 273.15K, the

water line becomes ice, but at higher pressures the ice becomes a structure II gas hydrate

[10] owing to the stabilising effect of adsorbed gas. Natural gases normally form

structure II hydrates; however, the phase boundary tracer reveals a surprising phase

change at about 15MPa. The structure II hydrate line shows a sharp discontinuity and a

region of structure I hydrate is found. We believe this is a consequence of the gas’s high

methane concentration [5].



Fig. 2 shows the model predictions for the hydrates formed by Bush Hill vent gas. Bush

Hill vent is located on the sea floor of the Gulf of Mexico and the hydrates formed

round the vent are the first example found of naturally occurring structure H hydrate

[11]. The hydrate is stabilised by isopentane which is a strong structure H former. The

phase diagram shows that the likely conditions subsea just fall in the calculated structure

H stability region. We have found several other examples where petroleum fluids will

form structure H hydrates with excess water; in every case, structure II hydrate is formed

first, but once the structure II formers have been adsorbed, structure H hydrate then

starts to form.

Hydrates and scales
The inorganic salts that occur in produced waters associated with oil and gas production

are natural hydrate inhibitors. Fig. 3 shows the structure II hydrate line for a natural gas

in the presence of pure water and also with the addition of salts. The calculation shows

the effect of a mixture of 1.67M sodium chloride and 6.7÷10-5M barium sulphate. Al-

though a real produced water will contain other salts, this example illustrates the con-

nection between scaling and hydrate formation. The effect of the salts is to lower the ac-

tivity of water thereby depressing the ice and hydrate points.

In the absence of hydrate formation, the lowering of the temperature will lead to a point

where the barium sulphate will crystallise. i.e. form a scale. Barium sulphate is a prime

example of a sulphate scale former. If the formation of hydrates is included in the calcu-

lation, as it should be, the scaling prediction has to be revised as the hydrates use up

water causing the salts in the aqueous phase to become increasingly concentrated. As the

concentration of barium sulphate rises the tendency to form scale increases. A complica-

tion is that barium sulphate solubility increases with increasing sodium chloride concen-

tration [9].

Waxes

Fig. 4 shows a simple example of wax-like formation. The experimental data is for a gas

condensate to which phenanthrene has been added as a simulated waxing component

[12]. Phenanthrene was treated as a single component that is able to solidify. Note that



the wax line shows a marked discontinuity where it crosses the bubble point line owing

to the different solubilities of phenanthrene in the liquid and gas phases.

Real waxes are far more difficult to model as they are exceedingly complex mixtures of

hydrocarbons. Fig. 5 shows an example of a crude oil reported by W.B.Pedersen et al.

[13] as ‘Oil 1’. The oil was represented as a series of hydrocarbon psuedocomponents

following Firoozabadi’s procedure [6]. Each pseudocomponent is considered capable of

solidifying independently of the others. The thermodynamic parameters for

solidification were also estimated using Firoozabadi’s model. Fig. 5 shows the

prediction of the model compared with experiment for the amount of wax deposited v.

temperature. The model correctly predicts that the rate of wax deposition tends to

increase with falling temperature. It also shows that the mass of wax deposited does not

increase smoothly but occurs in ‘jumps’. This is a feature of the Firoozabadi model: as

the temperature falls more of the components start to solidify; as a new component

begins to solidify there is an upward jump in the calculated mass of wax deposited.

Waxes and hydrates

A simulated live oil was used to illustrate the ability of the algorithm simultaneously to

model the onset of waxes and hydrates. The live oil consists of ‘Oil 1’ above plus addi-

tional gas. Fig. 6 shows the calculated bubble point line, wax appearance line and the

hydrate appearance line. In this example more water is present than in Fig. 1. As a

result, the bubble point line is noticeably deviated on crossing the hydrate line, as the

hydrate adsorbs light gases from the oil lowering the bubble point. At higher pressures

the hydrate and wax lines cross.

Asphaltenes

Asphaltenes are another organic material that can be deposited by crude oils. Treating

the deposition of asphaltenes as a thermodynamic equilibrium process, we can find the

amount of asphaltene deposited by performing a normal phase equilibrium calculation.

Fig. 7 shows two isotherms for a crude oil. (The experimental data shows some scatter.)

The model reflects the fact that the solubility of asphaltenes is reduced by the presence

of light gases; below the bubble point, as gases vaporise, the asphaltene solubility in the



oil rises rapidly. Also, the solubility of asphaltene in this example falls with rising

temperature, although the opposite occurs in some oils.

Fig. 8 shows the calculated asphaltene deposition envelope (ADE) for the same oil as a

function of methane content. An interesting feature of the model is that it predicts that

asphaltene will redissolve at higher temperatures, although the asphaltenes would in

practice decompose before reaching these temperatures.

Conclusions

The examples in this paper have been chosen to demonstrate that it is possible to model

all the phase behaviour encountered when processing petroleum fluids in a unified and

consistent way. It is possible to see what the influence of one type of solid deposition

will be on another, e.g. waxes on hydrates. It is also possible to provide alternative

models for particular phases for comparison purposes. Finally, by treating all models

and phases on an equal footing, it simplifies the task of writing interfaces to access the

model from applications programs.
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Figure 1: phase diagram for a natural gas 
showing water and hydrate regions
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Figure 3: phase diagram for a natural gas and water with 
NaCl and BaSO4
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Figure 2: Bush Hill vent gas phase diagram 
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Figure 4: phenanthrene deposition

35

40

45

50

55

60

320 340 360 380 400 420 440
Temperature/K 

Pr
es

su
re

/M
Pa

Experimental
Calculated

liquid-liquid 

solid dropout



Figure 8: ADEs and bubble point lines for oil with 
varying methane content
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Figure 7: asphaltene deposition
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Figure 5: wax deposition for 'Oil 1'
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Figure 6: phase diagram for 'Oil1' with added gas 
and water
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