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1 Introduetion 

Daily, the Royal Dutch I Shell Transportand Trading Group produces approximately 

2.3·1 o6stb t (3.6 ·1 o5 m3) oil and 223·1 o6 m3 gas[she96]. Before production, this oil and 

gas is stored, together with mainly water, inside reservoirs which are located a few 

kilometres under ground. The oil and gas are mixtures of mainly hydracarbon components. 

Thesecomponentscan transfer between the phases (oil and gas), as the pressure and/or 

temperature inside the reservoir changes. 

After locating and determining the size of a reservoir, it is very important to determine not 

only the number and locations of the wells, but also the amount of oil, gas and/or water 

which should be produced or injected from each well. Forthese determinations, reservoir 

simulation programs can be very useful. 

A reservoir simulation program simulates the component fluxes inside the reservoir, taking 

into account the prevailing pressure and temperature, and the amount of produced and 

injected components from each well. By simulating at a range of different scenarios, i.e. 

varying the amount of produced and injected components and the location of the wells, the 

optimum (financial) scenario can be determined. 

The reservoir simulation program currently used by Shell, MoReS, is isothermal, which is 

notcorrect when using technologies like injecting steam instead of water. As a response to 

this, a thermal variant to the simulator was developed: TherMoReS. A current disadvantage 

of TherMoReS is its lack of speed. 

Subject of this graduation project, is to look for methods to accelerate this thermal 

simulator, show that these methods can be implemented, and show that these methods 

promise to be faster than the original solution. All within the boundary conditions that 

TherMoReS must stay a part of the original MoReS program, and the impact of TherMoReS 

on MoReS should be marginal. Besides this, a more clear set of parameters which 

describes the phase behaviour, is desired. 

In this project, only that part of TherMoReS is subject of investigation, that takes the major 

part of the (computer) time taken by the whole of the thermal simulator: the flash 

calculation. This part of TherMoReS consumes approximately 70% of the processing time. 

The determination of which components are in which phases, is one of the main things 

determined by the flash calculation. 

t See appendix A for conversion to SI units. 

- 5 -



1.1 Report set-up 

After the introduetion in this chapter, the report continues in the next paragraph with a short 

background introduetion into oil and gas reservoirs. An introduetion into production of the oil 

and gas out of the reservoirs fellows this section. The chapter ends with an introduetion to 

one of the major tools for planning production: reservoir simulators. 

Chapter two describes the phase behaviour models used in the isothermal reservoir 

simulator, MoReS, and in the thermal simulator, TherMoReS, both currently in use by Shell. 

The next chapter, chapter three, starts with an outline of the desired alternative. Next 

fellows a summary of a range of thermal and isothermal reservoir simulators found in 

literature and a discussion on which one of them might be a complete salution or a partial 

salution to the problem. The chapter continues with the description of three proposed 

alternatives for the current version of TherMoReS. The fourth chapter describes the 

algorithms for the software implementation of the three alternatives. The fifth chapter 

discussas the results and output of the proposed alternatives and whether these 

alternatives meet the demands. The last chapter contains conclusions, including a 

discussion of the applicability of the results. 
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1.2 Reservoir fluids 

Before production, oil and gas are located, together with water, in rocks located a tew 

kilometres underground. These hydracarbon accumulations, called reservoirs, can have 

horizontal dimensions up to the order of 10 km; the vertical di mension ranges trom several 

metresto a hundred metres. 

The reservoir rock is porous: the hydrocarbons are located in these pores. The pores are 

small holes and small interconnections between these holes, taking up 1-20% of the 

volume. The ease with which the fluids can flow through the reservoir, the permeability, 

depends on the conn~ctivity between those holes. This permeability can depend on 

direction: the more interconnections in a certain direction, the higher the permeability can 

be. Temperatures inside the reservoir can vary between 20°C and 150°C, while the 

pressure ranges trom ten bartoa tew hundred bar. 

The hydrocarbons can be a mixture of a large number of chemica! components (over 100 

[ped89]). Depending on the prevailing pressure and temperature, these hydrocarbons exist 

in a gaseous state (gas), in a liquid state (oil) or in asolid state. Usually a combination of 

the gaseous, liquid and solid state will exist. Reservoirs containing a significant amount 

(> 1%) of solid hydrocarbons, are a lso the reservoirs of least economical interest. Therefor 

the solid state is neglected in this report. 

1.3 Production 

Depending on what kind of reservoir will be taken into production and which components of 

the reservoir fluids are of most interest for production, different production methods exist. A 

production method includes the implementation of a certain pressure regime, and 

production from certain points in the reservoir. A pressure regime can be implemented and 

maintained by injecting water under the reservoir, producing water trom under the reservoir, 

producing gas from the top of the reservoir, or by injecting gas on top of the reservoir. 

For example, if the reservoir contains a volatile oil, which contains both heavy and light 

components, and the only components which should be produced are the light ones, it is 

tried to lower the pressure in the reservoir. As a result to this, the light components leave 

the solution and form a gas phase. This gas is lighter than the oil remaining, and will flow 

mainly to the top of the reservoir. Next step is to produce the gas from this top of the 

reservoir. 

On the other hand, if both the heavy components and the light components have to be 

produced, it is not desired that the pressure in the reservoir drops too far during production, 

which can result in the formation of a gas phase. Two ways of preventing this, is the 

injection of water under the oil reservoir, or the injection of gas on top of the oil reservoir, as 

schematically drawn in tigure 1.1. 
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A consequence of this is that after locating and determining the size of the reservoir, not 

only the number and locations of the wells have to be determined, but also the amount of 

oil, gas and/or water which should be produced trom or injected in each well. To make 

these determinations, a simuiatien of the component flows inside the reservoir, should be 

performed under a range of development scenarios. 

Water injection 

Gas injection 

D 

oil producers water injection 
well 

Gas Oil Oil displaced Oil displaced Water 
by water by gas 

Figure 1. 1 : The injection of water and gas in a gas/oil reservoir in order to prevent a 
pressure drop. The pressure drop is a result of the oi/ production. 
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1.4 Reservoir simulation 

A reservoir simulator is intended to simulate the components flow inside the reservoir, 

including the inflow and outflow of the wells. When setting up a reservoir simuiatien model, 

a number of reservoir (fluid) properties have to be determined. Among these are: 

- which components are present 

- what is the prevailing pressure and temperature 

- the permeability of the rocks in the directions in which flow might occur 

- the viscosities, densities and other properties of the fluids 

- the possibility of inflow of water from surrounding areas, so called aquifers 

In order to make this problem suitable for numerical simulation, a number of simplifying 

assumptions and approximations have to be made. First of all, the reservoir is discretised 

into a number of grid blocks. The size of the grid blocks depends on the gradients of the 

parameters mentioned above, and can range trom centimetres near the well, where the 

gradients are large, to hundreds of metres at the borders of the reservoir where the 

gradients are low. The total number of grid blocks can range trom 1 to more than 

1.000.000. On this set of grid blocks, the number of components present in reality, still 

represents too great a number of degrees of freedom. Therefore the components, basedon 

their behaviour, mass or other properties, are grouped. Subsequently, the calculations are 

performed in discrete time steps. 

Basedon a phase behaviour model, the component (mass) accumulations (defined as the 

total mass of a particular component present in a particular grid block) and pressure in each 

grid block, the reservoir simulator can now calculate, for each grid block, the distribution of 

the components over the possible phases, and thus the phase (mass) accumulations. This 

calculation step is called a flash ca/culation. 
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Ac 
p 

J 

flash 
calculation 

~~- Ons 
V se 

NR 

-[]-~ ••• 

Stop 
criterion 

Figure 1.2 : Schematic drawing of the calculations performed in a (isothermal) reservoir 
simulation. The component accumulations (Ac) and pressure (P) are the primary variables. 

Out of the primary variables are the phase accumulations calculated (Ap). After the 
calculation of the fluid parameters like the phase densities (Ons) and phase viscosities 

(Vsc), the flux of the phases (Fix) can be determined. 

In the next calculation-step the densities and viscosities of the phases are determined. 

In the last step, the phase flux between the grid bleeks, basedon the rock and fluid 

parameters and on the phase accumulations, is calculated using Darcy's equation [dak78]. 

After the determination for each grid block of the new pressure and (based on the phase 

fluxes) component accumulations, a new step in the iterative Newton-Raphson (NR) [atk78] 

loop can be performed in order to determine the component accumulation in the grid bleeks. 
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2 Current phase behaviour models 

Due to the high number of chemica! components present, the phase behaviour description 

is a complex part of reservoir simulators. The phase behaviour calculations in a reservoir 

simulator calculate the amounts of the phases present tagether with their properties, trom 

the primary variables: the component accumulations and the pressure (tor an isothermal 

simulator). 

In this chapter, two different models, both currently in use by Shell, will be described. 

2.1 Standard model : pseudo components 

The standard model is based on a phenomenological description of the fluids pumped up 

trom a (oil/gas) well. At the production of the oil and/or gas trom the reservoir, the fluid 

pumped up trom the reservoir is (temporary) stored in a stock-tank. Roughly, this fluid 

consist of three parts: an oil phase, a gas phase and a water phase. In the reservoir, the 

fluid will also consist of three parts: an oil phase, a gas phase and a water phase. Since the 

circumstances concerning pressure and temperature inside the reservoir are different trom 

the circumstances in the stock-tank, the same phase in stock-tank and in the reservoir will 

not have the same composition. In order to simulate a reservoir, it is needed to know which 

of the phases are present inside the reservoir, and how much of each phase is present in 

the reservoir. Since the mass accumulation of the phases at stock-tank conditions are 

known, a relation between the phase mass accumulations at stock-tank conditions and the 

phase mass accumulations at reservoir conditions is sought. 

In the standard model, it is chosen to regard each of the phases at stock-tank conditions to 

consist of only one pseudo component. The oil phase consists at stock-tank conditions only 

of the heavy component, the gas phase only of the light component and the water phase 

only of the H20 component. As a result of this definition, the pseudo components can 

consist of a large number of chemica! components. The same chemica! component will 

exist in more than one pseudo component at the same time. 

In the standard model, it is assumed that in the reservoir, both the oil phase and the gas 

phase consists of a mixture of the heavy and the light component. The water phase 

consists in the reservoir, justas at stock-tank conditions, of only the H20 component. 

An other assumption made in the standard model, is that the reservoir is isothermal. 

Which components are allowed to exist in which phases, is tabulated in table 2.1 in the 

isothermal case. 
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Oil Gas Water 

Heavy X X 

Ughl X X 

H20 X 
Table 2.1 :(Pseudo) components allowed in phases in the reservoir. This tab/eis used in 

the (isothermal) standard model. 

2.2 Standard model : isothermal fluid properties 

As mentioned in the previous paragraph, a relation is sought between the phase mass 

accumulations at stock-tank conditions (defined as the pseudo components) and the phase 

mass accumulations at the reservoir. Besides the relation between the mass accumulations, 

a relation between the densities of the phases in stock-tank and reservoir conditions is 

sought too. 

In the standard model, the distribution of the light and heavy component over the phases 

and the volumes these phases occupy, is described by four parameters. The tour 

parameters are called the PVT parameters of the reservoir and are defined [dak78,cou217] 

as: 

- Bo Oil formation volume factor: Volume of oil (plus its dissolved gas) at the 

reservoir per volume-unit of stock-tank* oil. 

- Bg Gas formation volume factor: Volume of gas (plus its dissolved oil) at the 

reservoir per volume-unit of stock-tank* gas. 

- R, Dissolved gas-oil ratio: Volume of gas (at stock-tank conditions) that will 

dissolve in one volume unit of oil (at stock-tank conditions), when both are 

taken down to the reservoir. 

- r, Condensate oil-gas ratio: Volume of oil (at stock-tank conditions) that will 

dissolve in one volume unit of gas (at stock-tank conditions), when both are 

taken down to the reservoir. 

Written in a more tormal way [azi79]: 

V" 
B =-o 

o V't 
0 

V" 
B =~ 

g yst 
g 

V't 
R =~ 

' V't 
0 

V't 
r = ___4g_ 
' V'r 

g 

(2.1 a) 

(2.1 b) 

(2.1 c) 

(2.1 d) 

*Volume unit tor liquid hydrocarbons is barrel (0.158 m3), tor the gaseous hydrocarbons Mscf {28.32 m3). 
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Where the superscript denotes the condition under which a volume has to be taken: 'rs' 

denotes reservoir conditions, 'st' stock-tank conditions. The subscript denotes the 

substance of which the volume is taken: 'o' tor oil, 'g' tor gas, 'dg' for the part of the gas that 

will dissolve in the oil when bath are taken trom stock-tank into reservoir conditions; 'do' tor 

the part of the oil that will dissolve in the gas when bath are taken from stock-tank into 

reservoir conditions. 

The PVT parameters are only valid in case bath at the stock-tank and at the reservoir, 

enough oil and gas is present to dissolve in the other phase. rs is the maximum volume of 

oil that will dissolve in one volume unit of gas, when bath are taken down to the reservoir. lf 

there is less than rs volume of oil per volume unit of gas available, less than rs volume of oil 

can and will dissolve in one volume unit of gas. lf, for example, nat enough heavy is present 

in the reservoir to farm an oil phase, the amount of oil that is dissolved in Bg Mscf of 

(reservoir) gas, will nat be rs stb, but less. 

The determination of the reservoir PVT parameters is done at a range of reservoir 

pressures at a PVT-study, done by a laboratory. Since this model is isothermal, the PVT 

parameters are determined at only one temperature. 

Stock-tanks 

/ I ~ 
heavy 

Figure 2. 1 : Graphical presentation of the definition of the reservoir PVT parameters. For 
conversion trom field to SI units, see appendix A. 
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2.3 Standard model : Flash calculation 

At the flash calculation , the phase accumulations are calcu lated trom the component 

accumulations at given pressure. In the standard model, the mass fraction of the 

componentsin the phases is calculated first. 

The mass fraction of component c in phase p,Xc,p• is defined by 

mass of component c in phase p 
Xc,p = total mass in phase p 

and satisfies both 

LXc,p = 1 

and 

(2.2) 

(2.3) 

(2.4) 

with Ap the mass accumulation in phase p and Ac the mass accumulation of component c. 

Phases are abbreviated by using 'o' tor oil , 'g' tor gas and 'w' tor water. Components are 

abbreviated using a 'h' for heavy, 'I' tor light and 'H' tor H20. 

From the definition of the reservoir parameters B
0

, Bg, Rs and r,, it fellows that when, trom 

a reservoir which contains both oil and gas in equilibrium with each ether, B
0 

volume unit of 

saturated oil are brought to the surface, it yields 1 volume unit heavy of mass p~t together 

with R, volume unit light of mass p~t · R, , resulting in a total oil mass of p~t + p~t · R, . Wh ere 

p~t is the density of oil at stock-tank conditions, and p~t the density of gas at stock-tank 

conditions. These densities are regarded as constants, whatever component is present in 

the regarding phase. 

The same reasoning for the oil phase holds for the gas phase: When Bg volume unit 

saturated gas are brought to the surface, it yields r, volume unit heavy of mass p~t · r, 

together with 1 volume unit light of mass p~t, resulting in a total gas mass of p~t · r, + p~t. 

So if both (phases) gas and oil are present and in equilibrium, the relation between the 

mass fractions and the reservoir parameters is 

Xh ,o = p't +pst . R • X1.o = p't + p't . R 
0 g s 0 g s 

Ps
0
t p't . R 

g s 

pa· [ p'g, 
X - 0 s x - ----"- -

h o - st st ' l g - t t . ., p· · r + p· ' p' · r + p' 
0 s g 0 s g 

(2.5) 

lf one of the two phases is notpresent in the reservoir, which can happen when the amount 

of heavy is much more than the amount of light (results in only oil) or vice versa (results in 

only gas), both components will exists in the one phase present. Hence if only the oil phase 

is present, only the mass fraction in the oil phase has any meaning: 
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(2.6) 

lf the gas phase is the only phase present: 

Ah A, 
Xh.g =A +A ·Xt.g =A +A 

h I h I 

(2.7) 

- 15-



2.4 Standard model : Flash calculation algorithm 

The way the component mass fractions in the phases (in the reservoir) is calculated 

depends on which of the phases are present. Therefor, which phases are present in the 

reservoir, should be determined first. 

The transitions between one phase present or two phases present can be calculated. Since 

in the standard model neither the water phase nor the H20 component has any influence 

on the distribution of the heavy and light component over the oil and gas phase, the water 

phase and H20 component will be neglected in these calculations. 

Rewriting {2.4) and keeping in mind that a tew component-phase combinations are not 

allowed (table 2.1) results in 

Ah = Xh.o · Ao + Xh.g ·Ag 

A, = X1.o · Ao + X1.g ·Ag 

AH =Aw 

Combining (2.8) with (2.5) gives tor the oil to oil+gas transition 

A, = b_ = ___&____ = p~t . R 
Ah xh 1- x, P~t 

In which x, defined is as 

A, 
XI= LAc 

and xh defined is as 

Ah 
xh = LAc 

The transition between oil+gas and gas, is at 

A, X, p~t 1 
-=--=-·-

Pst r 
0 s 

These transitions are schematically drawn in tigure 2.2. 
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Gas Oil Oii+Gas 
o~----PI------------------~1---------o 
0 XI ~ 1 

Figure 2.2 : The transitions from oi/ to oil+gas and from oil+gas to gas in the isothermal 
case. The transition is displayed for the mass amount of the light component relative to the 

tata! mass amount of hydrocarbons in the system (the light mass fraction x,J. 

The known mass fractions and component mass accumulations, combined with (2.8), the 

phase accumulations can be calculated. lf both phases are present: 

X ·A -x ·A A = h,o I l,o h 

g Xh,o · XI,g- XI,o · Xh.g 

X ·A -X ·A A = l,g h h,g I 
0 

Xh,o · XI,g- XI,o · Xh,g 

lf only oil is present: 

Ao =Ah +A1 

Ag =0 

lf only gas is present: 

A
0

=Û 

Ag= Ah +A1 

(2.12) 

(2.13) 

(2.14) 
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2.5 TherMoReS : energy balance 

Two main differences exist between the standard model and TherMoReS: 

- In TherMoReS the temperature is not regarded as constant 

- In TherMoReS an arbitrary number of components is allowed to exist in an arbitrary 

number of phases 

Since in TherMoReS the temperature not regarded is as constant, the introduetion of an 

extra balance, an energy balance is necessary: 

U= -PV + Hrock(T)+ Hnuict(P, T) (2.15) 

in which U is the total internal energy of the grid block, P the pressure in the grid block, 

V the grid block volume, Hrock the rock enthalpy and Htluid the flui~ enthalpy. 

In case one of the fluids present is at its boiling-point, knowing the temperature in the grid 

block is not enough in order to determine the total internal energy of the grid block as can 

be seen in tigure 2.3. 

t 
u 

Tboil T---. 
Figure 2.3: The internal energy of a grid block regarded in case the grid b/ock temperafure 

is close to, or equa/ to, the boiling-point of one of the fluids present. 

Even in case the regarded fluid is not pure, resulting in a boiling trajectory instead of a 

boiling-point, the slope of the line representing the energy at this trajectory, can be too 

steep to determine the internal energy trom the prevailing temperature. To prevent this 

problem at the boiling-points, the energy U, instead of the temperature T, is chosen as 

primary variabie in TherMoReS. 

lncluding this energy balance, the schematic drawing of the calculations performed in a 

reservoir simulator in tigure 1.2, now changes into the schematic drawing of tigure 2.4. 
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Figure 2.4: Schematic drawing of the calculations performed in TherMoReS: A Newton 

Raphson loop determines a new set of component mass accumulations (Ac), pressure (P) 
and tata! internat energy (U). Among the variables to be calcu/ated in order to accomplish 
this loop, are the grid block temperafure (T), phase mass accumulations (Ap), densities of 

the phases (Ons), viscosities of the phases (Vsc) and the flux of the phases (Fix). 

The eventual goal, the determination of the component accumulations, is determined via 

the calculation of the grid bleek temperature, phase accumulations, densities, viscosities 

and phase fluxes, using a Newton Raphson (NR) scheme. In this NR scheme are the 

component accumulations, the pressure and the energy used as primary variables. 

2.6 TherMoReS : k-values 

In TherMoReS, the calculation of the distribution of the components over the phases, is 

done by using equilibrium coefficients, also known as 'k-values'. These coefficients are 

defined as the ratios between component mass fractions in different phases, or: 

kc,p Xc,p 
--=--
kc,p' xc,p' 

(2.16) 

The k-values depend only on the prevailing temperature and pressure. In TherMoReS, 

these k-values depend neither on the components mass accumulations, nor on the phase 

mass accumulations, which is not correct, but eases calculations. A Iaberatory determines 

the k-values for each individual (chemica!) component. With these k-values, and the 

expected pressure and temperature ranges in the reservoir, a new set of k-values (for the 

pseudo components used) is calculated by a separate program. 

The k-values only have any meaning if both the mass fractions with which they are defined, 

have any meaning. Th is is true if both phases (p and p *) are present. Since the equilibrium 

coefficients are defined relatively, the treedom exists to set kc,p or kc,p' to one for each 

component, which can simplify calculations. 
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An advantage of using k-values is its capability to describe of the behaviour of the 

components in a general way. A description of the distribution of an arbitrary number o 

components over an arbitrary number of phases is possible with these parameters. 

2. 7 TherMoReS : algorithm 

___. Lr---_NR~_ ---, ---,j __. Ons 

T V se 
p 

u 
NR 

~Ap(T)p 

NR 

Stop 
criterion 

Figure 2.5 : Schematic drawing of the ca/cu/ations performed inside TherMoReS at each 
time step tor each grid b/ock. The temperafure (T) and phase accumulations (Ap) are 

determined trom the primary variables (component accumulations (Ac), pressure (P) and 
internat energy (U)). Via the determination of the densities (Ons) and viscosities (Vsc) of the 

phases, the phase f/uxes (Fix) are determined. 

The first step in these calculation, the calculation of the phase mass accumulations and the 

temperature, is performed by using a NR scheme. The phase mass accumulations depend 

on the temperature, and are calculated after the determination of the temperature using 

again a NR scheme. These two NR schemes are schematically drawn in tigure 2.6. 
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Ac,k(p,T) I I ___ N_R_..,. Ap(p,T) 

Figure 2.6: Schematic drawing of the two innermost iterative calculations performed by 
TherMoReS. 

The outer NR iteration of the two iterations solves the energy balance. This iteration needs 

the phase accumulation in order to determine the next temperature in the iteration. The 

phase accumulations are in their turn also calculated using a NR scheme. 

In the next steps of figure 2.5, after the temperature and phase accumulations are 

determined, the phase densities and viscosities, and the phase and component fluxes are 

determined by direct calculations. 

2.8 TherMoReS : evalustion of current status 

The current version of TherMoReS is version 4.2.12. The characteristics of the current 

version are: 

- The model used is a general model. The user can use as many components and as 

many phases as desired. 

- Compared to the isothermal version, this version is slow. 

- The set of input parameters is not clear enough (k-values). The data is not obtained in 

this way, and should be converted into k-values. 

The purpose of this work is to look for alternatives which imprave the speed of TherMoReS, 

and requires a more common set of input parameters. 
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3 Alternatives 

3.1 What to look for 

A major disadvantage of TherMoReS is its lack of speed. As mentioned in §2.7, 

TherMoReS determines the component mass accumulations and the phase mass 

accumulations using a total of three iterative loops insideeach other. lf one of these loops 

is replaced by a direct calculation, a potential speed impravement factor of the number of 

iterations performed, can be reached. 

The alternatives should satisfy the following demands: 

- The implementation of the new method should be taster than the current thermal 

simulator. 

- TherMoReS must stay a part of the original MoReS program. 

- The impact of TherMoReS on MoReS should be marginal: TherMoReS is a separate 

module in MoReS and should stay a separate module. A change in TherMoReS should 

not have as its consequence a major change in the other modules. 

- A more clear (intuitive) set of phase behaviour parameters is desired. 

In the next paragraph, alternatives in literature are regarded. This includes a discussion 

whether these alternatives meets the demands set in this paragraph. Aim of the literature 

search, is looking for alternatives tor parts of the calculations implemented in TherMoReS, 

articles about thermalising isothermal simulators, and alternatives for the phase behaviour 

model currently used in TherMoReS. All within the boundary conditions. 

In §3.3, §3.4 and §3.5 three new alternatives are formulated. The first alternative proposes 

a change in the standard model. The second alternative combine parts of the isothermal 

standard model and the thermal TherMoReS. The third proposed alternative, proposes a 

change in the flash calculation part of TherMoReS. 

3.2 Alternatives in literature 

A literature search, provides a number of thermal reservoir simulators and/or phase 

behaviour models, a tew of them basedon the same prototype, some others are completely 

new developed. 

R.B. Crookston, 1979 

Crookston: 'A Numerical Simulation Model forThermal Recovery Processes' [cro79], 

describes a model tor numerically simulating thermal recovery processes. The primary 

focus is on the simulation of in-situ combustion (to burn the oil in order to let the 
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temperature rise), but the tormulation also represents fire and water flooding, steam 

flooding, hot water flooding, steam stimulation and spontaneous ignition. The simulator 

describes the flow of water, oil and gas, and includes gravity, capillary effects, heat transfer 

by conduction, convection, and vaporisation/condensation of both water and hydrocarbons. 

lt also includes heat transfer to the surrounding rock by conduction. 

Vaporisation/condensation is governed by vapour-liquid equilibrium using temperature and 

pressure dependent equilibrium coefficients. 

Since the temperature is used as a primary variable, possibly the determination of the grid 

block energy at boiling-points, might be a problem. In this article, this is evaded by defining 

a pseudo k-value in such a way that it is not possible that the water phase or the gas phase 

will disappear completely. 

The simulator simultaneously solves nine equations tor the nine unknowns (component 

concentrations, pressures and temperature) tor the entire system using a direct solution 

procedure. 

Results of this simulator are presented only tor hypothetical one- and two-dimensional 

examples with relatively tew grid blocks [you80]. 

G.K. Youngren,1980 

[you80] describes a three-dimensional, three phase in-situ combustion reservoir simulator 

that rigorously models fluid flow, heat transfer, and vaporisation/condensation. lt handles 

five components: water, oxygen, non-volatile oil, and two volatile components. The volatile 

components partition between the oil and gas phases. 

Calculation consists of one iterative loop in which the unknowns, among them the 

temperature and pressure, are determined. In the energy balance, the temperature is used 

as primary variabie instead of the (total) internal grid block energy, which might give 

problems in case boiling-points are regarded (at a constant temperature, a range of 

energies are possible). This tact results in that the model mentioned here, is no alternative 

tor TherMoReS unless the boiling-point problem is solved. 

B. Rubin, 1983 
[rub83] describes a fully implicit four-phase (oil, water, gas and solid fuel) numerical 

reservoir model tor simulating hot water injection, steam injection, combustion, in three 

dimensions. The simulator rigorously models fluid flow, heat transfer (convective and 

conductive), heat loss to formation, fluid vaporisation/condensation and chemica! reactions. 

Used as primary variables are the component accumulations, pressure an temperature. lt 

uses k-values (equilibrium coefficients) tor the calculation of the distribution of the 

components over the phases. 
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The same energy balance as in [you80] is used here: The energy is determined as tunetion 

of the temperature, which might give problems in case boiling-points are regarded. 

The same argument not to use this model as tor [you80] holds here: Unless the boiling

point problem is solved, [rub83] is not an alternative. 

Ludwig Ems, 1987 

[ems87] describes a non-isethermal black oil model. This model extends a current 

isothermal black oil model. 

Parameters like the viscosity and ether fluid properties, heat loss to over and under burden, 

rock properties, PVT properties like 80 and Bg. depend on the temperature. In the model 

described here, the temperature is taken into account tor these parameters. 

Since the PVT properties depend on the temperature in this model, the distribution of the 

light component over the oil and gas phase depends on the temperature in this model. 

The heavy component exists justas in the isothermal black oil model, only in the oil phase. 

In this model, the H20 component exists only in the water phase, while we are looking tor a 

model which distributes the H20 component over the gas and water phase. 

A. Siu, 1989 

The model described in [siu89] simulates the flow hydraulics in the wellbore, and the heat 

transfer between the weilbere fluid and the overburden. lt can model three phase flows, but 

only with the restrietion that the oil and water phase flow at the same velocity. 

Si nee a model is needed which allows three phases to flow independently of one another, 

and these phases should not be limited to flow vertically, this model is rejected tor use in 

simulating the reservoir itself in TherMoReS, but might be useful tor the weilbere model in 

TherMoReS. 
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3.3 Alternative 1 : Extended standard model 

In this alternative we try to extend the standard model to a thermal model. This extended 

standard model should replace the most inner iteration of the loop drawn in tigure 2.5: the 

determination of the phase accumulation (Ap(T)). 

The first assumption made is that the PVT parameters Ba ,Bg (the oil and gas formation 

volume factors), Rs and rs (the gas-oil and oil-gas ratios) are supplied at a range of 

reservoir temperatures instead of the single temperature at which they are determined at 

the moment. 

Secondly, the H20 component will be treated exactly like the heavy component, with the 

difference of course that the heavy component can exist both in the oil and gas phase, and 

the H20 component both in the water and gas phase. A consequence is the introduetion of 

two new PVT parameters, which have to be determined by experiment: the water formation 

volume factor Bw and the condensate water-gas ratio rw defined as: 

- Bw Water formation volume factor: Volume of the water phase at the reservoir per 

volume-unit of stock-tank water. 

- rw Condensate water-gas ratio: Volume of water (at stock-tank conditions) that will 

dissolve in one volume unit of gas (at stock-tank conditions), when bothare 

taken down to the reservoir. 

Besides these two parameters, a third parameter is needed in order to perferm calculations: 

the density of water at stock-tank conditions, p~, is a parameter which is not used in this 

part of MoReS as yet. 

In this extended standard model, three components and three phases are used. As aresult 

of allowing the H20 component to exist in the gas phase, table 2.1 changes into table 3.1. 

This table, which displays which components are allowed in which phases, will also be valid 

tor alternative two and alternative three. 

Oil Gas Water 

Heavy X X 

Ug~ X X 

H20 X X 
Table 3.1 :(Pseudo) components allowed in phases at the reservoir. This tableis valid in 

the thermal case. The H20 component is allowed to exist in the gas phase now. 
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3.4 Alternative 2 : Standard model + H20 k-values 

Just as the previous alternative, this alternative should replace the most inner iteration of 

the loop drawn in tigure 2.5: the determination of the phase accumulation (Ap(T}}. 

To avoid the introduetion of new parameters, as introduced in alternative 1, it is tried to 

determine the distribution of the H20 component over the water and gas phase using an 

already known parameter : the k-values for the H20 component. The distribution of the 

heavy component and light component over the oil phase and gas phase, is calculated in 

the same way as is done in alternative 1: using PVT parameters. Since the calculation of 

the distribution of the hydrocarbons over the phases using PVT parameters, neither 

depends on the amount of available H20, nor on in which phase thP H20 component is, 

the determination of the distribution of the (pseudo) components over the available phases 

is performed in two steps. These two steps are schematically drawn in tigure 3.2. 

~ 1 (PVT parameters) 

Figure 3.2 : The determination of distribution of the components over the phases, is 
performed in two steps. 

At the first step, the distribution of the heavy and light component over the oil and gas 

phase is determined in the same way as in the standard model (see chapter 2). This is 

determined with the aid of the PVT parameters, the (pseudo) component accumulation, the 

prevailing pressure and the prevailing temperature. At the next step, the distribution of the 

H20 component over the gas and water is calculated using the k-values for the H20 

component (kH.g and kH.w). 
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From the definition of the k-values (2.15) and the known k-values for the H20 component, 

the mass fraction of the H20 component in the gas phase can be calculated: 

kH,g XH,g 
--=-- (3.1) 

As in alternative 1, the assumption is made that the PVT parameters Bo, Bg (the oil and 

gas formation volume factors), R, and r, (the gas-oil and oil-gas ratios) are supplied at a 

range of reservoir temperatures instead of the single temperature at which they are 

supplied at the moment. 
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3.5 Alternative 3 : Analytica! k-value computation 

As all alternatives formulated here, this alternative should replace the most inner iteration of 

the loop drawn in figure 2.5: the determination of the phase accumulation (Ap(T)). 

A common simuiatien scheme are the schemes in which the possible phases are limited to 

the oil phase, gas phase and water phase, and the used components are limited to the 

components heavy, light and H20. Compared to TherMoReS, this is a limitation, because 

TherMoReS allows any number of components in any number of phases. 

lf it is known which of the possible phases oil, gas and water are present in a grid block, the 

distribution of the components over the phases, and thus the phase accumulations, can be 

calculated by a direct calculation which uses solely k-values. An advantage of this 

alternative above the original calculation is the direct calculation method instead of a NR 

calculation. 

In this third alternative, the possibility will be investigated whether it is possible to determine 

in a fast way, which phases are present. The next step is the calculation of the phase 

accumulations, based on the k-values. 

As we shall see, a disadvantage of this approach is that the tormula's for the phase mass 

accumulations are lengthy and complicated. As a consequence, the derivatives of the 

phase mass accumulations to the primary variables (which we need for the other NR 

procedures) will even be more lengthy and complicated. 
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4 Algorithms 

In this chapter, the algorithms which are used to describe the alternatives 1, 2 and 3 as 

mentioned in the previous chapter, are formulated. 

4.1 Alternative 1 : extended standard model 

Stock-tanks 

/ I ~ 
heavy light 

Figure 4. 1 : Graphical presentation of the definition of the new and old reservoir 
parameters. For conversion trom field to SJ units, see appendix A. 

With the introduetion of the two new PVT reservoir parameters, a total of six describes the 

density of the three possible phases and the distribution of the three components over the 

three phases (Bo, Bg, BW, R,, r, and rw). 

Justas in the standard model as mentioned in §2.3, from the definition of these reservoir 

parameters it follows that when Bo unit volume of saturated oil are brought to the surface, it 

yields 1 unit volume heavy of mass p~1 tagether with R, unit volume light of mass p~1 
• R, , 

resulting in a total oil mass of p~1 + p~1 
• R, . 

For the mass fractions in the gas phase: When Bg unit volume of saturated gas are brought 

to the surface, it yields r, unit volume of heavy of mass p~1 
• r, , 1 unit volume light of 

mass p~1 , and rw unit volume of H20 of mass p~ · rw. Adding these masses, results in a total 

gas mass of pst . r +pst +pst . r 
o s g w w· 

Since in the water phase only the H20 component is allowed, bringing Bw unit volume of 

water to the surface, will yield 1 unit volume of H20 of mass p~. 
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For the relation between the mass fractions and the reservoir parameters it fellows that 

st p't ·R 
- Po - g s -0 

Xh .o -pst + pst. R •Xi.o - pst + pst . R •XH.o -
0 g s 0 g s 

(4.1a) 

Pu · r . p: x- os x- c 

h.g - Pst . r + p't + Pst . r • I,g - p't . r + p't + p't . r ' 
OS g WW OS g WW 

(4.1b) 
p't . r x - w w 

H,g - p't . r +pst + p't . r 
0 s g w w 

Xh,w = 0, x,,W = 0, XH.w = 1 (4.1c) 

From these mass fractions, the phase accumulations can be calculated. 

In the isothermal MoReS, since the H20 component didn't have any impact on the 

hydracarbon components, three possible phase distributions could exists: oil, oil+gas and 

gas. Now, seven (23-1) cases should be distinguished: only the oil phase present, oil+gas, 

oil+water, oil+gas+water, only gas, gas+water and only water (table 4.1 ). 

Phase combination 

1 OGW 

2 OG 

3 OW 

4 GW 

5 0 

6 G 

7 w 
Tab/e 4. 1 : Seven different phase combinations are possible. 

Equations (4.1) tagether with 

Ah = Xh ,o · A o + Xh,g ·A g 

A, = X1.o · A o + X1.g ·Ag 

AH = XH,g ' A g + A w 

(4.2a) 

(4.2b) 

(4.2c) 

farm a set of three equations with three unknowns: the phase accumulations A0 , Ag and 

AH. The solving of these equations results in 

X ·A -x ·A A = l,o h h,o I 
g 

XI ,o ' Xh ,g - Xh ,o · XI.g 

A =A, -x,,g ·A g 
0 

(4.3) 
XI,o 

A w =AH -xH.g ·Ag 
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Besides the valid salution at which all phase accumulations are zero or positive, this 

salution can principally result in 7 different cases: 

Case 1 : A < 0, A" :2: 0 and Aw :2: 0 
0 "' 

The gas is undersaturated concerning the heavy component, and saturated concerning the 

H20 component. Since rs is only valid in case both phases gas and oil are present, which is 

not true here, the amount of heavy in the gas phase is unknown. Known is the light mass 

accumulation in the gas phase in proportion the H20 mass accumulation in the gas phase: 

p~t + rwp~. A set of five equations with five unknowns (phase accumulations Ag and Aw, 

mass fractions in the gas phase X1.g, Xh,g and XH.g) forma selvabie set: 
AH = XH.g ·Ag + Aw 

Ah= Xh.g ·Ag 

Al =X1.g ·Ag 
XH,g + Xh,g + Xl,g = 1 

X Pst r 
~= w· w 

Xl.g p~t 

Solving this set, results in 

and 

Pst ·A 
g I 

X1.g = pst . (A +A ) +pst . r . A 
g h I w w I 

Pst ·r . A 
X = w w I 

H,g pst . (A +A ) +pst ' r 'A 
g h I w w I 

Xh,g = pst . (A +A ) + p't . r . A 
g h I w w I 

Pst ·A 
g h 

Pst ·(A +A )+pst ·r ·A A=g h I WW l 

g p~t 

Case 2 : A
0 

:2: 0, Ag < 0 and Aw :2: 0 

(4.4) 

(4.5) 

(4.6) 

The distribution of the components over the phases is evident: all hydrocarbons are 

collected in the oil phase, all H20 in the water phase: 
Ao =Ah +Al 

(4.7) 
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Case 3: Ao ~ 0, Ag~ 0 and Aw < 0 

All H20 is collected in the gas phase. The mass fractions of the heavy and light component 

in the oil phase,xh.o and x,,o, (4.1-a) remain valid. A set of five equations with five 

unknowns can be solved to determine the gas and oil phase accumulations and the mass 

fractions in the gas phase: 

AH= XH,g. Ag 

Ah = Xh.o · Ao + Xh,g ·Ag 

A,= X1.o · Ao +x,,g ·Ag 

X +x +x = 1 H,g h,g l,g 

Solving this set, results in 

Pst. +pst 
0 rs (l ___ · ----~-

st 
A A pg (A XI,o A ) g = H + st . I --. h 

1- Po ·r,. XI,o Xh.o 
P~t Xh,o 

in which the component mass fractions in the oil phase are defined by (4.1 a). 

Case 4 : A
0 
~ 0, Ag < 0 and Aw < 0 

As a result of the way the water phase mass accumulation is calculated, 

(4.8) 

(4.9a) 

(4.9b,c,d) 

(4.9e) 

Aw =AH- XH,g ·Ag (4.2c) 

and the positiveness of the mass fractions, the phase accumulation Aw can only get 

negative with a positive gas accumulation Ag. This situation can not occur. 

Case 5 : A < 0, A a ~ 0 and A < 0 
0 0 w 

All hydrocarbons and all H20 is collected in the gas phase: 

Ag =Ah +A, +AH (4.1 0) 

- 32-



Case 6 : Ao < 0 I Ag < 0 and Aw 2::: 0 

As a result of the definitions of oil and gas phase accumulations, the oil phase 

accumulation can't be negative if the gas phase accumulation is negative and vice versa. 

This salution will therefor not occur. 

Case 7 : Ao < 0 I Ag < 0 and A.v < 0 

The same arguments as tor case 4 and 6, hold here: this situation can not occur. 

- 33-



4.2 Alternative 2 : standard model + water k-values 

The distribution of the hydracarbon components over the oil and gas phase is determined 

first. This is done in the same way as in the standard model: by using the PVT parameters 

as defined in §2.2: R, and r,. 

To determine the distribution of the H20 component over the gas and water phase, the 

definition of the k-values for the H20 component is used: 

kH,g = XH.g ( 4.11) 

In (4.11) are kH.w and XH.w assumed to be one (the tact that H20 is the only component 

allowed in the water phase, results in XH.w = 1). We now know the mass fraction of the H20 

component in the gas phase XH.g: 

x =k H,g H,g 

The mass accumulation of the H20 component in the gas phase AH.g equals 

AH,g = XH.g . Ag 

(4.12) 

(4.13) 

where Ag equals the total gas mass accumulation: the hydracarbon gas as calculated 

before, plus the mass accumulation of the H20-component in the gas phase. Rewriting this 

gives 

A = XH,g ·A 
H,g 1_ x HC,g 

H,g 

(4.14) 

in which AHc.g the mass accumulation of the hydrocarbons in the gas phase is, as 

previously calculated (as in §2.4). 

These calculations result in: 

1 
A =AH + AHC = . AHC,g 

g ,g ,g 1- k 
H,g 

(4.15) 

in which AHc.o the mass accumulation of the hydrocarbons in the oil phase is, as previously 

calculated (as in §2.4). 

The mass of the H20 component in the gas phase can not exceed the total H20 mass, and 

is limited to this amount. The ramaining H20 which is not present in the gas phase, wil I be 

located in the water phase. 
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4.3 Alternative 3 : analytica! k-value computation 

4.3.1 Determination of the phases present 

The first question to be answered, is which phases are present. Which phases are present 

depends, at a certain pressure and temperature, on the relative (mass) amounts of the 

three (pseudo) components present. Drawn in a diagram, with the light mass fraction of the 

total mass on the horizontal axis, and the heavy mass fraction of the total mass on the 

vertical axis, different areas reprasenting different phase combinations will be visible. 

lf all three components are allowed in all three phases, a diagram like the diagram in tigure 

4.3, can be made [ard97]. 

0 

OGW 

w GW 

XI 

O:Oil 
G: Gas 
W: Water 

Figure 4.3: Triangu/ar diagram in case three components (heavy, light, H20) are allowed to 
exists in three phases (oil (0), gas (G), water (W)). K-values are used to describe the 

dis tribution of the components over the phases. 

Nine points define the diagram. These nine points are defined by the nine k-values of the 

three components in the three different phases. Because the k-values are independent of 

the components present, the lines connecting these nine points are straight lines. 

As a result of not allowing certain components in certain phases (see table 3.1 ), the 

diagram of tigure 4.3 changes to a diagram like the diagram drawn in tigure 4.4. 
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W. 
g,t 

OGW 

XI 

e 

0: Oil 
G: Gas 
W: Water 

G 

Figure 4.4 : Triangular diagram in case the constraints of tab/e 3. 1 are applied. The smal/ 
italic letters refer to transitions of table 4.2. 

The diagram is still defined by nine points, but three of them coincide with each other at the 

origin, and one is at the point with (Xh=1 .x1=0) as its coordinates. These points are again 

defined by the nine k-values. 

The transitions between the different phase combinations of tigure 4.4 are determined in 

appendix 0.1. Since the formulations of the transitions are now known as tunetion of the 

relative (mass) amounts of the components, the determination of which phases are present 

can be performed. 

Transition 
a OGW <--> OG 

b OGW <-->OW 

c OGW <--> GW 

d OG <--> 0 

e OG <--> G 

f OW<--> 0 
g OW<--> W 

h GW <--> G 

i GW <--> W 
Table 4.2: Nine different phase transitions, occurring when the relative component mass 

accumulations changes, are regarded. 
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The relative component mass accumulations (Xh, X1 and XH) can be calculated trom the 

component mass accumulations. By using the equations (appendix 0.1) tor the transitions 

of table 4.2, it can be determined if a set of xh and X1 is above, under, left or right of a 

transition line. Which phases are present based on these determinations, is listed in 

table 4.3. lf the set is on a line, it is regarded to be on that side of the line that contains the 

highest number of phases. 

Phase combination 

OGW b right a left c above 

OG a right dunder e above 

OW b left f under 9 above 

GW c under i right h left 

0 f above d above 

G h right e under 

W 9 under i left 
Table 4.3: lmplementation of the determination of phases present. The bold letters re ter to 
a transition mentioned in tab/e 4.2. For examp/e: The oil, gas and water phase are present, 

in case the combination of relative component masses is at the right side of fine b, /eft of 
fine a and above fine c in the diagram of tigure 4.4. 

4.3.2 Calculation of component mass fractions 

lf it is known which phases are present, and the k-values tor these cases are known, the 

distribution of the components over the present phases and the mass accumulations of 

these phases, can be calculated. This calculation depends on which phases are present, 

and is different for every possible phase combination. 

Oi/, gas and water phase present 

Since all phases are present, the next equations can be used : 

kh.g = Xh,g 

kh,o Xh,o 

kl,o = X1,o 

ktg X1.g 

kH,g = XH.g 

kH w XH,w 

As mentioned in §2.6, kh,o, k 1,g and kH,w are all set to one. 

(4.16) 

The tact that H20 is the only allowed component in the water phase, results in XH.w = 1. 
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Of (4.16) remains 

k = Xh.g 
h,g 

Xh,o 

k = X1.o 
l,o 

XLg 

kH,g = XH,g 

Tagether with 

and 

Xh.o + XJ,o = 1 

xhg +x~,g +xH.g = 1 

Xh.o · Ao + Xh,g ·Ag = Ah 

XLo · Ao + XLg ·Ag =Al 

XHn ·An +AW =AH 
'0 0 

(4.17) 

(2.3) 

(4.2) 

eight independent equations exists, with which the five unknown mass fractions and three 

unknown phase mass accumulations can be calculated. 

Solving this set results in 

and 

X =k H,g H,g 

X =k ·x h,g h,g h,o 

X =1-k -x l,g H,g h,g 

1 
A =(A -x ·A )·-

a I i,g g X 
l.o 

(4.18) 

(4.19) 
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Oil and gas phase present 

Since the water phase is not present, a component mass fraction in the water phase has no 

meaning. Of the relations between k-values and component mass fractions remains: 
kh.g _ Xh.g 

kh,o Xh,o 

klo X1.o 

k~,g X1.g 

Again, kh.o and k1.g are set to one, which results in 

k = Xh,g 
h,g 

Xh.o 

k = X1.o l,o 
X~,g 

T ogether with 

and 

xh o +x~ o = 1 

Xh.g + Xi.g + XH,g = 1 

Xh.o ·Ao +Xh,g ·Ag= Ah 

X1.o ·Ao +X1.g ·Ag= Al 

XH,g ·Ag= AH 

(4.20) 

(4.21) 

(2.3) 

(4.22) 

a set of seven equations remain. With this set of equations, the seven unknowns (the mass 

fractions of the componentsin the phases and the oil and gas phase accumulations) can be 

calculated. Solving these equations results in equations tor the phase accumulations: 

A =AH +Al +kl.o ·(kh.g ·(AH +Ah)-Ah -A1 -2·AH) + 

g 2 '(1- kl.o - kh.g + kl.o 'kh.g) 

(kl.o ·(A 1 +Ah +2AH- kh.g ·(AH +Ah))-AH -A1)
2 +4·(kl.o -})· kl.o '(kh.g -})·AH· (AH+ Ah+ A 1) 

2 · (1- kl.o- kh.g + kl.o · kh.g) 

and 

1 
A=-· 

o kl,o 

1-k ·k h,g 1.o . A -A 
A I g 

1 - k - _____!!_ h,g A 
g 

(4.23b) 
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Oil and water phase present 

Since the heavy and the light component are both not allowed in the water phase, and the 

third component H20 is not allowed in the oil phase, the relation between the component 

mass accumulations and phase accumulations is simply: 

Ao =Ah +Al 

A =A w H 

(4.24) 

Gas and water phase present 

The heavy and the light components will both be collected in the gas phase since they are 

not allowed in the water phase. The distribution of the H20 component over the gas phase 

and water phase, can be calculated with the use of: 

kH.g ;", XH.g 

k H.w 
(4.25) 

in which kH.w is set to one, and XH.w is one since H20 is the only allowed component in the 

water phase. Rewriting (4.25) results in 

k =x H,g H,g (4.26) 

Combining (4.26) with 

x = AH,g 
H,g Ah +Al + AH,g 

(4.27) 

results in 

k 
A = H,g . (A +A ) 

H,g 1- k h I 
H,g 

(4.28) 

in which AH.g the mass accumulation of the H20 component in the gas phase is. The phase 

mass accumulations can now be calculated by 

1 
Ao =Ah+ Al+ AH g = ·(Ah+ Al) 

0 
, 1-k 

H,g 
(4.29) 

Only the ai/ phase present 

No parameters are needed to calculate the component mass fractions. The oil phase mass 

is equal to the total mass: 

(4.30) 
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Only the gas phase present 

The gas phase mass is equal to the total mass: 

Ag= lAc (4.31) 

Only the water phase present 

Since only the H20 component is allowed in the water phase, the total water phase mass is 

equal to the H20 component mass: 

A =A w H (4.32) 
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5 Comparison 

This chapter deals with the question to what extent the three proposed alternatives meet 

the objectives set in §3.1 concerning the determination of the phase accumulations and the 

speed of the software-implementation. 

The phase accumulations calculated by the three alternatives, will be compared to the 

calculation results of the original TherMoReS. In order to be able to compare the different 

calculations results from the different alternatives, in the first paragraph of this chapter, the 

input parameters for the different alternatives are set in such a way that these parameters 

reprasent as much as possible the same situations. 

In the next paragraph will be determined for each alternative, which "Ombination of phases 

will occur at each combination of component mass fractions (as fraction of the total 

component mass). This will be determined at the range of situations defined in the first 

paragraph. In the same paragraph, the results will be compared with each other. The phase 

accumulations calculated by the three alternatives, at the same range of situations, will be 

compared with each other in §5.3. In the final paragraph of this chapter, §5.4, the CPU 

performance of the four different methods are compared with each other. 

5.1 Camparing phase accumulation: synchronising situations 

To be able to compare different models, the parameters on which their calculations are 

based, should be comparable. The calculations of the original TherMoReS and the 

calculations of the third alternative, are based entirely on k-values, the first alternative 

entirely on PVT parameters (r,,R,,rw,p~t ,p~t ,p~). and the second alternative on a 

combination of k-values and PVT parameters (r,, R,, p~t, p~t, kH,g, kH,w ). 

lt is chosen to calculate the set of PVT parameters out of a given set of k-values (see table 

5.1 and table 5.2). This conversion is performed as explained in appendix B. 

For the original TherMoReS and for the three alternatives, the phase accumulations will be 

determined for eight different cases as listed in table 5.1. 
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kh,g kt,o kH,g 

1 0.1 0.1 0.1 

2 0.1 0.1 0.5 

3 0.1 0.5 0.1 

4 0.1 0.5 0.5 

5 0.5 0.1 0.1 

6 0.5 0.1 0.5 

7 0.5 0.5 0.1 

8 0.5 0.5 0.5 

Table 5.1 : 8 different situations wil/ be regarded and compared with each other. 

A high (0.5) value of kh,g means a volatile oil, a low value (0.1) an almost black oil. A low 

(0.1) kH,g means a situation far from the water boiling-point, a high value (0.5) means a 

situation close the water boiling-point. Further are situations regarded with a high k1 0 (0.5) 
I 

and situations with a low kl,o (0.1 ). 

The values of the k-values not mentioned in table 5.1 are listed in table 5.2, and have the 

same values in all eight cases as mentioned in table 5.1. 

value 

kh 0 1 
' 

kh,w 0 

kt,g 1 

ktw 0 
' 

kH o 0 
' 

kHw 1 
' 

Tab/e 5.2 : Values of the k-values which are the same tor all eight cases to be regarded. 

As mentioned before, the (extended) PVT parameters are calculated with the use of 

appendix B for the 8 situations mentioned in table 5.1 . The results of these calculations are 

in table 5.3. In these calculations the densities of the phases at stock tank conditions of 

table 5.4 are used. 
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104 r5 Rs 104 rw 

1 1.25 80.0 1.00 

2 1.25 80.0 5.00 

3 0.695 720 1.00 

4 0.695 720 5.00 

5 11.3 45.0 1.00 

6 11.3 45.0 5.00 

7 6.25 400 1.00 

8 6.25 400 5.00 

Table 5.3: PVT parameters ca/culated as in appendix 8.1 tromthek-values in tab/e 5. 1. 

The va/ues mentioned are in SI units (dimensionless) 

Phase symbol Density at stock-tank 

conditions (kgfm3) 

oil p~ 800 

gas p~t 1.00 

wa~r P: 1000 
Table 5.4 : Densities of the different phases at stock tank conditions used to campare the 

different alternatives. 

5.2 Cernparing phase accumulation: phase transitions 

The proposed alternatives determine a (pseudo) component distribution over the available 

phases. To know whether this distribution is correct, a comparison to the distributions in a 

real reservoir should be made. Since the comparison with a real reservoir is not easy to 

perform, a first approach is to compare the results with the current thermal reservoir 

si mulation program. The determination of which phases are present at a certain component 

combination, is a first approach to compare the different phase behaviour models of the 

original TherMoReS, and the three proposed alternatives. 

Which phases are present at a certain pressure and temperature, are purely determined in 

all three methods by the mass accumulations of the pseudo components relative to each 

other. In this paragraph, tor all tour methods, the transitions between the presence of 

different phases is determined using the relative mass accumulations of the three (pseudo) 

components. Since the third alternative and the original TherMoReS use the same exactly 

parameters to determine the distribution of the components over the available phases, 
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these two methods will give the same results. Therefor only the results of three methods 

have to be compared with each ether: alternative 1 , alternative 2 and alternative3/ 

TherMoReS. 

Allowing three different phases in the reservoir, 7 different phase combinations are possible 

(table 4.1 ). Allowing only one phase to disappear or appear the moment the relative mass 

accumulations of the three (pseudo) components changes, nine different phase transitions 

can be regarded as listed in table 5.5. 

Transition 
a OGW <--> OG 
b OGW <-->OW 
c OGW <--> GW 
d OG <--> 0 
e OG <--> G 
f OW<--> 0 
g OW<--> W 
h GW <--> G 
i GW <--> W 

Table 5.5: Nine different phase transitions, occurring when the relative component mass 
accumulations changes, are regarded. 

Since which phases are present depend solely on the relative component mass 

accumulations, the transitions between different phases present depend solely on the 

relative component mass accumulations too. 

Because maximum three components are present and the transitions depend on the 

relative component mass accumulations, the transitions can, and will be, drawn in a two 

dimensional diagram: a triangular diagram. In this triangular diagram it is chosen to set the 

mass fraction of the light component (as fraction of the total grid bleek mass 

accumulation), X1 ,on the horizontal-axis, the mass fraction of the heavy component, xh , on 

the vertical-axis. The mass fraction of third component H20 (XH) can be visualised by an 

axis formed by the line 

(5.1) 

In tigure 5.1, tigure 5.2 and tigure 5.3, the phase transitions for case 1 of table 5.1 are 

drawn. In this case, low k-values are used tor all three components, which means that the 

components are not very eager to leave their 'home-phase'. There is not much heavy 
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needed in order to form an oil phase, not much light is needed to form a gas phase. This 

results in a large area in which oil three phases oil, gas and water will exist: the 'OGW' area. 

For the heavy component oil is the home phase, for the light component the gas phase and 

for the H20 component the water phase. 

In this case, case 1, all three alternatives predict the same phase combinations at al most 

the same relative component mass fractions. 
UXJt--~--------------------------, 

0.90 

0.80 

0.70 

0.60 

Xh 0.50 

0.40 

OGW 
0.30 

0.20 

0.10 

0.00 L.-=:;:::::::::::!!Il!El~:i~ll 
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 x, 

O:Oil 
G: Gas 
W: Water 

0.80 0.90 1.00 

Figure 5. 1 : Predicted phases present as tunetion of the relative component ma ss fractions 
tor case 1. Predicted by TherMoReS and alternative 3 (only k-va/ues) 
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Figure 5.2 : Predicted phases present as tunetion of the relative component ma ss fractions 
tor case 1. Predicted by alternative 1 (only PVT parameters). 
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Figure 5.3: Predicted phases present as tunetion of the relative component mass fractions 
tor case 1. Predicted by alternative 2 ( combination of PVT parameters and k-values) 
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In case kl ,o is chosen higher, as is done in case 3 (kl,o=0.5, kh ,g=0.1, kH,g=0.1 ), the light 

component will be more willing to exist in the oil phase, and more light is needed betore a 

gas will torm . This will result in a change in the transition line between the 'OW' area and 

the 'OGW' area in the high-x, direction. 

In case kh,g is chosen higher, as is done in case 5 (kl,o=0.1, kh,g=0.5, kH,g=0.1 ), the 

heavy component will be more willing to exist in the gas phase, and more heavy is needed 

betore an oil will torm. This will result in a change in the transition line between the 'GW' 

area and the 'OGW' area in the high-xh direction. 

In case 7, both kh,g and kl,o are chosen higher(kl,o=0.5, kh,g=0.5, kH,g=0.1 ). In tigure 5.4, 

tigure 5.5 and in tigure 5.6 the phase transitions are schematically drawn as resp. the 

alternatives 3, 1 and 2 calculate them. 
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Figure 5.4 : Predicted phases present as tunetion of the relative component mass fractions 
for case 7. Predicted by TherMoReS and alternative 3 (only k-values) 
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Figure 5.5 : Predicted phases present as tunetion of the relative component mass fractions 
tor case 7. Predicted by alternative 1 (only PVT parameters) 
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Figure 5.6 : Predicted phases present as tunetion of the relative component mass fractions 
tor case 7. Predicted by alternative 2 ( combination of PVT parameters and k-values) 
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In case 7, the predicted phase combinations for all three alternatives are at almest the 

same relative component mass fractions. Besides the occurrence of a slight change in the 

transition between the 'OG' and 'G' area, both alternative one (figure 5.5) and two (figure 

5.6), predict the 'OGW' area a little to close to the light mass fraction axis. 

With the introduetion of a high k-value for the H20 component in the gas phase, kH,g· the 

H20 component is much more eager to appear in the gas phase than before. As long as 

the k-value of the heavy component in the gas phase, kh,g• and the k-value of the light 

component in the oil phase, kl,o• stay low (case 2: k1,o=0.1, kh,g=0.1, kH,g=0.5), alternative 

two prediets a triangular diagram (figure 5.9) close to the one predicted by alternative three 

and TherMoReS (figure 5.7). Alternative 2 prediets a larger 'OW' area, and a smaller 'GW' 

area than alternative 3 does. An ether small difference between alternative 2 and 3, is the 

shape of the 'G' area. 

Alternative one prediets the areas not at the right place in the diagram (figure 5.8). 
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Figure 5. 7: Predieled phases present as tunetion of the relative component mass fractions 
tor case 2. Predicted by TherMoReS and alternative 3 (only k-values) 
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Figure 5.8 : Predicted phases present as tunetion of the relative component ma ss fractions 
for case 2. Predicted by alternative 1 (only PVT parameters) 
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Figure 5.9: Predicted phases present as tunetion of the relative component mass fractions 
for case 2. Predicted by alternative 2 ( combination of PVT parameters and k-values) 
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With a high k-value tor the H20 component in the gas phase, and the introduetion of a high 

k-value tor the heavy component in the gas phase, kh,g• or a high k-value tor the light 

component in the oil phase, k1 0 , alternative one and two fail in predicting which phases are 
' 

present as can beseen in figures 5.10, 5.11 and 5.12 (case6: k1,o=0.1, kh,g=0.5, 

kH,g=0.5). 
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Figure 5. 10 : Predieled phases present as tunetion of the relative component ma ss traelions 
tor case 6 (kl,o=0.1, kh,g=0.5, kH,g=0.5). Predieled by TherMoReS and alternative 3 (only 

k-values) 
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Figure 5. 11 : Predicted phases present as tunetion of the relative component mass fractions 
tor case 6 (kl,o=0.1, kh,g=0.5, kH,g=0.5). Predicted by alternative 1 (only PVT parameters) 
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Figure 5. 12 : Predicted phases present as tunetion of the relative component mass fractions 
tor case 6 (kl,o=0.1, kh,g=0.5, kH,g=0.5). Predicted by alternative 2 ( combination of PVT 

parameters and k-values) 
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Both alternative one and three determine the right phases present, as long as the k-value of 

the H20 component in the gas phase stays low. 

Alternative three determines by definition the same phases present as TherMoReS. 
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5.3 Comparing phase accumulation: calculation results 

lt is clear now, in which cases the alternatives correctly determine which of the phases are 

present. The question to be answered in this paragraph, is whether the alternatives 

calculate the phase mass accumulations correctly. 

In tigure 5.13, 5.14 and 5.15 the gas phase mass fractions (as fraction of the total grid block 

mass) are drawn calculated resp. by alternative3!TherMoReS, alternative 1 and alternative 

2. In all three figures the gas phase mass fractions are drawn tor case 7 (see table 5.1: 

k1 0 =0.5, kh g=0.5, kH g=0.1 ). 
' ' ' 

In all three figures on the left, a grey triangle is visible in which the gas phase mass fraction 

is zero. This is the same area as predicted in figures 5.4, 5.5 and 5.6 as the 'OW' area. The 

'OW' area should contain only oil and water. 

The same conclusions can be made as made in the previous paragraph about this case 7. 

A slight change occurs in the transition between the 'OG' and 'G' area. Both alternative one 

(figure 5.14) and two (figure 5.15), predict the 'OW' area a little too far from the heavy mass 

fraction axis. Alternative one and two approach the gas phase mass fraction well. 

XI 

Gas massfrac [KG/KG) 

run 7 (alt3) 

Figure 5.13: Calculated gas phase mass fractions (as fraction of the total grid block mass) 
by TherMoReS for case 7 (kl,o=0.5, kh,g=0.5, kH,g=0.1). On the horizontal axis is the light 

component mass fraction, on the vertical axis the heavy component mass fraction. 
The different shades of grey represent different gas phase mass fractions, all with a range 
of 10% (the lightest coloured grey area represents the area with a gas ph a se ma ss fraction 
between 0% and 5%, the second between 5% and 15%, the third between 15% and 25% 

etc.). 

-55-



Gas massfrac2 [KG/KG] 

run 7 (PVT) 

0.0 1.0 

XI 

Figure 5. 14 : Ca/cu/ated gas phase mass tractions by alternative 1 tor case 7 (kJ 0 =0.5, 
' kh,g=0.5, kH,g=O. 1 ). On the horizontal axis is the light component mass traction, on the 

vertical axis the heavy component mass traction. For turther explanation, see tigure 5. 13. 

Gas massfrac2 [KG/KG] 

XI 

Figure 5. 15 : Calculated gas phase mass tractions by alternative 2 tor case 7 (kJ 0 =0.5, 
' kh,g=0.5, kH,g=O. 1 ). On the horizontal axis is the light component mass traction, on the 

vertica/ axis the heavy component mass traction. For turfher explanation, see tigure 5.13. 
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The oil phase mass fractions for the samecase 7, are displayed in figures 5.16-5.18. The 

oil phase mass fractions are as well approached as the gas phase mass fractions in figures 

5.13-5.15, although alternative two (figure 5.18) perfarms slightly better than alternative one 

(figure 5.17) in this case. Since the sum of the phase mass fractions equals one, the water 

phase mass fractions for this case, is obvious. 

Oil ma .. frac [KG/KG] 

run 7 (alt3) 

0.0 

0.0 

XI 

Figure 5.16: Ca/culated oi/ phase mass fractions by TherMoReS for case 7 (kJ,o=0.5, 
kh,g=0.5, kH,g=O. 1 ). On the horizontal axis is the light component mass fraction, on the 

vertical axis the heavy component mass fraction. For further explanation, see tigure 5.13. 
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XI 

Oil massfrac2 [KG/KG] 

run 7 (PVT) 

0.0 1.0 

Figure 5. 17: Calculated oil phase mass tractions by alternative 1 tor case 7 (kt 0 =0.5, 
kh,g=0.5, kH,g=O. 1 ). On the horizontal axis is the light component mass tractio~, on the 

vertical axis the heavy component mass traction. For turther explanation, see tigure 5. 13. 

Oil massfrac2 [KG/KG] 

1.0 

XI 

Figure 5.18: Ca/culated oil phase mass tractions by alternative 2 tor case 7 (kt 0 =0.5, , 
kh,g=0.5, kH,g=O. 1 ). On the horizontal axis is the light component mass traction, on the 

vertical axis the heavy component mass traction. For turther explanation, see tigure 5. 13. 
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Phase mass fractions foranother case are displayed in figures 5.19-5.24. These figures 

display the gas phase mass fractions and the oil phase mass fractions for case 3 (kl 0 =0.5, 
' 

kh,g=0.1, kH,g=0.1 ). 

The figures in this paragraph present the relative phase accumulations. These figures 

confirm the figures of the previous paragraph (phase combination transition figures): 

Cases with a low k-value for the H20 component in the water phase (KH,g=0.1) are well 

predicted by all alternatives. Cases with a higher k-value for the H20 component in the 

water phase, are only well predicted by alternative 3. 

Gas massfrac [KG/KG] 

XI 

Figure 5.19: Calculated gas phase mass tractions by TherMoReS tor case 3 (kl,o=0.5, 
kh,g=O. 1, kH,g=O. 1 ). On the horizontal axis is the light component mass traction, on the 

vertical axis the heavy component mass traction. For turther explanation, see tigure 5. 13. 
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XI 

Gas massfrac2 [KG/KG) 

run 3 (PVT) 

0.0 1.0 

Figure 5.20 : Ca/culated gas phase mass fractions by alternative 1 tor case 3 (kJ 0 =0.5, 
' kh,g=O. 1, kH,g=O. 1 ). On the horizontal axis is the light component mass fraction, on the 

vertica/ axis the heavy component mass traction. For turfher explanation, see tigure 5. 13. 

XI 

Gas massfrac2 [KG/KG) 

run 3 (PVT/k) 

0.0 1.0 

Figure 5.21 : Calculated gas phase mass tractions by alternative 2 tor case 3 (kJ 0 =0.5, 
' kh,g=O. 1, kH,g=O. 1 ). On the horizontal axis is the light component mass traction, on the 

vertica/ axis the heavy component mass traction. For turther explanation, see tigure 5. 13. 
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XI 

Oil massfrac [KG/KG) 

run 3 

Figure 5.22 : Calculated oil phase mass fractions by TherMoReS for case 3 (kJ 0 =0.5, 
kh,g=O. 1, kH,g=O. 1 ). On the horizontal axis is the light component mass fractio~, on the 

vertical axis the heavy component mass fraction. For further explanation, see figure 5. 13. 

011 maasfrac2 [KG/KG] 

XI 

Figure 5.23 : Calculated oil phase mass fractions by alternative 1 for case 3 (kJ 0 =0.5, 
kh,g=O. 1, kH,g=O. 1 ). On the horizontal axis is the light component mass fractio,;, on the 

vertical axis the heavy component mass fraction. For further explanation, see figure 5. 13. 
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XI 

Oil massfrac2 [KG/KG] 

run 3 (PVT/k) 

0.0 1.0 

Figure 5.24 : Calculated oil phase mass tractions by alternative 2 tor case 3 (kt 0 =0.51 
I 

khlg=O. 1 I kHig=O. 1 ). On the horizontal axis is the light component mass tractionl on the 
vertical axis the heavy component ma ss traction. For turfher exp/anationl see tigure 5. 13. 
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5.4 CPU performance 

The main reasen tolook tor an alternative tor, or change in, TherMoReS, is its lack of 

speed. Most of the time taken by the implementations of the alternatives, is taken by 

procedures tor reading input trom and writing outputto files. In TherMoReS, the time taken 

by procedures tor reading input from and writing outputto files relative to the time taken by 

the calculating procedures, is small. Therefor only should be considered the time needed to 

perfarm a large number of calculations (of the distribution of the components over the 

phases) between the moment data is read into memory and the moment resulting data is 

written back to file. 

In order to measure user time taken to perfarm the calculations, a standard UNIX shell time 

tunetion is executed. This tunetion runs the implementation and measures the user time 

consumed by the implementation. The use of the UNIX shell time tunetion is explained in 

appendix E. Also explained in appendix E, are the methods used to optimise the 

implementations. 

The input of the three implementations are 1 00.000 grid bleeks, in which random numbers 

between 0 and 10 are taken as component accumulations. The grid block pressure is 

randomly taken between 5.0 106 Pa and 5.0 107 Pa, the grid block temperature between 

300 K and 500 K. 

Time per 100.000 

grid blocks 

TherMoReS 

200s 

vos A 

0.59s 

vosB 

0.63s 

vosC 

1.24 s 

Table 5.6: Comparison between system times needed to perform 100.000 flash 
calculations of the original program and the three new implementations vosA, vosB and 

vosC. 

The first two new implementations perfarm under the current circumstances approximately 

a factor 300 taster than the original flash-calculation of TherMoReS. The implementation of 

the third alternative perfarms approximately a factor 2 slower than the first two 

implementation, but is still a factor 150 taster than the original flash-calculation of 

TherMoReS. 

Assuming this part of TherMoReS consumes 70% of the processing time of a total 

simulation, a factor of 3 can potentially be gained no matter which alternative is used. 
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6 Conclusions and Discussion 

As expected, all three alternatives perfarm a lot taster than TherMoReS in case only the 

components heavy, light and H20, and the phase oil, gas and water are regarded. 

In case a high value for the k-value of the H20 component in the gas phase is used, which 

means that the circumstances in the reservoir are such that the water is close to its boiling 

temperature, bath alternative one and two fail in calculating the right phase mass 

accumulation. 

Although the speed of the implementation of alternative three is less than the speed of the 

implementations of the first two alternatives, it determines for all cases the same phase 

mass accumulations as TherMoReS does, and is still taster than the flash calculation in 

TherMoReS is 

All three alternatives are limited to three components and three phases. Besides this 

limitation, the heavy component and the light component are limited to the oil and gas 

phase, while the H20 component limited is to the gas and water phase. In alternative three, 

the limitations of certain components allowing in certain phases can easily be removed, 

without a significant loss of speed. 

A fourth component tagether with a fourth phase can also be added to alternative three. 

Alternative one and two perfarm almast equally, and are good alternatives forTherMoReS 

in case only the components heavy, light and H20 and the phases oil, gas and water are 

used, and the circumstances are such that the water phase is far from its boiling-point. This 

is a major disadvantage of these two alternatives, since the injection of steam and hot water 

in reservoirs, is one of the main reasans tor the introduetion of thermal reservoir simulators. 

An advantage of alternative one above the second alternative is its more clear/intuitive set 

of input parameters (PVT parameters), while alternative two determines the phase 

accumulations slightly more accurate. 

Alternative three, is slower than the other two, but still is much taster than the current flash 

calculation in TherMoReS. Alternative three doesn't have an intuitive set of input 

parameters (it uses k-values as its input parameters), but can be used under all 

circumstances, as long as only the components heavy, light and H20 and the phases oil, 

gas and water are used, as is done in most of the current reservoir simuiatien studies. 

By introducing a routine which converts PVT parameters into k-values, this third alternative 

will be able to handle an intuitive set of input parameters (PVT parameters) as well. 

Alternative three is a good alternative for the most inner loop of the flash calculation 

performed in the current TherMoReS version, since in most of the reservoir simuiatien 

studies, notmore components and phases have to be regarded than can be regarded with 

the third alternative. 
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Appendix A Conversion field-units into SI-units 

1 stb Stock-tank barrel 0.158 m3 at stock-tank conditions* 

1 rb ReseNoir barrel 0.158 m3 at reservoir conditions** 

1 set Standard cubic toot 0.02832 m3 

1 Mscf Thousand standard cubic toot 28.32 m3 

1 sqt Square toot 0.0929 m2 

1 psi pound-torce per square inch 6895 Pa 

Parameters in field-units Parameters in SI-units 

[p~t] kg/stb kg/m3 

[p~t] kg/Mscf kg/m3 

[p~] kg/stb kg/m3 

[Bo) rb/stb 1 

[Bg] Msct/Mscf 1 

(Bw) rb/stb 1 

[RJ Mscf/stb 1 

[rJ stb/Mscf 1 

[rw) stb/Mscf 1 

• Typical stock tank conditions : T =15°C, p=1.0·1 o5 Pa. [ped89] 
** The reservoir conditions is different at each reservoir: Typical temperature betweenT =15°C and T =150oC; 

typical pressure between p=10·105 Pa and p=200·105 Pa. 
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Appendix 8 Harmonising parameters 
To be able to campare different models, the parameters on which their calculations are 

based, should be comparable. The calculations of the base model, as currently used in 

TherMoReS, are based entirely on k-values. At the first alternative, the calculations are 

entirely basedon PVT parameters (r,,R,,rw,p~t ,p~\p~}. at the secend alternative on a 

combination of k-values and PVT parameters (r,, R,, p~t, p~t, kH.g, kH.w ), at the third 

alternative again solely on k-values. 

Since k-values can easily be calculated from the original PVT parameters (r,,R,,p~t ,p~t), 

and it is not obvious to calculate k-values out of the newly defined PVT parameter rw, it is 

chosen to calculate both the k-values for the heavy and light component, and the 

introduced PVT parameters out of the set (r,, R,, p~t, p~t, kH,g, kH.w ). 

8.1 Determination k-values as in TherMoReS 

Assumed thesetof parameters (r,,R,,p~t,p~\kH,g•kH.w) is known, thesetof k-values for the 

heavy and light component, should be determined. 

From the definition of the equilibrium ratios 
kc,p = Xc,p 

kc,p' xc,p' 

tagether with the treedom to set 
kl,g = 1 

kh,o = 1 

it fellows that 

k = XJ,o l,o 
X1.g 

k = Xh.g h,g 
Xh,o 

(2.16} 

(8.1) 

(B.2a) 

(B.2b) 

in which (B.2a) and (B.2b) only have any meaning if both the oil and gas phase are present 

and in equilibrium with one another. In case both phases are present, the component mass 

fractions look like 

X - p~t X - p~t . R, 
h,o - p't + p't . R ' l,o - p't + p't . R 

0 g s 0 g s 

a p'g~ 

X - Po. r, X - --"'---
h.g - p't . r + p't • 1.g - pst . r + p't 

0 s g 0 s g 

Resulting in k-values: 

Pst. r +pst 
k = X1.o = R . o , g 

l,o X s p't + pst , R l,g 0 g s 
st+ st ·R 

k = Xh,g = r .. Po Pg , 
h.g X s p't . r + p't h,o o s g 
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For the determination of k-values, other calculations should be performed in case not all 

phases are present. In TherMoReS, these calculated k-values are used also for the cases 

in which one of the phases is not present. As a result of this, no further calculations have to 

be performed here. 

8.2 Determination of the new PVT parameter rw 

The newly introduced three parameters Bw, rw and p~, are defined as 

- Bw Water formation volume factor: Volume of water at the reservoir per volume-unit of 

stock-tank H20. 

- rw Condensate water-gas ratio: Volume of H20 (at stock-tank conditions) that will 

dissolve in one volume unit of light (at stock-tank conditions), when both are 

taken down to the reservoir. 

-p~ The density of water at stock-tank conditions. 

The first parameter, Bw, just as the third parameter, p~, is a common parameter, and is 

listed in a number of literature, for example in [crc80]. 

The second parameter, the condensate water-gas ratio rw, is new, and should be 

determined. 

The more tormal way of defining rw, is 
st 

VH solv r =-·-
w yst 

I 

Assumed that in 
kH,g XH,g --=--
kH,w XH,w 

(B.5) 

(B.6) 

kH.g is set to one, and H20 is the only allowed component in the water phase, remains 

Since 

kH ~ = XH ~ 
'0 '0 

m 
p=

v 

(B.7) 

(B.8) 

and XH.g is defined as a mass fraction, combining (B.5) with (B.7) and (B.8) results in 

p't 
r = k ·-g 

w H,g p~ 
(B.9) 
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Appendix C Component mass fractions related to reservoir parameters 

Most of the phase transitions, are most easily calculated using component mass fractions. 

The phase transitions of interest, are the ones based on either solely k-values, or solely 

PVT parameters or a combination of k-values and PVT parameters. As a consequence, a 

conversion from component mass fractions to k-values, PVT-parameters or a combination 

of these, has to be made. This conversion is performed in this appendix. 

C.1 k-values 

Combining (8.2) 

k = X1.o 
l,o 

X1.g 

k = Xh,g 
h,g 

Xh,o 

k -x H,g - H,g 

with (2.3) 

LXc,p = 1 
c 

results in 
kh,g + kH,g -1 

XJ,g = k · k -1 h,g J,o 

- k . kh,g + kH,g - 1 
XJ,o - J,o k . k -1 

h,g J,o 

in case all phases are present and in equilibrium with one another. 

(8.2) 

(2.3) 

(C.1) 

In case of only the oil and gas phase being present, the relation between mass fractions 

and k-values looks like 
kh,g + XH,g - 1 

XI,g = k . k -1 
h,g l,o 

khg+XHg-1 k ' ' XJ,o = J,o . k . k -1 
h,g l,o 

with 

C.2 PVT reservoir parameters, with water allowed in the gas phase 

lf three phases are present, equations (4.1) are valid: 
st pst. R 

- Po - g s -0 
Xh,o- pst+ pst. R •XI,o- pst+ pst. R •XH,o-

0 g s 0 g s 
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(C.3) 

(4.1 a) 



st 

Pst. r p 
0 s " 

xh(t= ,xlo= ' .~ . ' 
·o pst. r +pst+ p't . r '0 pst. r +pst+ pst . r 

OS g WW OS g WW 

(4.1b) 
pst . r 

X H (l = st w st w st 
'" p· · r + p· + p· · r 

0 s g w w 

Xhw =O,XIw =O,XHw =1 
' ' ' 

(4.1c) 

lf only the oil and gas phase are present, (C.4a) and (C.4b) can be used to describe the 

relation between the mass fractions and PVT reservoir parameters: 
st pst. R 

_ Po _ g s _ 0 
Xh,o - st st R •XLo - st st R •XH,o-

Pa+Pg· s Pa+Pg· s 
(C.4a) 

P•·r p= x- os x- " 
h,g - Pst . r + p't +A • I.g - pst , r +pst +A 

o (TH os g H 
(C.4b) 

- AH 
XHo- •t •t '" p' . r + P' +A o s g H 

In case only the oil and water phases are present, (C.5) is used: 

- Ah - Al -0 
Xh.o- A +A •X1,o- A A •XH,o-

h I h + I (C.S) 

Xh,w = o.xl,w = o.xH,w = 1 

The fourth case to be distinguished is the case in which the gas and water phase are 

present: (C.6) is used: 
Ah Al 

Xh,g = A A st 'Xl,g = A +A + p't . r h + I+ Pw. rw h I w w 

p't. r x = w w 

H,g A + A + p't · r 
h I w w 

(C.6a) 

(C.6b) 

In case only one phase is present, the relation between the mass fractions of the 

components in the phases with the component mass accumulations is simply: 

Onlyoil: 
Ah Al 

Xh,o =A +A •X1.o =A +A •XH,o = 0 (C.7) 
h I h I 

Only gas: 
Ah Al Al 

xh.g =Ah +Al +AH .x~,g =Ah +Al +AH .xH.g =Ah +Al +AH 
(C.8) 

Only water: 

Xh,w = 0, X1,w = 0, XH.w = 1 (C.9) 
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C.3 PVT reservoir parameters, without water allowed in the gas phase 

lf both oil and gas phases are present, the relations as used in MoReS can be used {2.5): 

Pst p't ·R 
g s 

Xh.o = p't + po't. R ·Xto = p't + p't. R 
0 g s 0 g s 

p~ ·f p= xh = 0 
' . x~ = __ ,;:____ 

.g p't . r + p't ' .g p't . r + p't 
0 s g 0 s g 

(2.5) 

In case the oil phase is the only phase present {2.6) is used: 
Ah Al 

Xh.o =A +A •X1.o =A +A 
h I h I 

(2.6) 

In case the gas phase is the only phase present, (2.7) is used: 
Ah Al 

Xh.g =A +A ·XI.g =A +A 
h I h I 

(2.7) 
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Appendix D Determination of phase-transitions tor different reservoir 
simulation models 

In this appendix the transitions between the existence of different phase combinations will 

be determined. These transitions are determined as a tunetion of the relative (pseudo) 

component masses. 

0.1 Only k-values : TherMoReS I alternative 3 
First, the border of the phase combination oil+gas+water (OGW) will be determined. This 

includes the transition of the OGW-area to the oil+gas (OG) area, OGW to the oil+water 

(OW) area and OGW to the gas+water (GW) area. For all transitions, it is assumed that a 

transition from phase combination A to phase combination B will occur at the same relative 

component masses as the transition from phase combination B to phase combination A. 

Transition OGW --> OG 

Rewriting (2.4) results in 

Ah = Xh.o · Ao + Xh,g ·Ag 

Al = X1.o · Ao + X1.g ·Ag 

AH = XH,g ·Ag + XH,w · Aw 

The component mass fraction Xe and the phase mass fraction Xr are defined by 

Ac 
Xe= 2: A. 

• c 

in which 'c' denotes a component and 'p' a phase. 

The definition of the component and phase mass fractions results in 

l:xr = 1 
p 

(0.1a) 

(0.1 b) 

(0.1 c) 

(0.2a) 

(0.2b) 

(0.3) 

By setting the water accumulation to zero, of the combination (0.1) with (0.2) remains 

Xh = Xh.o · Xa + Xh.g · Xg (0.4a) 

X1 = X1.o · Xa + X1.g · Xg (0.4b) 

XH = XH.g . xg (0.4c) 

Combining these three provides the relation 

xh = B+C·x~ (0.5) 
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with 
B = X1.o · Xh.g - Xh.o · X1.g 

X1.o- X1.g 

C = Xh.o - Xh.g 
X1.o- X1.g 

For conversion to k-values, it is proper to use formula (C.1 ). 

Transition OGW --> OW 

(0.6) 

By setting the gas accumulation to zero, of the combination (0.1) with (0.2) remains 

Xh = Xh.o · Xo (0.7a) 

X1 = X1,o · Xo (0.7b) 

XH =xw 

Combining (0.7a) with (0.7b) results in 

xh=D·x~ 

with 

Again, for conversion to k-values, it is proper to u se formula (C.1 ). 

Transition OGW --> GW 

By setting the oil accumulation to zero, of (0.1) remains 

xh = xh.g · xg 

x~= X1.g ·xg 

XH = XH,g · Xg + Xw 

Combining (0.10a) with (0.10b) results in 

xh = E·x~ 

with 

E = Xh.g 
Xl.g 

Again, for conversion to k-values, it is proper to use formula (C.1 ). 

Transition OG --> 0 

(0.7c) 

(0.8) 

(0.9) 

(0.1 Oa) 

(0.1 Ob) 

(0.10c) 

(0.11) 

(0.12) 

The moment this transition occurs, no H20 will be present in the system. This transition will 

occur at a point on the line where no H20 is present: 

xh = I-x~ 
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Transition OG --> G 

Since the only phase left is the gas phase, of (0.1) remains 

xh = xh.g · xg 
x,= x,.g ·xg 
xH = XH.g · xg 

Combining (0.14a), (0.14b) and (C.1) results in 
(Xh +x,)· (Xh + kh.g · k,,a ·x, - kh.g) = 0 

Solving (0.15) provides two solutions. The first one is 

xh =x, =O 

The second solution is 

xh + kh,g. k,,o . x, - kh,g = 0 

Transition OW --> 0 

(0.14a) 

(0.14b) 

(0.14c) 

(0.15) 

(0.16) 

(0.17) 

The moment this transition occurs, no H20 will be present in the system. This transition will 

occur at a point on the line where no H20 is present: 

xh = 1-x, 

Transition OW -->W 

This transition can only occur when no heavy or light is present: 

xh =x, =O 

Transition GW --> G 

(0.18) 

(0.19) 

The water phase is still in equilibrium with the gas phase. All the hydrocarbons are collected 

in the gas phase. 

By setting the oil and water accumulations to zero, of (0.1) remains 
xh = xh.g · xg 
x,= x,.g ·xg 
xH = XH.g · xg 

(0.20) 

The only valid k-value is kH.g. The relation between the heavy and light fraction is 

xh = 1- xH- x, = 1- kH.g- x, (0.21) 

Transition GW --> W 

This transition can only occur when no heavy or light is present: 

xh =x,= o 
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0.2 extended standard model : alternative 1 

Transition OGW --> OG 

Criterion for this transition is 
A

0
>Û 

Ag >0 

Aw=Û 

The phase accumulations fellow the equations 
Aw =AH -xH.g ·Ag 

A -~-A 
A = I Xh.o h 

g X Xi.o X 
l,g - x;;:- . h,g 

combining these two, and setting the water accumulations to zero results in 
A - AI-B·Ah 

H- XH.g. - B· 
X1.g Xh.g 

with 

(0.25) together with (0.2) and results in 

xh = D·x~ +E 

with 

c = XH,g 

X -B·x l,g h,g 

D= C+1 
C·B-1 

E= -1 
C·B-1 

Transition OGW --> OW 

Criterion for this transition is 
A

0
>Û 

Ag =0 

Aw>O 

The gas phase accumulations fellow the equation 
A -~·A A = I Xh.o h 

g X X1.o x 
l.g - x;;:- ' h,g 

Setting this to zero results in 

Xh = Xh,o ·x~ 
X1.o 
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Transition OGW --> GW 

Criterion for this transition is 
A0 =0 

Ag>O 

Aw>O 

The phase accumulations follow the equations 
A -x ·A A = h h,g g 

0 

Xh,o 
A -~-A 

A = I Xh.o h 
g X1.o 

XJ.g - Xh,t~. Xh,g 

Setting the oil phase (D.33a) to zero results in 

Ah= Xh,g ·Ag 

combining with (D.33b) gives 
A -~'-·A X A = . I Xh,o h _~.A 

h Xh,g x," - 1 
X1.g - xh,; · Xh.g X1.g 

or 

Transition OG --> 0 

(0.32) 

(D.33a) 

(D.33b) 

(0.34) 

(0.35) 

(0.36) 

Because the OGW --> OW transition is independent of the amount of water present, the 

same relation between the heavy and light fraction is valid for this transition: 

Xh = Xh,o. x, 
Xl,o 

(0.31) 

Different is the relation between the mass fractions of the components in the phases: (C.4a) 

and (C.4b) should be used now. 

Transition OG --> G 

Again, since the OGW --> GW transition is independent of the amount of water present, 

relation (0.36) is again valid: 

xh = xh.g ·x, 
x,,g 

(0.36) 

(C.4a) and (C.4b) should be used for conversion of the component mass fractions to PVT 

reservoir parameters. 

Transition OW --> 0 

The moment this transition occurs, no H20 will be present in the system. This transition will 

occur at a point on the line where no H20 is present: 

xh = I-x, 
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Transition OW -->W 

This transition can only occur when no heavy or light is present: 

xh =x~ =O 

Transition GW --> G 

(0.38) 

The water phase is still in equilibrium with the gas phase. All the hydrocarbons are collected 

in the gas phase. 

By setting the oil and water accumulations to zero, of (0.1) remains 
Ah 

Xh.g =p:: 

with 

g 

Al 
Xl,g=A 

g 

A =pst ·r 
H w w 

A st A A 
g = p w . fw + h + I 

results in 

Transition GW --> W 

This transition can only occur when no heavy or light is present: 

xh =x~ =O 
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0.3 standard model + H20 k-values : alternative 2 

At the first two transitions, the water phase is not present. The next three transitions, are 

the transitions trom no water phase to a water phase or vice versa. In the last two 

transitions the water phase is present and stays present. 

Transition OG --> 0 

This transition can only occur in case there is no H20 present at all. This transition occurs 

at: 

(0.43) 

Transition OG --> G 

This transition is independent of the amount of H20, and will be at the same point as in the 

MoReS case: 

xh = ~h.g ·x~ (0.44) 
X1.g 

in which X1.g is the mass fraction of the light component in the hydracarbon gas. 

Transition GW --> G 

The distribution of the H20 component over the gas and water phase depends on the 

amount of hydracarbon gas: 
kHo 

AP(h2o,gas)=AP(HC,gas)· ·o (0.45) 
1- kH,g 

The transition between a water phase presentand all H20 collected in the gas phase, 

depends on the equation mentioned above. This transition is at the point at which the 

amount of H20 in the gas phase is just equal to the total amount of H20: 
kH 

AH =AP(h2o,gas)=AP(HC,gas)· .g (0.46) 
1- kH,g 

tagether with 
AP(HC,gas) = A 1 +Ah 

results in 

xh = 1-kH.g -x~ 

Transition OGW --> OG 

The same arguments as tor the GW --> G transition can be applied here. 

From 
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(0.47) 

(0.48) 

(0.49) 



and 

it fellows that 

with 

E 1 
X =-·x-

h D I D 

k B= H,g 

1- kH,g 

c-- -- X1,g -XJ,o 

D=B·X- -B-1 c l,g 

E=l-B·X +B+B c l,g c 

Transition OW --> 0 

(0.50) 

(0.51) 

(0.52) 

Contrary to the previous transitions, no gas phase is involved. The transition the other way 

round, 0 -->OW, happens at the moment one H20 molecule is added to the oil. This 

happens on the line where the H20 component is absent: 

xh = 1- x~ (0.53) 

On the part of this line where only the oil phase is present: between the point 

xh = 1.x1 = o (0.54) 

and the transition from oil to oil+gas: 

xh = Xh,o . XI (0.31) 
Xl,o 

Transition OGW --> OW 

This happens at the moment that the last hydracarbon molecule transfers from the gas 

state to the oil state. Justas in the OG --> 0 transitions, this happens when 

Xh = Xh,o . X! 
XJ,o 

(0.31) 

Transition OGW --> GW 

A transfer from the oil phase to the gas phase is independent of the present of the water 

phase. This transition happens at the samepoint as the OG --> G transition: 

xh = ~h.g . x~ (0.44) 
XJ,g 

in which X, 1,g the mass fraction of the light component in the hydracarbon gas is. 
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Appendix E Fortran code optimisation I speed measurement implementation 

Optimising methods 

In order to achieve the implementations to perfarm as fast as possible, a few methods were 

used: 

- As lessas possible sub-routine calls are used. The loop over the grid blocks is 

performed inside the sub routines, not outside. 

- Loops over arrays run as much as possible over the most left index, in order to achieve 

as much as possible cache hits. (FORTRAN specific) 

- The content of an array is copied into a non-array variabie in case the array is used (with 

the same index) more than once. 

- The compiler (the IBM xlf compiler) is able toperfarm different levels of optimisation. 

Only the first level (the level after 'no optimisation') did have any influence on the 

performance : level 02 was used on all three alternatives. 

Speed measurement implementation 

The speed of the implemenled alternatives (see appendix F) is determined using the UNIX 

shell cammand 'time'. lf the (built-in) time cammand is called with the name of the compiled 

implementation, time runs the targeted program. After the targeted program has finished, 

time returns the user time and the system time consumed by the targeted program. 

Each alternative is implemenled twice. The first implementation version calls every 

subroutine once. The second implementation calls the subroutines which read input from 

files once, calls the calculating subroutines ten times and finishes by calling the subroutine 

which writes the output to a file once. 

lf the time needed to execute the first implementation is subtracted from the time needed to 

execute the second implementation, the time needed to perfarm the calculating subroutines 

nine times remains. 

For all three alternatives, both implementations are run 30 times. lmplementation one is run 

first, implementation two second, implementation one third and so on. 

Afterwards, the user times are averaged out and subtracted. 

All implementations use as input the same file which contains information of 100,000 grid 

blocks. This file contains for each grid block a pressure, a temperature and the heavy, light 

and H20 component accumulations. 

The pressure is a random number between 5.0e6 Pa and 5.0e7 Pa, the temperature 

between 300 K and 500 K, the component accumulations between 0.0 kg and 10 kg. 

-80-



Appendix F Explanation of the implementations 

Three programs were implemented in the FORTRAN77 language on a IBM RS 6000 

computer. The first program, vosA, implements the first alternative: calculation of the 

distribution of a number of component accumulations over the appropriate phases using 

solely PVT reservoir parameters, as proposed in §3.3. The second program, vosB, 

implements the second alternative: calculation of the distribution of a number of component 

accumulations over the appropriate phases using both PVT reservoir parameters and k

values, as proposed in §3.4. The third program, vosC, implements the third alternative: 

calculation of the distribution of a number of component accumulations over the appropriate 

phases using only k-values, as proposed in §3.5. 

This appendix first describes how all three programs work, foliowed by their listings. 

vosA , vosBand vosC, calculate the distribution of a given mixture of three components 

over three phases. The calculation is either solely basedon PVT reservoir parameters, both 

on PVT reservoir parameters and k-values, or only solely on k-values. These parameters 

(both PVT and k-values) depend on the prevailing pressure and temperature, which both 

are given. 

All three programs call their subroutines only once, and in the order as mentioned below. 

vosA Determines with the aid of PVT reservoir parameters the distribution of the given 

component accumulations over the three possible phases oil, gas and water. 

Sub routines: 

RDPVT (Read PVT tab/e) 

Reads trom file (PVTFIL) the PVT reservoir parameters at a range of temperatures and 

pressures. 

RDGBD (Read Grid b/ock data) 

Reads trom file (GBIFIL) tor each grid block the component accumulations and the 

prevailing temperature and pressure. 

DTPVTU (Oetermine the PVT-values to use tor each grid block) 

The PVT reservoir parameters are given at certain temperatures and pressures. To apply 

these parameters at the grid block temperature and pressure, an interpolation between the 

given parameters should be performed. This interpolation is done here tor each grid block. 

- 81 -



DTAHC (Determine the Ahc's) 

For each grid block the total hydracarbon accumulation is calculated. 

NCALCH (Ca/culate the Chi's) 

Assuming all phases will be present, the mass fractions of all components in all phases are 

calculated tor each grid block. The performed calculations are based on (4.1 ). 

NCALAP (Calculate the phase accumulations Ap) 

Based on the in NCALCH calculated mass fractions, the phase accumulations are 

calculated tor each grid block. 

NDEWP (Oew point) 

Based on the phase accumulations calculated in the previous subroutine, in this routine is 

checked, based on the criteria of §3.4.2, whether these phase accumulations are correct. lf 

not, these are corrected again based on the criteria mentioned in §3.4.2. 

WRTGBO (Write Gridblock data) 

The resulting phase accumulations are written toa file (GBOFIL). 

Sub-sub routines: 

FINOTR (Find temperature) [called by DTPVTU] 

The interpolation between the reservoir PVT parameters in the DTPVTU subroutine, 

concerning the grid block temperature, is performed here tor each grid block. 

FINOPR (Find pressure) [called by DTPVTU] 

The interpolation between the reservoir PVT parameters in the DTPVTU subroutine, 

concerning the grid block pressure, is performed here tor each grid block. 
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vosB 

--------- ------------------------

Determines with the aid of PVT reservoir parameters the distribution of the given 

component accumulations of heavy and light, over the two possible phases oil and gas. The 

distribution of the H20 component over the gas and water phase is determined afterwards 

using k-values (or equilibrium ratios) for this component. 

Sub routines: 

ROPVT (Read PVT tab/e) 

Reads trom file (PVTFIL) the PVT reservoir parameters at a range of temperatures and 

pressures. 

ROKVAL (Read K-va/ues) 

Reads trom file (KHFIL) the k-values tor the H20 component. These values are given at a 

range of absolute pressures and relative temperatures (relative with respect to the boiling 

temperature of H20 at the pressure at which this k-value is given) 

ROSTTB (Read Steam table) 

Reads trom file (STBFIL) the steam table. This steam table contains a list of boiling 

temperatures of H20 at a range of pressures. This list is needed as a result of the relative 

definition of the k-values. 

ROGBO (Read Gridblock data) 

Reads trom file (GBIFIL) tor each grid block the component accumulations and the 

prevailing temperature and pressure. 

OTPVTU (Oetermine the PVT-va/ues to use tor each Gridblock) 

The PVT reservoir parameters are given at certain temperatures and pressures. To apply 

these parameters at the grid block temperature and pressure, an interpolation between the 

given parameters should be performed. This interpolation is done tor each grid block here. 

OTAHC (Oetermine the Ahc's) 

For each grid block the total hydracarbon accumulation is calculated. 

CALCH (Ca/culate the Chi's) 

Assuming both phases (oil and gas) will be present, the mass fractions of the heavy and 

light components in the oil and gas phases are calculated tor each grid block. The 

performed calculations are based on (3.5). 
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CALAP (Ca/cu/ate the phase accumulations Ap) 

Based on the in NCALCH calculated mass fractions, the phase accumulations (for the oil 

and gas phase) are calculated for each grid block. 

DEWP (Dew point) 

Based on the phase accumulations calculated in the previous subroutine, in this routine is 

checked, basedon the criteria of §3.1.1, whether these phase accumulations are correct. lf 

not, these are corrected again based on the criteria mentioned in §3.1.1. 

CALH20 (Calculate the distribution of the H20 component over the water/gas phase) 

Based on k-values, this routine determines how the H20 component is distributed over the 

gas and water phase. The determination is based on the amount of gas accumulation 

caused by the heavy and light component. 

WRTGBD (Write Gridb/ock data) 

The resulting phase accumulations are written to a file (GBOFIL). 

Sub-sub routines: 

FINDTR (Find temperature) [called by DTPVTU] 

The interpolation between the reservoir PVT parameters in the DTPVTU subroutine, 

concerning the grid block temperature, is performed here for each grid block. 

FINDPR (Find pressure) [called by DTPVTU] 

The interpolation between the reservoir PVT parameters in the DTPVTU subroutine, 

concerning the grid block pressure, is performed here tor each grid block. 

DTKVGB (Determine K-value to be used for each grid block) [ called by CALH20] 

Determines, by using the steam table, the boiling temperature of H20 at the given grid 

block pressures. After this, the k-values to be used at the prevailing grid block temperatures 

and pressures, are determined. This is performed with the aid of the boiling-temperature, 

the grid block temperature and the original k-values (which are given at temperatures 

relative to the water-boiling temperature). 

LOCATE (Locate value inside a table) [called by FINDTR, DTKVGB (3x)] 

Determines between which values in a table, a given value is. 
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vosC Determines first with the aid k-values and the given component accumulations of heavy, 

light and H20, which phases are present. In the next calculation step, the phase 

accumulations of the present phases are determined again with the aid of the k-values and 

the given component mass accumulations. 

Sub routines: 

GETINP (Get input) 

Asks the user for the narnes of all the files which should be used. 

ROKVAL (Read K-values) 

Reads from file (KVLFL) the k-values for the all the component. These values are given at a 

range of absolute pressures and temperatures (absolute temperatures for the heavy and 

light component, relative for the H20 component. Relative with respect to the boiling 

temperature of H20 at the pressure at which this k-value is given) 

ROSTTB (Read Steam tab/e) 

Reads from file (STTBFL) the steam table. This steam table contains a list of boiling 

temperatures of H20 at a range of pressures. This list is needed as a result of the relative 

definition of the k-values. 

ROGBO (Read Gridblock data) 

Reads from file (GBDFLI) for each grid block the component accumulations and the 

prevailing temperature and pressure. 

OTKVU (Oetermine k-values to use) 

The k-values are for the heavy and light component given at a number of temperatures and 

pressures. In this subroutine is determined for each gridblock which k-values should be 

used. Also are the k-values for the H20 component transferred from relative temperatures 

into absolute temperatures. 

OTPHTL (Oetermine phase transition lines) 

For each grid block are the lines between different phase combination areas determined 

(the lines in figures 5.1-5.12) 

OTPHCA (Oetermine phase combination area) 

Basedon the phase transition lines determined in the previous subroutine, is determined 

he re which phases are present for all grid bleeks. 

-85-



DTPHMS (Determine phase masses) 

Based on which phases are present and the component accumulations, is determined in 

this subroutine the phase mass accumulations tor all grid blocks. 

WRTGBD (Write Gridblock data) 

The resulting phase accumulations are written to a file (GBDFLO). 

Sub-sub routines: 

DTKVU2 (Determine H20 k-va/ues (kH,g) to use) [ called by DTKVU] 

First, it determines the temperature in the grid block relative to the water boiling-point 

temperature (taking the grid block pressure into account). With this relative temperature, tor 

each grid block the kH.g value is determined. 

DTKVUH (Oetermine heavy k-va/ues (kh,g) to use) [ called by DTKVU] 

For each grid block, the kh,g is determined (taking the temperature and pressure into 

account) 

DTKVUL (Determine lightk-values (kJ,o) to use) [ called by DTKVU] 

For each grid block, the kl,o is determined (taking the temperature and pressure into 

account) 

LOCATE(Locate value in a table)[called by 

FINDTR,DTKVU2(3x),DTKVUH(2x),FTKVUL(2x)] 

Determines between which values in a table, a given value is. 

Functions: 

SQR (Square) 

Return the square of a double precision 

- 86-


