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Abstract: At the beginning of 21st century, natural gas from conventional and unconventional reservoirs
has become important fossil energy resource and its role as energy fuel has increased. The exploration of
unconventional gas reservoirs has been discussed recently in many conferences and journals. The paper presents
considerations which will be used to build the thermodynamic model that will describe the phenomenon of vapour -
liquid equilibrium (VLE) in the retrograde condensation in rocks of ultra-low permeability and in the nanopores.
The research will be limited to "tight gas™ reservoirs (TGR) and "shale gas" reservoirs (SGR). Constructed models
will take into account the phenomenon of capillary condensation and adsorption. These studies will be the base for
modifications of existing compositional simulators.
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Introduction
It is said that surface interactions in the porous media may be important in the very narrow
capillary radius in the micropores. The fully thermodynamic analyse of reservoir hydrocarbon system is
impossible because of large influence of factors (see e.g. Nagy 2002, 2003). The traditional attitude to flat
vapour-liquid thermodynamics may be extended to curved surfaces with gravity and adsorption/capillary
condensation components. The new effects related to critical phenomena in narrow pores will be
important for vapour- liquid equilibrium in tight and shale rocks (Nagy 2013).

Capillary effects

The capillarity and gravity segregation effects on the PVT and vapour liquid equilibria (VLE)
properties of the reservoir fluid are omitted in the classical thermodynamic analysis. The variation of
reservoir temperature in the system is passed over, although the last analysis confirms the necessity to
include these effects in some cases. In some cases characteristics of porous-media equilibrium conditions
the influence of interface curvature should be taken into account. In the range of laboratory PVT-VLE
research the additional effect of capillarity is omitted in the case of the saturation phase envelope (Nagy,
S. 2002).
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Figure 1. Schematic impact of adsorption-capillary effects near phase boundary (dew curve): 1-monolayer
adsorption, 2-multilayer adsorption, 3-capillary condensation, 4-bulk condensation
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2.1 Experimental work

The Russian authors Trebin and Zadora (1968) reported a strong influence of the porous media on
the dew-point pressure and vapour-liquid equilibria (VLE) of the condensate system. The porous media
used in this experiment was a silica-sand mixture (0.215/0.3 mm diameter) ground by a cutter-pulverizer.
They used three samples with surface area respectively 563, 1307 and 3415 cm? , permabilities 5.6 pm?,
612 10° um?, 111 10° pm? and porosities 34, 31.4 and 29.8 %. According to the conclusions from this
paper the dew-point pressure increases when the surface area of the porous media increases. The observed
effect was a 10-15% increase of the dew-point pressure in this system. The observed effect was lessened
when the temperature increased.

Other researches indicate that there is no evidence of influence of average capillary porous media

on the saturation pressure. Weinaug and Cordell’s (1949) work shows that for the methane-n butane and
ethane-n pentane system there is no difference due to the presence of sand in the PVT cell. Oxford and
Huntington (1953) showed that during the evaporation of n-hexane during nitrogen injection there was no
significant effect on the porous media. Smith and Yarborough (1968) indicate in their paper about
wettability that the porous structure has little impact on the vaporisation process of the liquid phase in the
rock.
Sigmund et al. (1974) analysed the laboratory work done by Trebin and Zadora and they concluded that
the main reason for the hypothetical impact of the porous structure on the saturation pressure was the lack
of fluid circulation in the cell. They performed an analogy experiment with fluid flow through core in the
PVT cell.

The simple comparison of the average porous radius of model sandstone rock using a modified
Kozeny-Carman equation is given in table 1.

It is evident that capillarity effects may be noticeable at a pore-radius of 10°cm. This condition limits the
investigation area to porous rocks below 1 10° um? (1 mD).

The capillary effects observed by the Trebin and Zadora researches may be caused by accompanying
laboratory effects (Nagy 2002).
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Table 1: The comparison of permeability of rock with average hydraulic porous radius using modified
Cozeny-Karman equation. It was assumed 20% of effective porosity of rock.

k[md] r[cm]
0.1 6.3E-06
1 2.0E-05
10 6.3E-05
100 2.0E-04
1000 6.3E-04
10000 2.0E-03

Source: Nagy (2002)

Adsorption phenomena in porous rocks
The adsorption phenomena in porous media may have a significant impact on the reserve-
distribution of oil and gas fields, coal-beds or geothermal reservoirs. Papers by Economides (1986) and
Satik, Horne and Yortsos (1995) suggests the possibility to cover up to 85% of water reserves in the
adsorption phase in vapour-dominated (T>300°C) geothermal systems.
The adsorption process may largely be distinguished from surface adsorption observed in the
chemical labs. The main two differentiating reasons are:
- the existence of capillary condensation phenomena in the narrow pores
- the possibility of blocked flow access in the porous network.
The adsorption and capillary effects are complementary phenomena. In the areas where the interfacial
surface tension is falling, a greater impact of adsorption forces may be observed (i.e. near critical point).

Figure 2: Adsorption film thickness (t) for mega- and mesopore structure of tight rocks (based upon Gregg
and Sing (1982) data in Shang et al. (1995) paper) (p’’ — saturation pressure, p — gas phase pressure)
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Example of capillary-adsorption vapour-liquid equilibrium (VLE) model
In the curved surface inside of porous media for stationary state of second kind (based upon Prigogine definition)
following set of equation is valid (neglecting gravity force):

2'G(pv’Tv’lul ’/uZ""’:unc)
r,—t

pv(Tv’lul Uuz""!:unc)_ pl (TI’/ul ’/u2""’:unc) =

1)
T,=T 2

where T- temperature and p;- chemical potential of i- component can be varied independently, that r is allowed to

vary at the same time, t- is the critical adsorption film.
At the dew point of capillary condensation phenomena exist three type of chemical potential:
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Laplace equation (an other proposal for modification of Laplace equation is presented in paper of Firincinoglu et al.
(2012), in this work only classic equation has been used):
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Interfacial multicomponent surface tension is calculated using (8) equation:
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where O - IFT, Z' Z b vapor and liquid phase compressibility factor, E- empirical dimensionless constant, 7;-
parachor of i-component (Danesh, 1991, Weinaug, Katz, 1943)). This set of nonlinear equations (3) may be
modified by expanding using Taylor series and taking into consideration only first term, chemical potential of i-
component in the liquid phase may be calculated:

:uiL(pv_pc(rit)’Tixl’XZ"'”ch):
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or using fugacity of i-component for isothermal conditions:
In fi'-(pL,T,xi, Xyyoeny X ) =
_aln fiL(pv,T,xl,xz,,,,,xnc)
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The derivative on the right side is a molar partial component volume:
oIn £ (P, T X0 Xoroo %)~ Vi
op, RT (11)

7L
where Vi is partial liquid molar volume o i-component. Equation (10) may be rewritten to the form :
2 p (r!t)
IN £ (P T) Vi Yoreen Yoo) =0 £5 (R, T X0 Xy heey X ) =V, E 02
RT (12)
Based upon above derivation difference between bulk and capillary condensate dew point equations may be
formulate:

F(N, =1p(r,t) #0)=1- §nc —Z; -exp(e p(r,t)) =0
T K
' (13)
A

&= L
where: R-T . component Poynting factor, Vi -partial molar liquid component volume.
Based upon (12) equation the new capillary condensation equilibrium constant may be introduced:
pe(r.t)

Ki = K" -exp( J £dp)

0 (14)
or after simplification based of constant partial molar volume:

K, =K. -exp(e p.(r,t)) (15)
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The proposed algorithm for calculation of the capillary condensation dew pressure is given in paper of Nagy (2002)
together with new form of Rachford-Rice equation and modified tangent plane criterion for capillary condensation
(MTPCCC) based upon fundamental work of Michelsen (1982a, 1982b).

4.1 Examples of influence of capillary-adsorption effects

Figure 3: The change of saturation curve in presence of curvature of porous media (T=366.6°K)
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Figure 4: Impact of pore radius of porous media on phase boundary movement (mixture 3).

300 -
250

200

Dew Point Pressure [bar]

T T T T T T T T T T T T 1
360 380 400 420 440 460 480
Temparature [K]

Source: Nagy S. (2002)

Conclusions

Further work is needed to response the thesis that in reservoirs with a limited porous radius, phase

behavior of gas - condensate system occurs in extended range of saturation pressure for a given reservoir
temperature. Following further studies are projected:
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construction of a new model of thermodynamic vapor-liquid equilibrium in a porous media with a
small porous radius in unconventional reservoirs;

definition of new criteria for calculation of the vapor-liquid equilibrium including capillary
condensation;

construction of a new algorithm calculating dew curve of capillary condensation in porous rocks;
presentation of a new form of the balance equation for the area of capillary condensation with
adsorption of vapor phase;

theoretical output will be used in practice to calculate the equilibrium for gas- condensate systems
with Peng - Robinson equation;

construction of a new, efficient algorithm for determining the VLE properties of gas - condensate
system in the reservoirs (TGR / SGR) and analytical model which will correct phase equilibrium
constants.
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