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Abstract

The application of the Kirchhoff transformation has proven to be a very effective tool in simplifying and solving complex diffusivity equations
in reservoirs. Since its introduction by Ramey and Crawford (1966) in addressing the non-linear behavior of compressible fluids, it has seen
many modifications and implementations in multiphase systems, from the Perrine type pseudo-pressure to the reservoir integral type pseudo-
pressure also called the Mass balance Model (MBM) for pseudo-pressure as discussed by Kome and Amro (2014). Its applicability in
addressing water influx from aquifers to oil and gas reservoirs has as of now not been addressed. Moreover, the models developed so far to
address water influx such as the works of Schilthuis (1936), Everdingen and Hurst (1949), and Fetkovich (1971), have many limitations, such
as imposing constant pressure at the reservoir-aquifer interface, single phase model used, no analytical approach of predicting excessive water
cuts.

In this article, the MBM pseudo-pressure is used to address water influx in reservoirs with two-phase flow (Gas/Water or Oil/Water). The
model response is derived by developing diffusivity equations for the composite reservoir system to address the communication between the
hydrocarbon reservoir and the aquifer. The non-homogenous nature of the diffusivity equation of each phase makes the derivation of the
solutions to the equations cumbersome. Nonetheless, the reservoir integral type pseudo-pressure, being very powerful, can be incorporated in
the diffusivity equations of the phases and solutions to the models can rigorously be derived. Defining the boundary conditions for each phase
is very crucial as the hydrocarbons in the hydrocarbon reservoir depict a no-flow boundary at the aquifer interface, whereas the water phase and
the total system response of the hydrocarbon reservoir depict mass conservation at the hydrocarbon reservoir-aquifer interface.

Using this approach, the solutions to the phases in the hydrocarbon and aquifer are readily obtained and its applicability in gas hydrate
reservoirs highlighted. The effects of the water influx from the aquifer are clearly seen with increasing water cut at the sandface. The effects of
different outer boundary conditions in the aquifer are investigated.



The novel approach introduced in this work will help tremendously to improve the characterization of the reservoir with multiphase flow,
mostly especially for reservoirs with aquifer drive.

Selected References
Agarwal, R.G., 1979, Real gas pseudo-time: SPE 8279.
Allard, D., and S. Chen, 1988, Calculation of water influx for bottom water drive reservoirs: SPE Reservoir Engineering, p. 369-379, May.
Bourgeois, M.J., and R.N. Horne, 1993, Well-test-model recognition with Laplace Space: SPE Formation Evaluation, p. 17-25.
Coats, K.H., 1962, A mathematical model water movement about bottom-water-drive reservoirs: SPEJ 2, p. 45-52, March.

Everdingen, A. Van, and W. Hurst, 1949, Application of the Laplace Transformation to flow problems in reservoirs: Petroleum Transactions,
AIME, p. 305-324, December.

Fetkovich, M., 1971, A simplified approach to water influx calculations - finite aquifer systems: JPT, p. 814-828, July.

Gerami, S., and M. Pooladi-Darvish, 2009, An early time model for drawdown testing of a hydrate-capped gas reservoir: SPE Reservoir
Evaluation and Engineering, p. 595-6009.

[Io(z)] - The Wolfram Function Site, Integral of Modified Bessel Function of the First Kind. Website accessed February 5, 2017.
http://functions.wolfram.com/03.02.21.0013.01

[Ko(z)] - The Wolfram Function Site, Integral of Modified Bessel Function of the Second Kind. Website accessed February 5, 2017.
http://functions.wolfram.com/03.04.21.0015.01

Kome, M., and M. Amro, 2014, The impact of multiphase flow on well testing models in gas hydrate reservoirs without crossflow: SPE
167682, Vienna, Austria.

Kome, M., 2014, Well testing in gas hydrate reservoirs: PhD Dissertation, Freiberg, Germany.

Mashayekhizadeh, V., M. Dejam, and M. Ghazanfari, 2011, The application of numerical Laplace Inversion methods for type curve
development in well testing: A comparative study: Petroleum Science and Technology, p. 695-707.

Ramesy, H.J.J., and P.B. Crawford, 1966, The flow of real gases through porous media: JPT, p. 624-636.


http://functions.wolfram.com/03.02.21.0013.01
http://functions.wolfram.com/03.04.21.0015.01

Schapery, R.A., 1961, Two simple approximate methods of Laplace Transform inversion for viscoelastic stress analysis: California Institute of
Technology.

Schilthuis, R.J., 1936, Active oil and reservoir energy: Transactions of the AIME, p. 33-53.
Tarek, A., 2006, Reservoir Engineering Handbook, USA: Gulf Professional Publishing.

Yildiz, T., and A. Khosravi, 2007, An analytical bottom water drive aquifer model for material-balance analysis: SPE Reservoir Evaluation &
Engineering, v. 10/6, p. 618-628.



LC AFRICAN ENERGY IN THE 21°T CENTURY
+~  PAVING THE WAY FOR THE FUTURE

5-7 December 2016 | Safari Park Hotel | Nairobi, Kenya

Water Influx Predictions in Reservoirs with
Aquifer Drive Using the Two-Phase
Reservoir Integral Type Pseudo-Pressure
with Applicability in Gas Hydrate
Reservolrs

Melvin Kome, Mohd Amro
Freiberg University of Mining and Technology, Freiberg, Germany

Society of Petroleum Engineers, Richardson, TX, USA

PRESENTER: Dr.-Ing. Melvin Kome



AFRICAN ENERGY IN THE 215" CENTURY
PAVING THE WAY FOR THE FUTURE

5-7 December 2016 | Safari Park Hotel | Nairobi, Kenya

1. Introduction

»»  Aquifer Influx Prediction Models
% Gas Hydrate Reservoir Types

% Multiphase Pseudo-Pressure

% Objectives

2. Methodology

3. Results and Observations

4. Conclusion



AFRICAN ENERGY IN THE 21°T CENTURY
- PAVING THE WAY FOR THE FUTURE

r* : 5-7 December 2016 | Safari Park Hotel | Nairobi, Kenya

—
INTRODUCTION

v' Edgewater Aquifer Models
¢ van Everdingen and Hurst (VEH) (1949) for infinite to finite aquifer —-CPIB &CRIB
¢ Carter-Tracy Unsteady State Method (1960)
¢ Fetkovich Pseudo-Steady State (1971)

v' Bottom Water Aquifer Models
% Coats (1962)- Analytical Model for infinite aquifer with CRIB
¢ Allard and Chen (1988)- Numerical Model for infinite to finite aquifer and CPIB
¢ Khosravi and Yildiz (2007)

v' Other Aquifer Models
¢ Pot Aquifer
¢ Schilthius (1936) Steady State

SINGLE PHASE MODELS !l 3
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INTRODUCTION

v" Improve water influx/water cut predictions and material balance
methods in reservoirs

v" Address the real constant pressure outer boundary problem for
hydrocarbon reservoirs with aquifer support using multiphase
models

v Improve decline curve analysis, production data and well test
Intepretation for multiphase regimes.
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ETHODOLOGY

Reservoir Types
— Gas hydrate reservoirs Class 1 and Class 2
— Hydrocarbon Reservoirs: Dry Gas and Undersaturated Oil
Aquifer Influx Models
— Bottom Aquifer Model: vertical flow is considered dominant
— Edge Aquifer Model: radial flow is considered dominant
Two phase flow is considered in the producing layer
— Gas and Water
— Oil and Water
Develop diffusivity equations for :
— Response of total system (Hydrocarbon and Water) in producing layer
— Response of the aquifer layer / reservoir
— Responses of the different phases in the producing layer (gas/oil and water
Pseudo-pressure for two phase regimes is used for linearization

Laplace transformation is used to develop solutions for the composite reservoir with

boundary conditions
7
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METHODOLOGY
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Total System Responses

Diffusivity Equations

Diffusivity Equation for Class 1 Gas Hydrate Reservoir: r, <r<r, h,<z<h+h,

1 a[r*(PgWg+PwWw)] PgWgH  PwWwH _ PwWwaA _ dp .
- ar h h h = (CTp)T FTSRRRRETL R R RRERLRRERRERERRERE Al: 1l

Diffusivity Equation for Class 2 Gas Hydrate Reservoirs: r, <r<r,,h;<z<h+h;

19[r<(pgwWgtpwWw)]  PgWgH  pwWwh _ ap .
. ar h h = (CTP)T QL TrTreeeeeeeessessei Al: 2

Diffusivity Equation for the Hydrate Cap Layer: h + hy<z <h+ h;+H;

[(Pgwe+Pwww)]

5}
92 = (CTP)THa_It) ......................................................................................... Al:3

Heat Conduction Equation for Caprock Layer: h+ h,+H; <z <h+ h;+H,+H,

92aT _ (PCp) g 0AT

92 T TR R IR R U Al 4
Diffusivity Equation for Hydrocarbon Reservoirs: r,<r<r,
19[r+(pHcWHCHPWWw)]  PwWwaA _
; or - h = (CTp)T,HC QLTI Al:5
Diffusivity Equation for Edge Aquifer: r.<r <rg,
Kiwdp

i e )| o |
; ar L = (pWQACT,W)a ............................................................................ Al: 6
Diffusivity Equation for Bottom Aquifer: 0<z<h,

k;wap
a pw*kA,v* w 0z 9
w = (PWOACT ) Goeveveverssvessesssessesiseses e Al:7

Phase Responses

Diffusivity Equation of Fluid Phases in

Free Fluid Layer of the Hydrate-Capped Reservoir

Gas Phase
19[r+(pgwg)] _ PgWen _ ap :
; af £l — ghg = [(CTp)gH]E ............................................. Al:8

Water Phase

1 9[r+(pwww)l PwWwH  PwWwA __ op .
; ar — h - h = [(CTp)WH] Qo Al:9

Diffusivity Equation of Fluid Phases in the Hydrocarbon Reservoir

Hydrocarbon Phase

1 9[rx( )] 2 .
;I‘p];# = [(CTp)HC] a—l: ..................................................... Al:10
Water Phase

1 9[r+(pwww)] PwWwA __ @ .

; ar - h = [(CTp)WH] G Al:11
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Total System (Hydrocarbon +Water Phase)
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Case 1 : Edge Aquifer

OBC-Aquifer CPOB-Circular
Distance to Boundary; r,, [m] 5000
Dimensionles Wellbore Storage Coefficient; Cy [-] 10
k[mD] 1000
kA[mD] 1
re[m] 500
r,,[m] 0,1

EDGE WATER INFLUX IN A GAS RESERVOIR SYSTEM

@AAPG
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Africa Region Society of Petroleum Engineers
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OBC-Aquifer CPOB-Circular
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ati/ag [-] 0.9
k[mD] 1000
kA[mD] 1
re[m] 500
r,[m] 0.1

INFLUENCE OF WELLBORE STORAGE ON SANDFACE RATES FOR THE FLOWING PHASES INFLUENCE OF EDGE AQU'FER PERMEABILITY ON SANDFACE RATES
0,9 reeeewszoo==w=aT
w 0,8

- = «iwD; k/kA= 1000
0,7

tes of Phase:

S
®

e igD; k/KA= 200
Increasing Wellbore
St ; i

Sos orage ) Increasing Aquifer tnwD; k/kA= 200
= 3 Permeability

gD; k/kA= 10

-
R
<
S
2
¥V
2
(a

wD; k/kA= 10

- —— e S— e 119 D; k/KA= 5
1E-02 1E+00 1E+02 1E+04 1E+06 1E+08 1E+10 1E+12 1E+14 4 -]

ow [ == eiwD; k/kA= 5
gD-sandface; CD= 10 mwD-sandface; CD= 10 gD-wellbore storage; CD= 10 thwD-wellbore storag; CD= 10

1E+07
gD -sandface; CD= 1200 wD-sandface; CD= 1200 - = «thigD-wellbore storage; CD= 100 wD-wellbore storag; CD= 100

——iiigD-sandface; CD= 1000 WD -sandface; CD= 1000 = =-tigD-wellbore storage; CD= 1000 = - -tawD-wellbore storag; CD= 1000 tDw [-]



AFRICAN ENERGY IN THE 215" CENTURY i
PAVING THE WAY FOR THE FUTURE @ AAPG

5-7 December 2016 | Safari Park Hotel | Nairobi, Kenya ISR TS e o s

Case 1 : Edge Aquifer- Normalization

VARIABLE RATES DURING PRODUCTION
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ESULTS AND OBSERVATIONS Case 1 : Edge Aquiter-
Cumulative and Recoverv

Cumulative Gas Production with Influence of Aquifer Permeability (NFB)
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RESULTS Yo sl Case 2 : Bottom Aquifer
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VARIABLE RATES DURING PRODUCTION
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INFLUENCE OF THE INTERLAYER PERMEABILITY COEFFICIENT (&p,) FOR CLASS 1
HYDRATE CAPPED RESERVOIR WITH (NFB)
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) INFLUENCE OF THE INTERLAYER PERMEABILITY COEFFICIENT (&,,) AND EDGE AQUIFER FOR
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—
CONCLUSIONS

* We have shown that estimates of water influx and breakthrough periods can be
made using the multiphase pseudo-pressure.

« Though the pressure diffusivity of the hydrocarbon/hydrate reservoir were assumed
constant, type curves can be generated to address these changes, especially during
boundary dominated flow.

« For well test analysis, normalizing the multiphase data is very vital in reducing the
fluctuations in the reservoir response.

* From the rate and pseudo-pressure transient models developed for each flowing
phase, matching the rate and improving on rate decline analysis becomes easier.

* The rate normalized forms of pseudo-pressure and the pseudo-pressure normalized
form of the cumulative rates are recommended for proper analysis as they provide a
much smother plot and approach for analysis, which can further be used for material

balance calculations and reserve estimation purposes.
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