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Symbols used are defined in the enclosed table

Question 1 (2+2+2+2=8 points)

This question relates to the group project work.

a) Discuss the main uncertainties in the Gulltopp group project?

b) What was the probable reason for pressure decline in the reservoir before oil production
started?

c) Due to the pressure decline before production started, it is expected that oil moved into the
aquifer due to fluid expansion. Was all of this oil lost, and did this migration of oil have a
significant influence on the final reservoir oil recovery?

d) Which sensitivity calculations did your group make, and did you observe significant variations
in reservoir behavior?

Solution
a) Key uncertainties are aquifer support, OIP, rock and fluid properties
b) Probably there is communication with surrounding reservoirs through the underlaying
aquifer
c) When oil production starts the oil will be displaced back to the reservoir by aquifer water.
However, the residual oil will be lost.
d) Should include the items under a). None have significant effect on the recovery.

Question 2 (2+10=12 points)

This question applies to an oil-gas-water reservoir at initial equilibrium conditions and with
known WOC and GOC.

a) Make sketches of the capillary pressure curves required for computing the initial
equilibrium saturation distributions in such an oil-water-gas reservoir.

b) Using the capillary pressure curves above, and known fluid densities, as well as a
measured oil pressure somewhere in the oil column, outline using sketches the procedure
for computing initial equilibrium saturation distributions.
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At the WOC Po-Pw=Pdow, and at GOC Pg-Po. Initial pressures are computed using densities and
assuming equilibrium. At WOC Sw=1,0. At any z value, Pcow is computed from the difference in
Po and Pw, and the corresponding Sw is found from the Pcow-curve. At GOC Sg=0. At any z-
value above the corresponding Sg is found from the Pcog-curve

Question 3 (2+5+5=12 points)

Consider a reservoir with following initial conditions:
e Undersaturated oil
e Irreducible water saturation

The reservoir is being produced with water injection to a pressure BELOW the initial bubble
point.

a) Sketch or write relationships for the relevant PVT properties for oil and gas vs. pressure,
indicating initial and final conditions on the curves, and compressibilities for water and
rock needed for material balance calculations.

b) DERIVE the complete material equations for oil, gas and water, including production
terms for oil, gas and water and injection term for water.

c) Combine and simplify the equations for the following conditions, and find an expression
for oil recovery factor, RF, with the following simplifications:

e Neglect rock and water compressibilities
e The standard volumes of cumulative water injected (Wi) and cumulative water
produced (Wp) are equal.



TPG4150 Reservoir Recovery Techniques
Final exam December 19, 2015

Solution
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Note: If a gas cap is present ini-
tially, then the initial pressure is
equal to the bubble point pressure
1 dv,
Cw ="y ar
_1d¢
Cr = ¢ dP

b) Equation 1: Oil material balance

Oil present ) Oil remaining
in the reservoir oil in the reservoir
initially ~yproduced = finally
(st. vol.) (st. vol.) (st. vol.)
or
N-N,= szSoz/Bo2
yielding
B (N-N » )B,,
02 —sz
Equation 2: Water material balance
Water present Water remaining
in the reservoir Water Water Aquifer in the reservoir
Lo — 3 produced } + < injected ¢+ influx =
initially finally
(st. vol.) (st. vol.) (st. vol.) (st. vol.) (st. vol.)
or
VirSut/Byy - W, + W+ W=V,,8,,/B,,
yielding

S

W ] BW
S, = [(1+ m)NBo,[1 — Sl ])[B_J + (m +W, - W”)}V_j
w w p
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Equation 3: Gas material balance

Solution gas Free gas
& & Gas Gas

— 3 produced } + { injected
(st. vol.) (st. vol.)

present in the present in the
reservoir initially reservoir initially
(st. vol.) (st. vol.)

Solution gas Free gas
present in the present in the
| reservoir finally * reservoir finally
(st. vol.) (st. vol.)
or

NR,, + mNB, /By, - R,N ;= (N-N )R , + V,,S ,/B

502

yielding

B, Bg2
Sg2 = (le _Rso2) +m(—>) _Np (Rp _RS02)+Gi (=
B v,

g2 p

¢) Combining the three equations by letting S,, + Sy, + Sy, = 1, and neglecting rock and water
compressibilities, yields:

Ny[Boz + (Ry = Rso2)Byz| + WyByz = N[(Boy — Bo1) + (Rso1 — Rso2)By2| + WiB,,

and, after simplifying and setting W; = W,:

RF = Ny [(Boz — Bo1) + (Rso1 — Rs02)Bg2]
N [Boz + (Rp - Rsoz)BgZ]

Question 4 (6+6=12 points)

For the production system below where the oil production rate at surface conditions, Q,s, is
specified, and given that oil, gas and water mobilities are known and capillary pressures may be
neglected:

a) Derive formulas for Qur, Qer and Qur
b) Derive formulas for Q,s and Qys
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/Surface gas production = Qg
Surface
pro-  ——Surface oil production = Qg

cessing
~N

Surface water production = Qg

Wellbore

Reservoir
contains movable
oil, water & gas

Qor Units oil plus
= Qg Units free gas plus
- Qg Units water

Solution
a) Qur = QOSBt)JL
QgR = QoR A_i
Aw
QWR = QoR Z

Q
b) QgS = ;gR + QosRso
Aw

_ Qor _
QWS - BW - QOR /10BW

Question 5 (3+6+3=12 points)

a) List all assumptions made in the derivation of the following equation:
a' P B e P
o’ k ok
b) Derive the equation, showing all steps and formulas/equations/definitions.
c) Sketch typical pressure profiles vs. x in a one-dimensional horizontal porous medium at

several time levels. Label steady and unsteady parts.

Solution
a)
e One dimensional flow
e Linear flow
e Horizontal flow
¢ One phase flow
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e Darcy’s equation applies
e Small fluid compressibility (liquid)
e Permeability and viscosity are constants

b) Derive the equation, showing all steps and formulas/equations/definitions.

Continuity equation:

o da;
-—|Apu)=— Adp].
=—(Apu) = =(Agp)
For constant cross sectional area, the continuity equation simplifies to:
()= 29
- ) == .
ac = 9P

Darcy's equation

k aP
= —=———
i
Rock compressibility

1 de
¢ dP’

Fluid compressibility

av
F ]' FJ[ .
Substituting Darcy’s equation
a kaP) a d; }I

e, ==

I B A

The right hand side (RHS) of the equation may be expanded as:
b d d
3 pe)=p=(0) +o=(p)

Since porosity and density both are functions of pressure, we may write:

7 di o
ot (0)= dP o
and
o dp P
ot p)= dP o
From the compressibility expressions we may obtain the following relationships:
dp o i [5) L
ap ~ Per and G =

By substituting these expressions into the equation, we obtain the following form of the right hand

side of the flow equation:

2 (po)=ople, +¢ )%

The left hand side of the flow equation may be expanded as follows:

i[ ;[ap}_ a."ka.r:-J kP d ) r}(ﬁﬁ]_fﬁﬁﬁﬂ_i‘

x\Pua ) Palpa) taxax P " Pal\ua) nakar &
. 1
Assume that k=constant and p=constant. Let us also substitute for :f—ﬁ = pr, . The LHS may now

be written as:
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af J.r.n'.l"' JP . (*’3'1]
cﬁ[ ‘u'r?'.; r;'l. o '

Since ¢, is small, at least for liquids, and the pressure gradient is small for the low velocity flow

we normally have in reservoirs, we make the following assumption:

Then, our LHS simplifies to:
df kaP|_ pkd'P ;-
E[ pﬂﬁ; I e
The complete partial differential flow equation (PDE) for this simple rock-fluid system then
becomes:
a' P e P
kA
c) Sketch typical pressure profiles vs. x in a one-dimensional horizontal porous medium at several
time levels. Label steady and unsteady parts.

P

Left side
____________________________ pressure
Steady state
solution
Transient
solution Initial and
\\-\' right side
____________ ~ 77 pressure
>X

Question 6 (2+2+2=6 points)

Explain the Buckley-Leverett method. Include:
a) The basic assumptions behind the method
b) A sketch of a typical Buckley-Leverett displacement situation
c) A short discussion of when the method is applicable

Solution

a. The basic assumptions behind the method
e isderived for displacement in a single layer
o diffuse flow
e 1o capillary dispersion at the displacement front
b. A sketch of a typical Buckley-Leverett displacement situation
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Typical
saturation profile

c. A short discussion of when the method is applicable
e applies to situations where dynamic pressure gradients dominate the flow ie.

* == pAp (leads to uniform saturation distribution vertically)

Question 7 (2+2+2=6 points)

Explain the Dietz method. Include:
a) The basic assumptions behind the method
b) A sketch of a typical Dietz displacement situation
c) A short discussion of when the method is applicable

Solution

Explain the Dietz method. Include:
a) The basic assumptions behind the method
e is developed for stable displacement in an inclined layer
e vertical equilibrium
e piston displacement
e no capillary pressure
b) A sketch of a typical Dietz displacement situation
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/ \ i

c) A short discussion of when the method is applicable
e applies to displacement situations in inclined layers where gravity is controlling the

. . L
displacement, ie. where gAp == =

Question 8 (2+2+2=6 points)

Explain the Dykstra-Parson’s method. Include:
a) The basic assumptions behind the method
b) A sketch of a typical Dykstra-Parson displacement situation
c) A short discussion of when the method is applicable

Solution
a) The basic assumptions behind the method
e is developed for displacement in a layered system
e piston displacement
e isolated layers
e constant AP across layers
b) A sketch of a typical Dykstra-Parson displacement situation

Front position depends
P ’ on layer properties

_’ layerN: A ¢, &k, AS, M, / —>

> | K/ >

—»> L
Water Qil and water
injection —p» —> production

—> layer2: b, ¢ k. AS. M, —>

layerl: & ¢ &k, A5, M| —>

> L >

c) A short discussion of when the method is applicable
e applies to situations where layers are isolated and where mobility ratio is favourable so
that the displacement is very efficient
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Question 9 (2+2+2=6 points)

Explain the Vertical Equilibrium (VE) method. Include:
a) The basic assumptions behind the method
b) A sketch of a typical Vertical Equilibrium (VE) displacement situation
c) A short discussion of when the method is applicable

Solution
a) The basic assumptions behind the method

e is developed for displacement under gravity dominance, ie. where gAp == 15—1

e instantaneous vertical equilibrium

b) A sketch of a typical Vertical Equilibrium (VE) displacement situation

Typical VE
saturation distributio

Current
WOC

[
»

Water saturation

c) A short discussion of when the method is applicable
e applies to high permeability reservoir with excellent vertical communication, where
gravity forces are strongly dominant

Question 10 (2+2+2=6 points)

a) What do we mean with "microscopic" and "macroscopic" recovery factors?
b) How can we improve the "microscopic" recovery of a reservoir?
c) How can we improve the "macroscopic" recovery of a reservoir?
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Solution

a) What do we mean with "microscopic" and "macroscopic" recovery factors?

e microscopic is related to the end point residual saturation, as seen on imbibition
relative permeability curves and capillary pressure curve, while microscopic is related
to large-scale recovery factors mainly influenced by layering, heterogeneity, well
coverage, etc.

b) How can we improve the "microscopic" recovery of a reservoir?

e By reducing interfacial tension between rock and fluids, eg. by surfactant additions to

the injection water
c) How can we improve the "macroscopic" recovery of a reservoir?
e By better volumetric sweep, through better well coverage, blocking of thief zones, etc.

Question 11 (2+4+8=14 points)

For water displacement of oil in a fractured reservoir the wetting conditions of the reservoir rock
may greatly influence the recovery process.

a) Sketch the following capillary pressure curves:

e A typical imbibition curve for a 100% water wetted system

e A typical imbibition curve for a system that is partly oil wet.
Mark the following items on the curves:

e End point saturations

e The area for spontaneous imbibition

e The area for forced imbibition

b) What is the final (theoretical) oil recovery factor for a 100% water-wet fractured reservoir
under water flooding? Write the appropriate expression.

c) The vertical continuity (contact) between matrix blocks in the reservoir may in some cases
influence significantly the oil recovery. Explain shortly for which situations this is true for the
following processes:

e Water displacement
e Gas displacement

Solution

a)

e A typical imbibition curve for a 100% water wetted system

cow
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e A typical imbibition curve for a system that is partly oil wet.

wir [ — SS
or

b)

_ OIPinm'alzy - OIPﬁnally _ Vp [(1 - Swir - (Sor):l 1- Swir - Sor

OIP,

RF )
initially Vp (1 - Swir) 1 - S

c)

e Water displacement

a. For a 100% water-wet reservoir, there is no influence of vertical contact on oil
recovery, since all movable oil is recovered by spontaneous imbibition
b. For mixed-wet reservoir, spontaneous imbibition recovers oil only until P,

=0

ie. until S, =S . Thereafter, oil is recovered by forced imbibition by gravity for
P, <0. The taller the block, the higher recovery. Capillary continuity between

blocks will have the same effect as taller blocks
e Gas displacement

Since the process is a drainage process, for gas to enter the matrix blocks, and thus
replace oil, the difference in phase pressures must exceed the displacement capillary

pressure, ie. P,—P,>P,, . Thus, oil is recovered by means of gravity forces. The

taller the block, the higher recovery. Capillary continuity between blocks will have

the same effect as taller block.s
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Attachment - Definition of symbols
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Formation volume factor for gas (res.vol./st.vol.)
Formation volume factor for oil (res.vol./st.vol.)
Formation volume factor for water (res.vol./st.vol.)
Pore compressibility (pressure!)
Water compressibility (pressure-!)

P-B
Cumulative gas injected (st.vol.)

Producing gas-oil ratio (st.vol./st.vol.)
Cumulative gas produced (st.vol.)

Absolute permeability

Relative permeability to oil

Relative permeability to oil

Relative permeability to oil

Initial gas cap size (res.vol. of gas cap)/(res.vol. of oil zone)
End point mobility ratio

Original oil in place (st.vol.)

Gravity number

Cumulative oil produced (st.vol.)

Pressure

Capillary pressure between oil and water

Capillary pressure between oil and gas

Injection rate (res.vol./time)

Cumulative producing gas-oil ratio (st.vol./st.vol)= G,/ N,
Solution gas-oil ratio (st.vol. gas/st.vol. oil)

Gas saturation

Oil saturation

Water saturation

Temperature
Bulk volume (res.vol.)

Pore volume (res.vol.)

Producing water cut (st.vol./st.vol.)
Cumulative aquifer influx (st.vol.)

Cumulative water injected (st.vol.)

Cumulative water produced (st.vol.)

Density (mass/vol.)

Porosity

Gas viscosity

Oil viscosity

Water viscosity

Hydrostatic pressure gradient (pressure/distance)




