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Abstract

Capillary pressure is one of the most fundamerdek-fluid characteristics in multi-phase
flow, critically influencing both the initial reseoir fluid distribution and the dynamic
processes of oil recovery. Thus, it is of greatant@nce to obtain accurate capillary pressure-
saturation relationships when examining reservogks. This work investigates a new
method for obtaining the primary drainage capillggsessure curve for heterogeneous
carbonates in air-brine and oil-brine systems. iffe¢hod uses an ultracentrifuge to create a
distribution of fluids and capillary pressures imogk core before a NMR method is used to
measure the saturation profile within the rockotder to widen the application of the method,
a diffusion-weighted profile sequence is used fddRNmeasurements in oil-brine systems.
The method is able to provide a primary drainagalleay pressure curve in 3 days, and is

therefore considered as a rapid alternative toratiethods.

By comparing results obtained for a relatively hgeweous Berea sandstone with that of
more heterogeneous carbonate samples, the efféctseterogeneity are evident. The
complexity of the studied material is reflectedtire resulting capillary pressure curves,
illustrating how heterogeneities violate classicalncepts and assumptions within core
analysis. However, these effects can provide vadduadditional information for further

studies. In particular, in-depth studies of a hygldmplex vuggy carbonate material questions
the validity of assumptions made in numerous studieis also suggested that a capillary
pressure curve representing the matrix porosithefvuggy carbonate is obtainable. Since it
is able to measure the actual fluid saturationdiwithe rocks, NMR is proved to be a
valuable tool for core analysis in heterogeneoutena, visualizing both internal structures

and their specific properties.

In an attempt to verify the current method, severalertainties concerning the procedures are
addressed, including the prospects of fluid evapmmraand redistribution. Studies indicate
that fluid evaporation can be neglected within tinee needed to perform the measurements
with the new method. The rate of fluid redistriloatiis decreasing with permeability and the
type of fluids present. Thus, it does occur to saxient in air-brine measurements, but can
be neglected for the oil-brine measurements indhepermeable limestones. Due to its low
uncertainties, the investigated method is consildre be a very accurate and reliable

technique.
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1 Introduction
Recently, research into Enhanced Oil Recovery (ERd®)returned to the top of the agenda

for most large international oil and gas companfesital part of this research is to provide
guality data for reservoir studies. Creating everenaccurate reservoir models based on
heterogeneous material is one of the main chalkefgehe future in the oil industry. Hence,
simulations and models rapidly evolve in the dig@tiof more details and greater precision,
and the underlying petrophysical data should evolecordingly. Many different
measurements are needed to build-up a picture ef getrophysical properties and
producibility of a reservoir rock. One factor thatitically influences the initial fluid
distribution and the processes of oil recoveryhes tapillary pressure. Capillary pressure is
defined as the difference in pressure across tieeface between two immiscible fluids. In
evaluating hydrocarbon reservoirs, laboratory tailpressure curve measurements on rock
cores are directly applied to determine many basitophysical properties, e.g. pore size
distributions, irreducible water saturation, residoil saturation and wettability. Due to its
importance, numerous techniques to obtain the leapipressure-saturation relationship have
been suggested over the years. Three techniquesidety accepted in the industry today,
namely the mercury injection method [1], the porglate method [2] and the centrifuge
method [3]. The latter creates the basis of thertiggie investigated in this thesis.

Since nuclear magnetic resonance (NMR) was fitsbduced as a measurement technique
more than 50 years ago, it has received increastegest from the petroleum industry. Low
field NMR is a rapid, non-destructive measuremeauahhique based on the behaviour of
nuclei in the vicinity of magnetic fields. By sarmg of the full length of the rock it can

provide a wealth of information about the fluidsoifr and water-saturated cores.

In the 1980’s, constructing facies models becanee phncipal method for characterizing
carbonate reservoirs. However, these simple peysipdl models turned out to be
insufficient to describe production from these rdokmations. To improve this, reservoir
engineers saw the necessity of implementing he¢ex@ity into the models. Today, there still
are significant challenges in terms of recovery tu¢he highly complex internal structure
and specificity of carbonate reservoirs. In thet,pesre analysis has mainly been focused on
more homogeneous material. Now, as the demand fore naccurate data arises, the
importance of understanding more heterogeneousrialatés recognized. The heterogeneity



of rocks often violates the fundamental assumptimetsnd classical concepts of fluid flow in
porous media and causes the petrophysical propettievary within a sample. This
complicates both the acquisition and evaluationdafa in heterogeneous core samples.
Nevertheless, the fact that carbonate reservoid 6® % of the world’s oil and 40 % of the
world’s gas demonstrate the importance of thoraexgdmination of carbonate materials [4].

This thesis investigates a new method for obtaitivegprimary drainage capillary pressure
curve in heterogeneous carbonates. Studies by Baklval. [5] in 1991 reported that it was
possible to combine the well-known subjects of ckige experiments and NMR in order to
obtain the capillary pressure-saturation relatigmsiThe technique has recently been
confirmed and further investigated by several gsid6-9]. A core plug is spun in a centrifuge
at different rotational speeds to create a distidiouof fluids and capillary pressures. In

between each speed increment, the fluid saturatotisn the core plug are measured with
various NMR sequences. The resulting capillary sues curves are found by utilizing

equations well-established in the literature.

The objective of this thesis work is to establistpexrimental procedures and to verify the
application of the new method in both air-brine asitlbrine systems. It is desirable to
provide accurate and valuable information appliegbt further reservoir studies. The work
presented stands out from previous studies initlgiconducted on heterogeneous carbonate
materials, introducing several experimental chgiémn In order to expose these challenges, a
homogeneous sandstone sample is used as a refdlgnoghout all measurements. As
opposed to techniques applied in earlier studiekffasion-weighted NMR sequence is used
to discriminate fluid signals in oil-brine systenitie basic theory behind the current method

is discussed in the following chapters.



2 Basic petrophysical properties

2.1 Porosity,p
The porosity of a rock is defined as the void part of the tatalume of the rock [10]. The

void part is found in between grains in a sedimgntack and it is in these pores liquids like
water and oil will accumulate. Thus, the poros#tyaimeasure of the fluid storage capacity of
a rock. It will vary as a function of grain sizénape and distributiorAbsolute porositys
defined as the ratio of pore volunvg and total voluméV; of the rock or the sum of the

effectiveand theresidual porosity

V
¢= 7p><100>/o =@t T Pres @

t

In order to produce hydrocarbons from a reservooky some pores in the rock must be
connected so that fluid flow can be maintained. €ffective porositypes is defined as the
ratio of the total volume of these interconnectedepV,; to the bulk volume of the rock.
The residual porosityes represents those pores that are not connectezk 8ur interest is to
produce hydrocarbons, it is obvious that the effecporosity is the parameter of primary

interest in reservoir engineering. Hence we define:

V,
—PLx100% (2.2)
\

¢eff =
Two main types of pore can be defined accordinthér time of formation [11]Primary
poresare those formed when sediments are depositede sdcondary poresre developed
in a rock some time after deposition. Secondaryogity is often caused by solution or

cementation during diagenesis.

2.2 Permeability, K
The permeabilityof a porous medium is the medium’s capabilityremsmit fluids through its

network of interconnected pores [10]. Since perniigabs related to porosity, all factors

controlling the latter will also affect the formérhe permeability is a constant property of a



porous medium only if there is a single fluid flewgi through the medium. In that case, the

absolute permeabiliti is described in the Darcy equation

_KA( 4P
Q_7(Ij (2.3)

wherep is the viscosity of the flowing fluidQ is the volume flow through a porous medium
core and4P is the pressure drop across the cévés the cross-sectional area of a core with
lengthL.

If there is more than one fluid flowing in the pasomedium, one fluid will obstruct the free
flow of the other fluid. As a result of this, theedium will have areffective permeabilitjor
each of the fluids. The effective permeability dege on fluid saturation, pore size and pore
throat size distribution, wettability and the weitdy history of the rock. For a multiphase
flow, the Darcy equation can be defined for eacthefflowing fluids (e.g. water, oil and gas).

K/Ad
g =2 AR (2.4)
M dx

The unit of permeability is called darcy (D), whiish0.987 x 132 m?, but millidarcy (mD) is
commonly used when discussing permeability in resemrocks. Rocks can have a wide

spectrum of permeabilities, ranging from 0.1 mDriore than 30 D.

2.3 Wettability
When two immiscible fluids coexist near a surfagesohesive force will arise between the

fluid molecules and the molecules in the surfa@.[The fluid with the strongest force is the
wetting fluid while the other fluid is thaon-wetting fluid The wetting fluid will spread onto
the surface. The different forms of wettability atescribed by the wetting angie the
contact angle between the solid surface and thasfin a system.

0=0-30: Strongly water-wet
6 =30-96: Preferential water-wet
6 =90 Neutral



0 =90 - 156 Preferential oil-wet
0 =150 — 180 Strongly oil-wet

Solid surface Solid surface Solid surface

6=0° 0 =90° 0~1800

Figure 2.1The relation between wetting angle and wettabilig}[

Most oil reservoirs are water-wet, meaning thatewatill be situated at the pore walls while
the oil is in the middle of the pore. It is importato note that reservoir rocks are rarely
strongly water-wet or strongly oil-wet and that tvettability can vary within a rock. A
porous media can also berofxed wet (MWbpr fractionally wet (FW)nature. MW rocks can
be divided into two subdivisions: Mixed wet largedWL) and mixed wet small (MWS)
where respectively the large pores and the sma#igpare oil-wet. Rocks with a FW nature
have no correlation between pore size and wethgbidbth small and large pores can be oil-

wet.

2.4 Saturation
A porous medium normally contain more than onedflphase, e.g. water, oil and gas.

Saturationis the part of the total pore volurig containing the fluid in question.

- Water saturation: S, :x—w (2.5)
p
: : V

- Oil saturation: S == (2.6)
VP
_ \)

- Gas saturation: S, = \TQ (2.7)

hel

As a general rule, the whole pore volume is fillgdone of the fluids. Therefore



S,+8+ 3-=1 (2.8)
The irreducible water saturatio8,; is an important property within the concept of oil
recovery. This is the lowest value of water satarabbtainable in the reservoir, since water

is trapped in small pores due to capillary forces.

Imagine an oil production scenario where watenjedted to produce more oil from a water-
wet rock. It will not be possible to obtain a reeoy factor of 100%. The residual oil
saturatiornS,, is the lowest possible oil saturation in a resinAt this value, the oil is unable
to flow and cannot be produced. The mechanismsedual oil saturation may be illustrated
through two simplified models shown kgure 2.2. In thgore doubleimodel, oil is trapped
by bypassing water in a pore doublet. Bmap-offmodel illustrates a scenario where the oil
phase snaps off into globules that are localizatiérpore bodies of the flow path. Most of the
residual oil in a water-wet media is consideretdéarapped according to the snap-off model
[13].

i)

Water X

0il

Figure 2.2 Trapping of oil in i) a pore doublet model andaisnap-off model

2.5 Capillary pressure, P
Capillary pressurecritically influences the initial reservoir fludistribution and the processes

of oil recovery. It results from the interactiontlveen a wetting fluid and a non-wetting fluid
and is defined as the difference in pressure adhesinterface between the two immiscible
fluids [12]. Laboratory experiments have shown tiat capillary pressure. depends upon

interfacial tensions, wetting angles, porosity npeability and fluid saturations.



Capillary pressure can be illustrated by imaginenghin capillary tube with radiuR in a
vessel containing oil and water. Figure 2.3 illatds the interaction between the fluids when
the tubes are i) water-wet and ii) oil-wet. As nieméd earlier, the wetting fluid spreads onto
the surface and so is the case for the surfaclkeotapillary tube. If the glass of the vertical
tube is water-wet, the water will displace theiwoithe tube to some height until equilibrium is
reached between the pressure difference and tigeditavity. In the oil-wet case, the process
is reversed, i.e. the oil drags itself down inte thater phase. This illustrates the capillary
pressure effect. The curved interface betweenwoefluids is called a meniscus, and it will
always be convex towards the wetting fluid.
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Figure 2.3 A capillary tube is placed in a vessel filled waih and water. i) The glass of the

tube is water-wet. ii) The glass is oil-wet [12].

The interfacial tension (IFT¥ is described as force per unit of length along ittierface
between the two fluids [12]. This force is perpemndtr to the interface as shown in Figure
2.3and its vertical component is

F,, = 2nRo,, cosd (2.9)

0 is defined in Figure 2.8nd is previously described as the wetting angtehapter 2.3.

There is another force working downwards from treniscus due to the pressure difference
in water and oil. By examining the small surfaceaatA and its downward working foradF.
in Figure 2.4 it is possible to obtain an expressior capillary pressure. The vertical

component of this force is



dF. =(p,— p, )dAcosr (2.10)

a is defined in Figure 2.4lA. is the size of the horizontal projectiond& and it is given by
dA-cos. In order to find the total vertical componenttioé force it is necessary to integrate

across the meniscus surfake

F.=(p,~p,)f comr dA= (p- p ) dA= (p- p7 # (2.12)

When the meniscus has stabilized, the fluids agatic equilibrium. This condition implies
thatF: = Fow. Hence, Equation (2.9) and (2.11) can be written:

(p,— p, TR =2 Ry, cod (2.12)

This gives an expression for the capillary pres&yréhe pressure difference in a non-wetting
and a wetting fluid.

P - 20 cosf _

wetting ™ R

P=P

c non- wetting -

4p gh (2.13)

Ap is defined as the density difference betweenwlefiuids; 4p = pwetting— Pron-wetting

!
¥

—
A[“h-“

l

£

Sy
i

Figure 2.4A small surface area dA of the meniscus [12].

A porous media consists of a very complex netwdrlpares, each with a representative
capillary pressure. In order to show a relatiowieein the capillary tube and a porous media,
the vessel filled with water and oil in Figure &5considered. The oil will place itself on top
of the water due to the difference in density. Memtion of capillary tubes with varying radii
R are placed in the vessel. Due to the water-watreatf the tubes, the water will rise to a

heighth which is in inverse ratio to the radisof the tube. As seen in the figure below and



in Equation(2.13), the greatest elevation of the water is tbimthe tube with the smallest

radius, while lower elevations are foundRamcreases.

From these observations thmapillary pressure curyeshown in Figure 2.5iican be
constructed. This is a plot of capillary pressiig ¢s. water saturatiorg(). It is based on the
assumptions tha, is proportional to the tube radisand the heighth is proportional td..
Hence, a relationship between the different parareetan be seen by comparing the two
sketches in Figure 2.8 is largest in the tubes with the smallBsiThese tubes also hold the

lowest water saturation.

Height, Capilfary pressure

| e

Water saturation (S,)
Small Radius (R) Large

i) i)

Figure 2.5 The relationship between capillary pressure, resgrheight, water saturation
and radius illustrated by i) capillary tubes in weatand ii) a primary drainage capillary

pressure curve [12].

Like the vessel with capillary tubes, a porous msdiis a capillary system. Thus, the
observations made for the vessel also holds in s&rveir rock. A large tube radius
corresponds to a large pore throat radius. In otaldill the biggest pores in a porous rock
with water, the pressure needs to reach a thregtrelssure. To fill the smaller pores, the
pressure must be increased even further. As yolerapwards in a reservoir, the water filled



pores get smaller and smaller. Below tie® water level (FWLynly water is present and the

capillary pressure is zero.

The capillary pressure curve kigure 2.5 represents a primary drainage proceskaikage
process is when the saturation of the non-wettinigl is increasing, while the saturation of
the wetting fluid is decreasing [10]. If a wettifigid is displacing a non-wetting fluid, it is an
imbibition process. In this particular drainage repée, the oil is displacing the water. Thus,
the oil saturation%) is increasing, while the water saturati@y)(is decreasing towards the
irreducible water saturatior§{;). At this stage, water is trapped and kept statprby the

capillary forces of the small pores.

The displacing process mentioned above can illiestnehat happens in a real large-scale
reservoir. Initially, a reservoir rock is water-waatd filled with waterS, = 1. Depending on
the geological setting, hydrocarbons can migrate the reservoir rock from a source rock.
Oil droplets amalgamate with each other into pregirely longer filaments, until their
increased buoyancy allows them to overcome theshiotd pressure and displace the water.
Because of the water-wet nature of the reservaksthe capillary pressure will inhibit water
displacement in the small pores. The oil will d&sj@ the water in the large pores first in a

primary drainage process and eventually move toapef the reservoir.

In order to find out more about a rock’s wettapijlithe capillary pressure curves in Figure 2.6
and their associated displacing processes maytedtmore closely.

10
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Figure 2.6 Capillary pressure curves for a water-wet and alawet rock [12].

The capillary pressure curve fomater-wetrock demonstrates many displacing processes:
- Primary drainage process:
Imagine a water-wet core fully saturated with wg&r= 1). By injecting oil, water is
displaced in a drainage process. As the injecti@sgure exceeds the threshold pressure,
the largest pores are first filled with oil. Ths shown in the capillary pressure curve to
the left in Figure 2.6As more oil is injected at higher and higher inj@etpressure, the
water saturation decreases towards the irreducilsleer saturatiorS,; where the oil
saturation reaches its maximum value.
- Spontaneous water-imbibition:
Due to the water-wet nature of the rock, waterusked back into the core when the
external pressure is lowered. The volume of oilnggoeously displaced from a region
may vary from a fraction of a single pore spacari@ssembly of pores. Whep= 0, the
water saturation has increased&iQ,
- Forced water-injection
In order to increas&, even further, water is injected. The pressureevensed until the
water saturation reach&s =1 - S.
- Spontaneous oil-imbibition
When the reversed pressure is lowered, some a@ilégked back into the core and the

water saturation becomes, = 1 — S, Note that the amount of oil spontaneously
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imbibed is less than the amount of spontaneoushybied water due to the water-wet
nature of the rock.

- Secondary drainage

Irreducible water saturatid®,; is once again obtained by injecting more oil.

In anoil-wet rock, other displacing processes occur as illtetran the curve to the right in
Figure 2.6.
- Forced oil-drainage
In this case, since oil is the wetting fluid, watajection is a drainage process. Water is
injected into a oil saturated core plug until maximwater saturatiols, = 1 — Sy is
reached.
- Spontaneous oil-imbibition
A relatively large quantity of oil will spontanedyambibe as the reversed pressure is
reduced, resulting in a lower water saturatiprr 1 —S; sp
- Forced oil-injection

S.i is obtained by injecting oil.

Changes in the wettability of a rock core have bskawn to affect capillary pressure,
electrical properties, waterflood behaviour, relatipermeability, dispersion, simulated
tertiary recovery, irreducible water saturatfgy and residual oil saturatid®, [14]. Notably,

the curves for the drainage and imbibition processee not the same, forming a loop.
Likewise, the capillary pressure curves for primamnainage differs from the one for a
secondary drainage. This inconsistency ofRgeonditions illustrates theapillary pressure

hysteresisIn a porous media, the capillary pressure hysierns identified as a permanent

hysteresis because it is independent of experirhtmia [15].

Wetting angle hysteresis is one cause of capilfmgssure hysteresis. During drainage, the
non-wetting fluid displaces the wetting fluid fraitme core. The wetting fluid is being pushed
back from surfaces it previously covered, creatingeceding wetting ang.. between the
two fluids. The advancing wetting angt&g,, is important during imbibition. The concept of
wetting angle hysteresis can be recognized by me@sé.e. and G,y Of an oil drop
suspended between two horizontal plates of glagenerged in water. The lower plate in
Figure 2.7 is fixed while the other can move tarigdlg in either direction. The receding
angle is smaller than the advancing angle.
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Water Qil

Figure 2.7 Measurement of wetting angle hysteresis

The hysteresis phenomenon stabilizes the fluidrfextes in the pores, so that the fluid
distribution in the porous medium is preservedadidition, it is related to the snap-off effect
as mentioned earlier, i.e. a differential dissipatf the interfacial tension near the pore walls

cause a snap-off of small, immobile droplets.

The values where the curves in Figure 2.6 crosS#faxis, Syspand 1- S s, depend on the
wettability. A high Syssvalue indicates a water-wet rock. Two ways to reasthe
wettability of the rock core is the USBM-index atheé Amott-Harvey index [16].

2.5.1 USBM-index
When water is drained from the water-wet core gukeé 2.6a work is performed against the

capillary forces. TheUSBM test(United States Bureau of Mines) compares the work
necessary for one fluid to displace the other [IIf}e total work executed during the

secondary drainage process is proportional toridefa below the secondary drainage curve.

Sui

A== [ R(S,)d$ (2.14)

1_S),sp
The minus sign in Equation (2.14) is needed sitee dhange in water saturatiaS,, is

negative.

The area under the forced water injection culiyeis proportional to the work needed to

displace the oil.
1_37r

A= [ R(S, ) (2.15)

SN Sp
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Because of the favourable free-energy change, ik wequired for the wetting fluid to
displace the non-wetting fluid from the core isslésan the work required for the opposite
displacement. So, in a strongly water-wet poroudiom, a great work is required in order to
drain the water with oil. This results in a largeaA;. For an oil-wet core, drainage is easily
executed resulting in a small arda The same analysis can be executedoml small area

indicates a water-wet core and a large one indicaeoil-wet core.

The USBM-indexs used to classify the average wettability obekr

—_— Y

The different classifications of wettability are

- lysem> 0O: water-wet
- lysem= 0: neutral
- lyusem< O: oil-wet

The USBM test is favourable because of its serisitivear neutral wettability. A minor
disadvantage is that the index can only be measoreglug-sized samples because the

samples must be spun in a centrifuge.

2.5.2 Amott-Harvey index
The Amott-Harvey indexAH) is an alternative way to classify the wettayi[18]. This

technique is based on the fact that the wettinigl fluill imbibe spontaneously into the core,
displacing the non-wetting fluid. In other wordegtAH test focus on where the capillary
pressure curves cross tige-axis. If Sysp moves to the right on th&,-axis, the water
saturation increases as more water has imbibediapaously into the core. We define the
“displacement-by-oil ratio”

\Y/ Su s~ Sui

o = o,sp _ w,sp

" Vot 1_ Sor - $\/i

(2.17)
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whereV, sy is the volume of the oil displaced during the sporous water imbibition and,
is the total volume of oil displaced in both thesfaneous imbibition and the forced water

injection.

If (1 — Ssp has moved to the left in the oil-wet curve in tg 2.6, the oil saturation has
increased, more oil have imbibed spontaneously tinéocore. In this case, we define the

“displacement-by-water ratio”

) :Vw,sp — (1_ Sor )_ (1_ S),sp ): %,sp_ %r

3 (2.18)
Vi 1-8,- S 1-3- 2

whereVy, spis the volume of the water displaced during thensaneous oil imbibition andy:

is the total volume of water displaced. The wetigbcan be defined by the Amott-Harvey
index

_Vo,sp _Vw,sp: (Sw,sp_ Swi )_ (So,sp_ Sor

) (2.19)
Vot th 1_ Sor - %i

For this method, the different wettability class#iions are

- 0.3<lpy<1: water-wet
- -0.3<lpy<0.3; neutral
- -1<lpy<-0.3: oil-wet

The main problem with the AH test is that it isé@nsitive near neutral wettability since
neither fluid will spontaneously imbibe when thentaxt angle is in the range of 6@ 120
[16].

2.6 Sandstones
One of the core samples used in this thesis isutarap Berea sandstone commonly used

rock in petroleum research. In general, sandstanesommon reservoir rocks containing a
relatively large percent of the world's petroleueserves. A sandstone is defined as a
sedimentary rock with grains in the size range 16 to 2 mm [19]. The sand grains are

formed by the breakdown of pre-existing rocks byathiering and erosion, and from material
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which forms during transport and deposition. A coonnterm for this material is siliciclastic
sediments. The Berea sandstone is a sedimentekywioose well-sorted and well-rounded
grains are predominantly sand-sized and composqdartz sand held together by silica [20].
Since the porosity and permeability of a porousimelaffected by grain shape, size, sorting
and fabric [21], Berea sandstones possess goowoasgualities. This is why it is considered

as relatively homogeneous and suitable for laboyagmperiments.

) o
B e IR AR W) 3

Figure 2.8 Scanning Electron Microscope (SEM) image of a slpBerea sandstone at 50x
magnification [22].

2.7 Carbonates
The work in this thesis is partly performed on oogclimestones. By definition, a limestone

is any sedimentary rock containing over 50 % catctarbonate (CaC{p[19]. Hence, it is

generally referred to as a carbonate rock. Careortks are well known for their complex
petrophysical behaviour where, in contrast to isiistic rocks, different parameters,
including porosity and permeability, usually are doectly related. The complex carbonate
microstructure reflects their origin. The hard pawf dead organisms constitute a principal
source of calcium carbonate, making this biogenmmtemial a main component of most
carbonates. Carbonate sediments may build up inl@gtion where there is a supply of
biogenic carbonate and a restriction on the amotictastic sediments, typically in coastal

and shallow marine environments.
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As reservoirs, carbonates hold around 60 % of thanal 40 % of the gas in the world [4].
Thus, they are as important as sandstones, butdkeelopment and production present a
different set of problems. Since silica, a matepadsent in most sandstones, is chemically
more stable than calcium carbonate, the effectiiagfenesis are more marked in carbonates
than in sandstones. During diagenesis the primampgity of carbonates is thoroughly
reorganized. Repeated cementation, dissolutionfaauduring result in the heterogeneities
and complex structures that is a combination ohpry and diagenetic pores. The porosity of
carbonate rocks can be further categorized intagn&nular porosity, intergranular porosity
and vugs [11, 21]. Intragranular porosity is thegsdy inside the grains, while intergranular
porosity is found between the grains. A vug is i as a pore space that is significantly
larger than the grains and crystals of a rock, @ndasily visible to the naked eye [23].
Leached grains, fossil chambers, cavernous, biecti@ctures and cavities are mainly the
origin cause of these vuggy pore structures. Thagerto the left in Figure 2.9 shows a vug
with a diameter of 1 mm, while intragranular antergranular porosity is illustrated to the
right.

In reservoir characterization, the heterogeneityhefreservoir rock specifically affects fluid
flow. Hence, reservoir rocks with a secondary psgystem, like vuggy porosity, have flow
properties different from other rocks. These hajeneities often cause large variations in the

petrophysical properties of the rock, violating ttassical concepts of fluid flow in porous

media.

Figure 2.9 Left: A vug with a diameter of 1 mm, illustrating thedarheterogeneity caused by
vuggy porosity. Right: Image indicating 1) intragtdar and 2) intergranular porosity.
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The effects of vugs on the petrophysical charasties of the rock are related to the type of
vug interconnection. Lucia [24] found that the vugpre space was divided into separate and
touching vugs. Separate, or isolated, vugs arenel@éfas pore space that is connected only
through the intergranular porosity, whereas toughor connected, vugs are defined as pore
space forming an interconnected system independerhe intergranular porosity. The
intergranular porosity is often referred to as maporosity in the literature. While the
addition of separate vugs increases the total pgrds does not significantly increase the
permeability of the rock. The presence of touchwgs, on the other hand, increases the
permeability well above what would be expected fribva matrix porosity [24]. Figure 2.10
illustrates the categorization of vuggy pore sp&xeerall, the predictability of petrophysical
properties of carbonate rocks is mainly hamperethlsygreat variability of the connectivity

of different pore types.

=
[1]

Figure 2.10lllustration of the categorization of vuggy poreasp. 1) Matrix pore space 2)
Isolated vugs 3) Touching vug network [25].

18



3 Methods for capillary pressure curve measurements

A porous medium is much more complex than capillarpes. Nevertheless, capillary
pressure has a great effect on how fluids fill ploges of a rock. In evaluating hydrocarbon
reservoirs, laboratory capillary pressure measunésnen reservoir cores are directly applied
to determine basic petrophysical properties suchaas size distribution, irreducible water

saturation, residual oil saturation and wettabiityeservoir rocks.

At least three methods of capillary pressure megseants are widely accepted in the industry
today. These are the mercury injection, porousepéatid centrifuge methods. By utilizing

these methods, capillary pressure curves can ladlissted for both gas-liquid and liquid-

liquid systems. Experimental work [26] has showattim a gas-liquid system, e.g. an air-
brine system, the porous plate and centrifugatiechrique give close results. This is
indicated in Figure 3.1. The same study also prabed capillary pressures for a gas-liquid
system are not transposable to a liquid-liquid eystHence, oil-brine capillary pressure
measurements are necessary to study oil-brineacttens in particular. The three methods

for obtaining capillary pressure curves are furérgslained in the following sections.

sl [ air - brine eq. mercury inj.
= = = oif - brine porous plate

e Qi - brine centrifugation

air - brine Pc (bar)

0 T T T T T T T 1 I

¥
0 10 20 30 40 50 60 70 B0 90 100
Saturation %

Figure 3.1 Capillary pressure curves, for a air-brine drainage a sandstone rock core,
comparing the three methods [26].
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3.1 Mercury injection method
This technique involves forcing mercury under puessnto the evacuated pores of a porous

media [1]. The amount of mercury injected underowes pressures is determined and used to
produce the capillary pressure curve. It is ayaguliick method and it can also be used to
determine the pore size distribution. However, éhare several disadvantages with the
mercury injection method. It cannot be used to find irreducible water saturation nor the
reservoir wettability. In addition, mercury is annatural fluid which has a destructive effect

on the core sample and it is used to a lesser edtento the pollutive nature of mercury.

3.2 Porous plate method
This method uses a porous plate, a diaphragm, asune the capillary pressure curves [2].

The relation between the capillary pressure andaleration can be found for a small core by
starting with 100 % saturation. The plate is saadtavith the wetting fluid and put under high
displacement pressure. A core, saturated with d@ineesfluid, is placed on top of the porous
plate. On the upper side of the plate, non-wettingl is added, while the lower chamber is
filled with wetting fluid. Successively greater sioos can be applied from the lower chamber
to the wetting fluid in the plate. The saturatidntloe core can be found by measuring the
guantity of fluids removed from the core when epuilim is obtained at each value of
suction. It is important that the suction does ewnteed the displacement pressure of the

porous plate as this will cause air to enter tlagephnd end the measurements.

The porous plate method is very satisfactory inrggion of low capillary pressures. It is
limited by the low displacement pressures of ttegephnd the fact that the measurements can

be very time consuming.

3.3 Centrifuge method
The centrifuge method was introduced by HasslerBmdiner in 1945 [3]. Since then, it has

been extensively investigated and increasingly usetie petroleum industry. This method
involves rotating fluid bearing rock cores at vateaspeeds in a centrifuge. The centrifugal
force will counterbalance the capillary pressurehsat fluids are produced from the core. The

quantity of expelled fluids as a function of incsg®y rotational speed can be converted into
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the capillary pressure as a function of fluid sation. The method has several technical
advantages; including the absence of semi-perméditieles, the ability of analyzing several

samples using a single machine, and that the ewpatal time is short compared to other
methods. However, there are some problems conggtinnbasic theory and the experimental
set up. These disadvantages will be discussed\shefore the end of this chapter. The fluid
saturation of the core is not a constant throughimaitcore, but varies with the distance from
the rotation axis. Also, the capillary pressurentdarbe read directly, but must be calculated

from centrifuge speeds and other known parameters.
Hassler and Brunner made several experimental g [27]:

a) A homogeneous sample is considered to have flutiraaty all along the sample.

b) Within the sample, thB; saturation function is smooth and differentiable.

c) Gravity is negligible compared to the centrifugadi

d) A small sample is used, i.e.~ r, and(ru/ro)* = 1.

e) The capillary pressure at the outlet face of the coear the produced fluid container

in Figure 3.2, is zero.
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Figure 3.2 Saturation profile within a porous sample rotatedai centrifuge. The non-wetting
phase (red) is displacing the wetting phase (bated constant angular velocity, and the

effluent from the core is collected in the produfied container.
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The cylindrical core sample iRigure 3.2 is saturated with a wetting fluid of digyip, e.qg.
water, and placed in a centrifuge after its dry satlirated weights have been measured. The
centrifuge is then run at successively greaterdgpaad the wetting fluid is produced. The
speeds are held constant until equilibrium is olgdj i.e. when there is no more additional
fluid production observed. A stroboscopic lighused to read the quantity of produced fluid

in the container before the centrifuge speed iressed further.

An equation for capillary pressure as a function radlius P,(r) can be estimated by
considering a small fluid volume of magm contained within a pore in the corm can be
considered as a small disk of voluwhé = AA dr, where4A is perpendicular to the radius as

shown in Figure 3.3.

AF
AA

Figure 3.3A small fluid volume of masgsn within a pore.

When the core is put in the centrifuge the fluiduwee will rotate at an angular velocity.

This means that it is subjected to a centripetaleo

AF = Amasr (3.1)

This force is acted upamm from the neighbouring fluid elements; hence thsra pressure

difference across the fluid elemefrm.

[P(r +dr)-P(r)] A =& =/’ = pdAdrawt
P(Hd(;)_P(r):pafr (3.2)
r

In the limitdr — 0 we find:

9P _ perr (3.3)
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Assuming there is only one fluid in the core, thresgure at radius can be found by

integration.

P(1,) ry
J' dP:jpafrdr

P(r)

P(rz)—P(r)=§paf<r;—r2> (3.4)

P(r)=Ry(1,)+ pes(r* =r)

P, is the pressure at the outlet end of the coremally represented by the atmospheric

pressure.

If there are two fluids present in the core, a imgtand a non-wetting fluid, the pressure

difference function above is valid for both fluids.

PT)= P+ i (r =) 35)

Pl = 1)+ 0, (1 =) (36)

Since capillary pressure is defined as the diffeeein pressure across the interface between
the two immiscible fluids and assuming that thdeduiressure is the same for both fluids, the

following equation can be obtained:

P.(r)= in(r)—PW(r):émaf(r;—r2) (3.7)

An important observation in this equation is tHa tapillary pressure depends only on the

radiusr from the rotation axis and the angular frequenaayf the centrifuge.

Now, the main purpose of the Hassler-Brunner methdd relate the capillary pressure and

saturationS, for a given core. The average water saturatich@toreS, will be given by

S=—fs (rwar 39)

2

In order to change the variables in the integ@ainfS,(r) to Sy(P), Equation (3.7) is used to

find an expression fair and X(r,—ry):
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P.(r) :%Apaf( r7-r?) =dP, = -dpwrdr =dr = - P, (3.9

1
——d
Aparr

1 |
Pc1(r1)=§Apa)2( rz —I’l ) =§pr2(r2_r ])(I' 1+r 2

. . (3.10)

L= 2P01

APar (1, +1,)

An expression for the radiuscan be found by dividing the capillary pressure atith the

capillary pressure at the inlet face of the agre

2 _ .2 2
LI rz:sr:\/r;—i(r;—rf) or, 1-& 1—[% (3.11)
Pc1 r,—n Pc1 Pc1 r

The expressions fair, 1/(r,— r;) andr are put into Equation (3.8) to obtain an expression

the average saturation in the plug:

r)%__ S,(R)de (3.1
2PC1 0\/ P [ r. 2]
1--¢|1-| 2
PCl [rZJ

Since Hassler and Brunner failed to find an anedytisolution to Equation (3.12), they

S, =

favoured the simplifying assumption = r,. This was considered reasonable for very short

cores if the centrifuge diameter was sufficiendlsge. The equation above becomes:

PCl

S0 [s(R )R (3.13)

Cl o
Finally, an equation for the saturation as a fuorctdf capillary pressur8(R:) is found by

inverting the integral:

_d e
SN(Fél )_d_l%l(l:él %/ (3-14)

This means that the capillary pressure curve cdoured by centrifuging a core with different
angular rotationg. After the run, the cores are removed and weigbedheck the saturation

value obtained from the last reading of producediflIThe values oP.; are computed from
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Equation (3.7) and the average saturat®nf each core is obtained from the dry and

saturated weights and the corresponding contagastimg. A plot ofSP. as a function oPy
can be prepared from the experimental data. Thetgaidicated on the curve in Figure 3.4
are the first, second and third rotational spe@&te. saturation that goes with each value of
capillary pressure is obtained from this curve bypgical differentiation according to
Equation (3.14).

PC1

Figure 3.4 Graphical differentiation of RS vs. R, curve. Points indicate first, second and

third centrifugation speed.

It should be noted that Equation (3.14) is an axprate solution introduced by Hassler and
Brunner. Many alternative solutions based on Equa{B.12) have been proposed by other
scientists, collectively reviewed by Ruth and C[##8]. Several scientists have questioned the
assumptions made by Hassler and Brunner, includiveg assumption of zero-capillary
pressure at the outflow boundary [29], the negtéetifects of cavitations and radial effects
[30-31], and the effect of a non-uniform centrifufgace field distribution [28].

A complete capillary pressure curve usually requeibout 15 speeds and may take several
days to acquire, depending on the wettability peefee and permeability of the core samples.
There exists no global, absolute requirement fereuilibrium states during the experiments
[28]. Thus, the equilibrium state is often deteradrbased on experience. If non-equilibrium
data is used for processing, an unknown level afetainty is accepted in the resulting

capillary pressure relationship. Hassler and BrufBleargued that the speed of the centrifuge
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should never be allowed to decrease as this wqadl the run. This is because the fluids will

tend to redistribute throughout the core when td@rgfugal force is no longer present.

It should also be emphasized that at any givertioot@ speed, a wide range of capillary
pressures exist, distributed within the core. Tioeee the capillary pressure distribution is

connected to a fluid saturation distribution aldhg length of the core. Since this method

only measures the average fluid saturaSoiit fails to produce the actual distributions. The
Hassler-Brunner solution is now generally used rmsndial guess to the correct solution.
Centrifuge experiments must be carefully designed performed in order to obtain useful

information on capillary pressure curves.

3.4 Capillary end effect
Figure 3.2 shows that there is a high saturatiah@fwvetting phase at the outlet of the porous

medium. This hold-up of the wetting phase is catlezlcapillary end effecor the boundary
effect, and it comes about because of the disaaititim capillary pressure when the flowing
fluids leave the porous medium. The discontinuitgkes it more difficult for the wetting
phase than the non-wetting phase to leave the cewerett [32] concluded in his studies that
the end effect is confined to a zone a few featiameter near the well, and therefore not an
important factor in behaviour of large-scale ree@s: However, they can significantly affect
measured saturations and recoveries in laborat@e£xperiments, and must be accounted

for.

3.5 Measurements at reservoir and ambient conditions
Capillary pressure measurements are ultimately wegdcat reservoir conditions, i.e. at

reservoir temperature and pressure. Since thisms-¢onsuming and requires expensive

equipment, it is often preferable to measure atiamlzonditions, as is the case in this study.

Sinnokrot et al. [33] investigated the effect ofnfeerature on the capillary pressure curve.
They found that irreducible water saturation in andstone rock obtained under high
temperature was higher than that obtained under teawperature for a refined oil/brine

system. This was later confirmed when Sgndena .ef34] compared capillary pressure
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curves obtained by the porous plate method at arhbanditions and at reservoir conditions.
They concluded that the differences between theesuirom the two conditions resulted from
temperature effects rather than pressure effetis.high temperature caused the wettability
preference of the samples to change from internedooil-wet when water was displaced
with live crude oil, affecting the water saturation the rock. This change in the rock’s
wettability preference is one of many challengecuaing when measuring at high
temperatures and pressures, which is why measuteraernoom temperature are considered
as an adequate solution. Sgndena et al. used saadsire plugs from a North Sea reservoir
in their research. Capillary pressure curves detexth at both reservoir and ambient

conditions are shown in Figure 3.5

However, studies have also shown that the abovensémts are only valid for sandstones,
and that the effect of temperature on capillaryspuee of limestone rocks is negligible [33,
35-36].

1.8
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Figure 3.5Capillary pressure curves measured at reservoir amdbient conditions [34].
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4 Nuclear Magnetic Resonance (NMR)

4.1 Introduction to the physical background of NMR
Nuclear magnetic resonance was first observed4 b§ scientists Edward Purcell and Felix

Bloch at Harvard and Stanford Universities, respebt. Since then, there has been a rapid
growth in the number of NMR applications. It hagibaised in petroleum exploration since
the early 1950's.

NMR is a phenomenon which occurs when the nuclaeofain atoms are placed in a static
magnetic field and exposed to a second oscillatiagnetic field. Some nuclei experience
this phenomenon, and others do not, depending wimther they possess a nuclear spin.
Systems of spinning charged particles will alsospes magnetic moments) (vhich give rise

to nuclear magnetism. An atomic nucleus will alsate which gives it an angular

momentum,J. Since they are parallel, the relation betweesdlmarameters is

p=pd (4.1)

wherey is the gyromagnetic ratio unique for the nucleusjuestion. For hydrogen (a single
proton’H), y = 26.75 x 10rad/T - s [37].

In NMR, the proton often is the nucleon in questdre to its highy-value. The magnetic
moments of protons are originally randomly orient&y placing the nucleus in a static

magnetic fieldB,, the force from the field will try to align along the field by a torque

T=pxB, (4.2)
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Figure 4.1 The torquer tries to align the magnetic momantlong the outer magnetic field
Bo.

By applying an external force to rotgtiefrom its equilibrium position, the energy of the
magnetic moment will change. Imagine the same prot@a magnetic field,. The direction

and magnitude of the magnetic moment will be quadtiby

M, = yhm, (4.3)

wherem,, the magnetic quantum number of hydrogen, can tvavevalues, one parallel to the
field By (positive) and one anti-parallel 8y (negative). Thusm, = + ¥2. This implies that

there will be two energy states with a potentiargy given by

U =-n(B, = ~1,B, = —yim B, (4.9)

wherefn is Planck’s constart divided by Z. The two states are known as theand S-state
[38]. They are also referred to as the parallel amiparallel states because of the alignment
the magnetic moment will have comparedBtpin the two energy states. Thestate is the
lower energy state, while tifestate is the higher. The distribution of protosigoverned by
Boltzmann statistics; and at room temperaturesfeshdi strengths the population is slightly

higher in the lower energy state [39].
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m=1/2

Figure 4.2The two energy states of a proton as a functicghefttatic magnetic fielB, [38].

In order to excite protons from thestate to the3-state, a photon must be absorbed. This
photon is produced by an oscillating magnetic figldalso known as the RF-field, which is

perpendicular tu andB,. The photon must possess an energy given by Pialack
AJ =hf = yhB, (4.5)

The new fieldB; has to precess perpendicularB@with the Larmor frequenci, which is
the frequency with whiclt precesses arourih. This is the frequency at which the magnetic

nuclei can absorb or emit energy, known as thenagsze frequency.

_v
L= 8, (4.6)

The equation above states that the precession eineguof the individual nuclei is

proportional to the strength of the static magniicl.

Figure 4.3 The RF-fieldB; is perpendicular ta) and B, and causes a movementJofdJs,
towards thes-state [38].
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The new fieldB; will have an influence on the movementladind the magnetic moment will

be exposed to a new torque,

r =pxB, = (4.7)

dJ; is the change id caused by the RF-fiel8;. As shown in Figure 4.3, will move into the

B-state since it is tilted in the opposite directadrthe static fieldBo.

The principle of a NMR-instrument is shown in Figut.4 [37].This general sketch can be
used to explain how the different fields actualtg generated in the laboratory. The static
magnetic fieldBy is created by a powerful electromagnet. Two caiks oriented around the
sample tube, perpendicular to the static field. Ohthese, the transmitter coil, is generating
the high frequency RF-field. It is the absorptidrphotons from this RF-field that causes the
excitation of protons from the-state to the-state. This is only the case whBp precesses
with the Larmor frequencyt, which is when the resonance condition is fuldill@he other
coil, the receiver coil, detects the photons emlits the protons fall back into the lower
energy stateofstate). In practice, there is no need for two sspacoils, as one coil can
operate as both transmitter and receiver at the $iane.

spinner )\\ _-sample tube
% £

t 7insan
#

amplifier R.F. source

7

transmitter
coil \

{i> B, receiver coil

= gweep coils - —

Figure 4.4The principle and components of a NMR-instrume.[3
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With the orientation of the receiver coil in Figutel, the signal strengtis

S ay“NB);Bi a(f) (4.8)

wherea is a proportionality coefficient depending on thesign of the instrumenl reflects
the amount of nuclei in the sample ahds the temperature [37¢(f) is a Lorentzian signal

shape factor.

In order to obtain a good NMR signal, accordindg=tpuation (4.8), the following conditions
are of importance:
- Since the signal streng®is proportional taN, the core should be enriched with as
much of the isotope in question as possible.
- The strong dependence on the gyromagnetic ratidiamphat nuclei with a high
resonance frequency, and thus a higyield a stronger NMR signal.
- Since the signal is inversely proportional to teaperaturd, it is favourable to have
as low temperatures as possible.
- Equation (4.8) also implies that the static magnégld By should be as strong as

possible.

It should be noted that low-field NMR is favourabidhen studying porous media. This is
because a higher field strength, although improwimg signal, also causes higher internal

gradients, degrading the measurements [40].

The measured signal in NMR is called the Free Ihdndecay (FID). The FID is induced by
() allowing the magnetic nuclear spins to reacdriial equilibrium in a magnetic field; (ii)
exciting the spins with an RF-pulse, and (iii) a¢teg and amplifying the weak RF-signal
that is emitted as the spins resume their disiobuamong thex- and p-state. The FID is
influenced by magnetic field uniformity and the ggace of paramagnetic nuclei [41]. A long
FID gives a sharp peak at the Larmor frequency whaurier transformed to the frequency
domain. A broad peak, obtained at short FID’s,aatk a heterogeneous field distribution in
the sample. This is typically what can be obtaimed rock sample. Multiple-pulse sequences
can be used to separate out the different effettthe FID. Examples of these are the

inversion recovery method and the CPMG sequenazitied in the following sections.
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Figure 4.5A long Free Induction Decay (FID) exhibits a sharp lpaathe Larmor frequency,

when Fourier transformed to the frequency domainmétsFID shows a broad peak [41].

4.2 Relaxation
As mentioned earlier, when the magnetic momentsplreed in a static fiel®, they will

distribute themselves between the two energy stadss a result of this asymmetric
distribution, a thermal equilibrium magnetizatibhy will occur as shown in Figure 4.6. This

is the sum of the magnetic moments of all the pr&to

M, :lei (4.9)
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Figure 4.6 The thermal equilibrium magnetizatidf, is created by the individual magnetic

moments precessing arouBgd

My is, like the individual magnetic moments, precegsiround, with the Larmor frequency
f.. Since the RF-field; is able to excite protons to the higher energtesiais also able to
change the direction of the magnetizatMn This is used in the methods for measuring the

relaxation phenomenon.

After the RF-field is turned offB; = 0) the excited protons fall back into the loweeryy
state and the system returns to thermal equilibriDoring this process an emitted photon
will be detected in the receiver coil of the instient and induce a pulse. Energy will be
emitted to the surroundings while protons fall baxkhea-state. The magnetization vectdr
will also return to its initial valud along the z-axis. This is known as tieéaxation process
The magnetic signals associated with the relaxatimeess follow exponential growth and

decay with time constanis andT,, respectively.
T, is thelongitudinal relaxation timgor thespin-lattice relaxation timeand it reflects how

effectively the magnetic energy of the systemasdgferred to or from its surroundings. As the

name implies, the relaxation is due to the hydrogéeracting with its surrounding lattice-
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structure. A largel;-value corresponds to a slow approach to thermailibqum and vice

versa. The value for hydrogen normally varies fi@ito 10 s [38].

The magnetizatioM will have components along each coordinate ajsM, andM,, when
it is tipped away from its equilibrium conditionsguming the amount of relaxing nuclei per
unit of time is proportional té1,s offset from its initial equilibrium position, éfollowing

equation, known as part of the Bloch equations,[d2h be written:

2= (4.10)

In order to make it easier to understand the chamgel movements d¥l, the fields and
magnetizations are placed in a rotating co-ordisgstem (X', y’, z’) rotating about the z-

axis.

Assume thaM is tilted into the (X, y')-plane by a 99 pulse. Thus, the initial condition is

thatM, = 0 whent = 0. Equation (4.10) can be solved by integration:

" odM, _ tdt
J(; M,-M, ) '<[T1
M,=M,[1-e"'" ] (4.11)

An analogous solution can be found by assuminghhgis tilted by a 186, pulse. If this is
the case, the initial condition is thit, = -My whent = 0. By integrating Equation (4.10),

another relaxation expression is found.

Mz

dv, __rdt
—;\'-/IDMZ_MO '!;Tl
M, =M,[1-2¢""" | (4.12)
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The two relaxation processes described by Equafid) and (4.12) will produce different
exponential relaxation curves as shown in Figuie B can be measured by the inversion

recovery method [41].

MZ :I'-V-'[Z
) / ol
>t >t
-MD

Figure 4.7The relaxation curves of Mifter i) a90° pulse and ii) &180°% pulse [38].

After an RF-pulse, the individual magnetic momecdas only be parallel or anti-parallel to
the z-axis [38]. Despite of this, a net magnet@atcan be observed in the (X', y’)-plane.
Figure 4.8shows that a net magnetization is created in thgirgction,M,.. This is because
the magnetic moments lump together as they preassmdBy, a process callegphase
coherenceSince this process occurs in the (X, y')-plaimés assumed that the changeMbf
and My per unit of time is proportional to the instantang value. This is described by the

following Bloch equations [42]:

o, M, @13)
d';/ly' = —MTZV' (4.14)

which have the solution
M, =M, =Me"" (4.15)
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whereTs; is the transversal relaxation timdhe phase coherence that occurred as a result of
the RF-pulse will dissipate with time. The transatrelaxation process then represents the
dephasing of the phase coherence. The relaxatrandan vary from 10 ps in solids to 10 s in
liquids. Many methods can be used to measixeincluding the CPMG-sequence [43]
described in subsection 4.3.2.

=

o - state

P - state

Figure 4.8 The magnetic moments are in phase coherence wigle irecess arounB,,

causing a net magnetization in the y’-directiory; [38].

The main difference between the two time paramdterthat T; refers to the exponential
growth or recovery of magnetization in the z-dir@ctwhile T, refers to the decay of the
phase coherence in the (X, y’)-plafe.is always less than or equalTp

4.3 NMR in porous media
The relaxation processes happens as a resulteshations with the surroundings. A single

pore volume can be divided into two parts; the thirface layes of thickness) and the bulk

volumeV, within the pore, see Figure 4A.molecule in the surface layer will have a faster
relaxation process than a molecule in the bulk,aasaexplained in the next subsection. In
general, the nuclear magnetic relaxation behawidw fluid in a porous media tends to be

quite different from that of the fluid in the bytihase. The values @f andT, are affected by
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the properties of the rock fluids, the uniformitiytbe static magnetic field, variations in pore
sizes, differences in magnetic susceptibility, dlwiscosity, diffusion and the presence of

paramagnetic impurity ions on the pore walls ahia fluids [41].

Bulk volume
Vb

Figure 4.9A pore volume is divided into two parts; the suefdayer s of thicknessand the

bulk volume V. (Not to scale)

4.3.1 Surface relaxation
As mentioned above, the relaxation process of aou¢ situated in the surface layers

faster than for a molecule in the bulk area. Ireottd explain this, the magnetic behaviour of

ions must be considered.

The electrons in a material form microscopic curdeops that produce magnetic fields of
their own. In many materials these currents ardoany oriented and cause no net magnetic
field. But in some materials an external magneigtdfcan cause these loops to become
oriented preferentially with the field, so their gmeetic fields add to the external field. In this
case, the material is magnetized. The atoms ofetheaterials can be diamagnetic,

paramagnetic or ferromagnetic.

When electrons orbit a nucleus, their orbital motjroduces a magnetic moment. If an
external magnetic fiel@, is applied to the system, these electrons canupsd magnetic
field in the opposite direction @, [41, 44]. This is the electronic magnetizationogposed
to the nuclear magnetic magnetization dealt witNMR. Since the magnetizationNé=yBo,
wherey is a negative value of the magnetic susceptibilitg magnetization is negative. Such
atoms are callediamagnetic Most elements in the periodic table, includingper, silver

and gold, are diamagnetic.
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If the atoms have unpaired electrons, their netmaag moment tends to align with the
external fieldBy since this is the state of minimum potential eget§this net increase of
magnetic moment more than compensates the diansmnehe magnetic susceptibility of
the atom will be positive. In this case, the at@reparamagneticExamples of paramagnetic

materials are magnesium, aluminium and lithium.

When the temperature is lowered below a thresletperature, the paramagnetic atoms tend
to align their magnetic moments with each other #ordh magnetic domains [41]. Such
materials are calleferromagneti¢c and include iron, cobalt and nickel. When theseno
externally applied field, the domain magnetizatiare randomly oriented. But when an
external fieldBy is present, the different domains tend to oribahtselves parallel to the field.
The domains that are magnetized in the field dwacgrow, while those oriented in other
directions shrink. The torques that induce thesgnalents are much stronger than those
occurring with paramagnetic materials [44]. A fenagnetic material is strongly magnetized
by the field from a permanent magnet and is atchtd the magnet. A paramagnetic material

is also attracted, but not to the same extent.

The magnetic behaviour of the ions will have anaotpon the relaxation process, whether
they are dia-, para or ferromagnetic. Since thenatg moments of electrons are stronger
than that of nucleus, para- and ferromagnetic isash as iron, nickel and manganese can
cause a strong surface relaxation. They are cildgtreferred to aparamagnetic impurity

ionssince they make spins relax very efficiently [45].

4.3.2 T, relaxation measurements
A problem during FID-measurements is that the aegludata is affected not only by the rock

properties, but also by the inhomogeneity of theymesic field over the rock sample. Since
magnetic fields in general are not perfectly umifoover the whole system, some spin
precessions can get out of phase. Those isochrdhstsfeel” a stronger field thaBg will

rotate faster than the Larmor frequency, while ithvall have a slower rotational speed. Thus,
the isochromats will disperse and fan out in tHey(}-plane, causing an unwanted decrease

in My andMy as shown in Figure 4.11.
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The CPMG-sequencéafter Carr, Purcell, Meiboom and Gill [43, 46fhrcbe used to remove
these effects of field inhomogeneities on statims@nd thus to measure the intrin3ic

relaxation. This pulse sequence is described by

[90%- 7 - (180 - 27),]

As seen inFigure 4.10, a CPMG sequence involves applyingrizsef 180, pulses to the
sample. These pulses produce echoes due to raighaghe isochromats. The magnetization
M will be smaller than the initial magnetizatibhy. This phenomenon is called spin echo (or
Hahn’s echo [47]) and the echo sequence is repediatkes to improve statistics. The £80
pulses are separated by Rnown as the echo time. Each time an®l@dse is applied, the
signal decay due to magnetic inhomogeneity is readand a single data point is acquired.
Echo amplitudes will decrease in time with a chemastic decay rate of T4.

7t/2 T T
t=0
T 2T
- < |
1st echo 2nd echo

MWWNW* -

Figure 4.10The CPMG pulse sequence and its associated echoes.

40



Figure 4.11 The CPMG sequence. 80°% pulse tilt My into the (X, y')-plane. The
isochromats will disperse until they are united at 2¢ by an18(: pulse. This is repeated n

times and the magnetizatidm can be measured each time [38].

4.3.3 Self-diffusion
Self-diffusioncauses molecules to travel during the relaxatioretiThe average diffusion

distancex in three dimensions durirtgs given by Einstein’s diffusion relationship

(x)=+/6Dt (4.16)
whereD is the molecular self-diffusion constant. This stamt reflects the molecule’s ability
to undergo random Brownian motion. SifBe= 2x10° m?s for water at room temperature
[48], the diffusion distance is 110 um during los & water molecule. This means that a
molecule can travel a significant distance, oftetistance of a few pores, during an NMR
measurement. Molecules can make contact with the walls several times due to their self-
diffusion, and each collision can cause an intevacbetween the water molecules and the
paramagnetic ions. This implies that a spin is nlikely to relax when travelling through

narrow pore throats due to high frequency of serfaalisions.

Because the bulk; andT, values for water are long, they usually contribegey little to the
measured relaxation rate of brine in a porous nmdilihe relaxation rates of rocks are

dominated by the surface relaxation.
As an example, the effect of diffusion on the spamo method in the CPMG-sequence is

considered. Spin dephasing due to diffusion caaskl#tional magnetization decay besides

the normalT, relaxation. As the spins diffuse in the pore spat@ porous media, they
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encounter the pore walls of the solid grains ardireet their random walk path to other
directions in the pore space, a process knowestscted diffusionFor short diffusion times,

corresponding to a diffusion lengtttj*?

, Significantly less than the typical pore sizelyon
molecules within a distanc@()“2 from the pore wall will experience the restrictiffusivity
[39, 49]. Hence, only a small layer in the porecgpes responsible for the reduction in the
apparent diffusion coefficierD. Figure 4.12 shows an illustration of a restrictiflusion
system at short diffusion times. If an internaleaternal field gradient is present, molecules
that moves during the inter-echo time experiendéeréint fields in the dephasing and

rephasing parts of the sequence, affecting the unmeds,.

Pore space

Grain space

Surface layer of
restricted molecules

Figure 4.12 lllustration of a restricted diffusion system atoshtimes. In the figure,pl =
(D1)*2[39].

Imagine a constant field gradient in the z-diretticausing the static field in this direction to
be a function of the position

B=B+ gz (4.17)
whereg is the strength of the constant field gradient. an-diffusing spins, the rephasing of
the spin-echo will remain unaffected by the fielddjent. The deviation from the resonance
field felt by the isochromats results in an extreage angle in the precessing motion o
aroundBq:

@=ygzt (4.18)

wherey is the gyromagnetic ratio.

The phase development of 5 isochromats with diffieresonance frequency is illustrated in
Figure 4.13. The dephased isochromats are expased 188, -pulse att = 7, causing a

rephasing at = 2r. This results in a strong spin-echo signal.
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Figure 4.13The development of 5 isochromats as a functiomaf without diffusion [38].

The scenario described above changes if diffusidakien into consideration. Assume that the
movement of the molecules causes the two isochsorenoteca andc in Figure 4.14 to
change position at a time. The phase correction of isochromat@and c will terminate,
hindering their rephasing &t 2r. The net diffusion effect is that less isochronratsirn to
their initial phase at = 2r, causing a decrease in the total magnetisationcandequently a
weaker spin-echo signal, a process caketio attenuationThis affects the exponential

relaxation curve, Equation (4.15), and thus thesuesT..

a_—"\ [
L2 \ / i,
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Figure 4.14The development of 5 isochromats with time undeirtfiluence of diffusion [38].
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The diffusion involves an additional degradatioctda to the transversal relaxation time. This
is not the case for the longitudinal relaxatiom. idiffusion only affectsT,, not theT;
measurement, because there are spin-dephasingephdsing processes involved in the

former [41].

The net reduction of the magnetizatidnafter the first echo dt= 2r can be given by

_ L2 2 3
M(z2r )= M, ex;{ T 3y2 gD } (4.19)

where My is the initial magnetization vector aml is the molecular self-diffusion constant
[41]. Equation (4.19) states that the echo pulsedsiced by both th&, relaxation, the first
term of the exponent, and the diffusion represebtethe second term. It also states that the
effect of diffusion can be controlled through timstrumental parametetsandg, making it
possible to measure the diffusion coefficient.dality neither a perfectly homogeneous field
nor a non-diffusive spin is possible. Thus, whethideeld gradient and diffusion are present,
dephasing will occur and cause further degradatighe T, magnetization decay as described
for CPMG measurements in Equation (4.19). In otherds, the NMR signal is attenuated,
and the greater the diffusion, the larger the a@éion of the echo signal. Similarly, as the
gradient strength is increased in the presencdfakmn, the echo signal attenuates [50]. We

often talk about the appareRf which is the measurél-value including both effects.

4.3.4 Diffusion measurements
As mentioned in the preceding subsection, it isjibs to measure the diffusion coefficidnt

using NMR. The basis for diffusion measurementgprngvided by the Larmor equation.
Equation (4.6) states that the precessing frequehtlye individual nuclei is proportional to
the strength of the static magnetic fiddg. By applying external gradients, the precession
frequency becomes dependent on both the static etiadield as well as the field gradient

[50]. The frequency of the spins becomes
W1 )=)B,+ g I (4.20)

where the first term is due to the static fi@lgland the second term is due to the applied

gradientg. As shown in Figure 4.14, diffusing spins do noime back into phase with the
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stationary spins, diminishing the echo height. ftmetion of the gradient pulses is to dephase

the magnetization from spins that have diffused t@w location.

Since measurements of spin diffusion coefficients & constant magnetic field gradient had
several experimental limitations [50], Stejskal armhner [51] proposed the use of pulsed
field gradients in 1965. In this technique, knows the pulsed field gradient spin echo
(PFGSE) technique, the gradient was considerablyced during the times at which the RF-
pulses were applied and when the echo appearediurieg acquisition. Figure 4.15 shows
the PFGSE sequence, containing identical rectangudgnetic field gradientg of durations.
The first gradient pulse produces a precessiorasgkhift, while the second has the effect of
refocusing. If the spins have not undergone anystational motion, the effects of the two
applied gradients cancel and all spins refocus. éd@w if the molecule containing the spin
changes position, e.g. because of diffusion, thecusing is incomplete. The result is a net
phase shift of the spin and additional attenuatibthe spin echo [45]. This can be used to
calculate the diffusion coefficient. Based on thimgiples of Stejskal and Tanner, spin echo

sequences have further developed to avoid sevetahiial experimental errors.

/2

A
S

0

2 g /\

| "'3 |

[ 1

Figure 4.15 The basic pulsed field gradient spin echo (PFGS&juence proposed by
Stejskal and Tanned.is the width of the applied gradient pulses [39].

One of the most important developments was mad€dits et al. in 1989 [52], stating that

the use of bipolar pulsed gradients can greatlygedhe effects of background gradients on
the echo attenuation. This assumption is used enltlrinterval bipolar PFGSE sequence
created by Sgrland et al. [53]. The profiles oladirfrom this sequence can be used to

calculate the diffusion coefficient.
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4.3.5 Fluid phase discrimination
In order to study multiphase flow in a porous measlith NMR, it is necessary to distinguish

between the fluids present. Several approachesstinglish oil from water in porous rocks
have been investigated, including techniques basedhemical shift contrasts or spin
relaxation contrasts [45]. The use of chemicaltstuhtrasts is beyond the scope of this thesis,
and will not be further discussed.

A relaxation-weighted measurement for fluid phaserinination in porous rocks relies on
the difference inly or T, values of the fluids. This difference can be useeliminate or
suppress the signal from one phase, while detedhegsignal from the other phase. A
relatively straightforward way to distinguish twhluitl phases is by introducing substances
that enhance proton relaxation contrasts, provitlat the substance is soluble in one phase
but not in the other. Several substances, maintgrpagnetic ions, have been used to dope
water in earlier studies, including K¥f{54] and Nf* [55].

An alternative method is to use deuterium oxideDDinstead of synthetic salt water [7].
Deuterium is an isotope of hydrogen andODhas similar chemical properties as water.
Because deuterons have small magnetic moments lameby hold other resonance
frequencies, only protons in the oil are measurgthd NMR measurements [38].

In this thesis, a diffusion-weighted profile seqeeims used to distinguish water signals from
oil signals. Equation (4.19) in subsection 4.3.81destrated that the effect of diffusion on the
echo attenuation is controllable through the stiteiodthe applied gradient. It is assumed that
water and oil used for measurements have significdifferent diffusion coefficient®, and
that Dwater > Doii. The suppression of water signals with increagiraglient strengths in a 100
% water saturated Berea sandstone is shown ind-ija6. The water signal is suppressed as
the gradient strengtls is increased. Note that the gradient strength nedeto here is a
relative value corresponding @®in Equation (5.2). AG = 25000, the water signal becomes a
part of the signal noise. With oil present, thesagnal would not be suppressed to the same
extent as the water signal, hence the amount ahdhe core is found. Since the oil signal
will be exposed to some degree of suppressionmigg@sured oil intensity values have to be

scaled to represent the actual oil saturation @ttire.
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Figure 4.16 Suppression of water signals with increasing gratisrengths in a 100 % water
saturated Berea sandstone.

4.3.6 Pore size distribution from NMR
The surface relaxation mechanism provides a linth&opore size distribution of rocks [41].

The relaxation rate is inversely proportional te tielaxation time, and it is assumed to be
composed of contributions from both the butl &nd the surfaces) area of the pores (see
Figure 4.9).

_(1—5—[Sji+5ts : (4.21)

1 s0s 1
T VI VT
where the contributions from volume and surfacexation have been weighted by their

respective surface to volume ratidg. and T, are the representative relaxation times for the
two regions of a pore ands corresponding to 1 or 2. Since the thickneshefsurface layer

o0 is considered to be very small, it can be negteatethe first term. Hence, the equation

becomes

o5

gl o5 1 (4.22)
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Since the surface relaxation is much faster than réHaxation process in the bulk area
(Tis<<T ), the latter is neglected also. Equation (4.22pbees

(4.23)

Relaxation times strongly depend on pore geomélry,self-diffusion constarid and the
strength of all the relaxation processes in thdaser layerd, measured by the surface
relaxation factop = J/Tis. This factor is assumed to be independent of paee[56].In a fast
diffusion regime, as described in detail by Browenstand Tarr [57], the relaxation times

measured represent the ratio of pore voldvhaad surfacs, i.e. the diameter of a pode

d=—=pT (4.24)

v
S
Since each relaxation time is proportional to tbeepsize in the fast diffusion regime, this is
the basis for measuring pore size distribution whiéhuse of NMR. The relationships between
pore size and for water are illustrated in Figure 4.1&Xs shown aboveT, for a pore is

proportional to the volume to surface ratio of fgme. A fluid in a large pore will have a

longer relaxation time than a fluid in a small pore
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Figure 4.17T, is proportional to the volume to surface ratiotbé pore. A fluid in a large

pore has a longer relaxation time than a fluid israall pore [38].

Different rock types show different NMR behavioum. clastic rocks, thd, distribution is
often highly correlated to the pore size distriboti The surface relaxation is lower in
carbonates, causing a stronger diffusion couplieggvben the pores. This diffusion causes
someT, measurements to merge to an intermediate statéfferent pores so that the tots
distribution is not reflecting the pore size distion. Investigations also indicate thBt

distributions for carbonates have a temperaturemgnt behaviour [41].

In a logging event], is normally measured since it requires less tiararfeasurements than
T, (inversion recovery method). The total magnetaral(t) of a porous medium is built up
from pores of different sizes. Thus, the measuodd-easpectrum from a CPMG-sequence will

contain contributions from differefib-values of the type in Equation (4.15).

M(t)= Moiaj (T, )e"'™ (4.25)

where g(Ty) represents the contribution from pores with refiaxatime T, and Mg is the
initial magnetization. Solving this equation farwhenM(t) is known, is proven to be an
inverse ill-posed problem, giving an unstable sofut Still, a linear inversion method has
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gained wide acceptance in the NMR community adwiea to the ill-posed problem [41]. If
the T, relaxation time is measured with the CPMG sequeres data fromM(t) can be
converted into &> distribution as shown to the left in Figure 4.T8e short relaxation time
components are frequently attributed to the wabemdance in clays. This is shown to the

right in Figure 4.18vhere the components contributing to Theelaxation process are listed.

The shortesT, values are related to the matrix and possiblectity present in the rock. Clay
Bound Water (CBW) gives higher values, followed thg irreducible water saturatidfy;
called Bound Volume Irreducible (BVI). The mobilexter in the pore is called Bulk Volume
Water (BVW) and forms the Bulk Volume Movable (BVN)gether with th&, contribution
from the hydrocarbons (HC). BVI and BVM are alsorkea in theT, distribution to the left
in the figure below. These two areas are dividedhlputoff-valueT,,, which separates the
distribution into the porosity containing the moleafiuid (long T,) and porosity containing
the irreducible fluid (shorT,). In logging, the traditional cutoff-values are 8% and 96 ms
for sandstones and carbonates respectively [38.TEtcutoffs for carbonates are typically

much larger than those for sandstones due to a smaher surface relaxation.

N a(T,)
BVM

r
v

Matrix | cjay | CBW | BVI | BWW | HC
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Zeo log(T,) T,

2min

Figure 4.18T, distribution representing pore size distributiolbeft). The components that
contribute to the Frelaxation process (Right).

The porosity of the rock can be estimated by surgroirer the distribution of th&-values.

Br =C Z a;(T,; ) (4.26)

j:Tme
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c in Equation (4.26) is a normalization constantteNiiat a lower limifTomin IS set since the

lowestT,-values from CBW are not to be part of the poroséiculation.

The components that contribute to thg relaxation process can be used to estimate the

absolute permeability by using the Coates equ4fi8h

c )\ Bv C BV

4.4 Pulse sequences

4.4.1 1D profile sequence
1D profiles, i.e. imaging along one dimension, barobtained using jarofile pulse sequence

[59]. Since it is based on a spin-echo sequencssridbed in subsection 4.3.2, the profile
sequence produces a proton density Brgeighted profile. During measurements, a gradient
Is applied along the long axis of the core, prawyda projection of the core plug along that

axis.

In a homogeneous magnetic field all nuclear spiitkinva sample will resonate at the same
frequency. Applying a pulsed magnetic field gratliena sequence causes nuclear spins in
different parts of the rock sample to resonateiti¢rént frequencies, providing important
spatial information. This is illustrated in Figu4el9, showing a sample containing different
amounts of water in three different zones, A, B @dhe ratio of nuclei density in the zones
Is 3:2:1. The spins from all zones resonate atwdfit frequencies as indicated in the figure,
and the resulting signal is the sum of all thresgfiencies (A + B + C). If the frequency
variation as a function of position is known, thgasal variation in spin density may be
established via a process known as Fourier tramsfdihis process yields the frequencies
present in the time domain data, the amplitudeatian reflects the variation in the number of
spins in each zone. In practice, pulsed gradieetsised instead of constant gradients to avoid
that the RF-pulse becomes bandwidth limited oreselective. The resolution of the 1D

profile is dependent both on the gradient streagtththe application timé
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Figure 4.19The result of applying a magnetic field gradientaosample containing water in
three different zones, A, B and C. The variatiospm density is found by Fourier transform
[59].

Fouxier Transform

Since the 1D profile pulse sequence is based egualar spin echo experiment, it consists of
a 90 pulse followed by a gradient pulgean 1860 pulse and a second gradient pulse, known
as the readout gradie@..q. The echo acquired durinGreaq is Fourier transformed to

produce the final 1D profile.

/2 T

A
9 Gread / I\

t=0 o echo

T
>

Figure 4.20ThelD profile sequence. &qis the readout gradient.
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4.4.2 Diffusion-weighted profile sequence
In order to separate oil and water in the measymadiles, adiffusion-weighted profile

sequenceés used. Water normally has significantly highelf-gliffusion than oil. By applying
sufficiently large gradients the water signal may suppressed and the signal from oil
remains. Hence, the signal from water is obtaindlylsubtraction from the total signal [60].

It should be noted that the oil signal will alsouppressed with increasing gradient strengths,
but not to the same extent. The diffusion-weighdpth echo profile sequence used in this
thesis consists of two parts, one profile part amke diffusion part. A schematic
representation for the pulse sequence is showiginé-4.21.

As indicated in subsection 4.3.1, the magnetic equidaility tends to change throughout a
sample. Thus, a distribution of background gradiently cause excessive echo attenuation.
Bipolar gradients can be applied to reduce thesesaerm effects [52]. The profile part of the
current diffusion weighted sequence is the samm dlse simple spin-echo case, while the
diffusion part is based on the 11-interval spineesbquence with bipolar gradients introduced
by Sgrland et al. [53]. During measurements, #sisumed that all molecules are experiencing
a constant internal magnetic field gradient. Thiditst of this assumption is at its highest
when the pulse sequence is applied with the stiaiteation. The 11-interval sequence is the
shortest bipolar pulsed field gradient spin ech6GBE) sequence which is possible to
construct when the aim is to reduce the effectdiffision in the presence of strong internal
magnetic field gradients. Thus, the assumption roeetl above is at its highest validity, the
diffusion time is reduced to a minimum, and leswamted echo signal is generated.

The 11-interval sequence is, as mentioned in stibsed.3.4, an extension of the Stejskal
Tanner spin echo diffusion sequence [51]. The difiee is that each diffusion gradient is
split into a pair of bipolar gradients and sepatdig a 180 pulse. This has the effect that the
polarity of the bipolar gradient pair remains themg. However, the above-mentioned
constant internal background gradient is also $plitvo parts by the 18Qulse. Thus, the

decay due to diffusion in the internal gradierntascelled out.

The sequence can be seen as the spin echo andtwgbe 13-interval stimulated echo

sequence given by Cotts et al. [52] and the aswatiacho attenuation, corrected for
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sinusoidal shaped gradients, is given in Equatb28) [53]. SinceDyater IS Significantly
larger thanD;, the water signal undergoes a higher degree ehwdtion as the gradient

strengthg is increased. Hence, the two fluid signals arergrgnated.

11-interval Profile
S AL
N ™
w2 P n .
I
I
=0 ° g % g echo
T 2t

Figure 4.21 The diffusion-weighted profile sequence is basedhenll-interval spin echo
sequence and the profile sequence.

Mo 2(18) pes?( X -9
In[M—oj— yz[nszgd(z 8) (4.28)
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5 Capillary pressure curve from centrifuge and NMR
Nuclear magnetic resonance has provided an additimeans of measuring saturation in

conjunction with capillary pressure determinati®tudies by Baldwin et al. [5] in 1991
reported that it was possible to obtain capillargsgure curves by combining our knowledge
of NMR and the centrifuge method. This was laterfcmed by Chen & Balcom [6]. Recent
studies by Green et al. [7] present the first attismat a commercial application of the
technology. The technique uses a centrifuge toteraadistribution of fluids and capillary
pressures in a rock core before a NMR method id ts@ccurately measure the saturation in
the rock. In order to obtain successful resultss ihecessary to combine our knowledge of

conventional fluid flow experiments, centrifuge exments and nuclear magnetic resonance.

5.1 Experimental descriptions
The new method consists of a combination of thiéferdnt experiments; conventional fluid

flow and saturation methods, centrifuge and NMRorder to unite these into one experiment,
thorough preparatory work had to be done and daéri@l errors had to be considered. Both
air-brine and oil-brine capillary pressures were aswged, giving three experimental
procedures for establishing the primary drainageilleay pressure curve. An alternative
method, air-brine procedure Il, was tested pricdhtoil measurements in an attempt to lower
the experimental time. This was later implementethe oil-brine procedure. The procedures

are explained in detail in the following subsecsion

5.1.1 Air-brine procedure I:

1. Porosity and permeability were measured.
2. The sample core was cleaned and dried until conataight was achieved.
3. The dry core was vacuumed and then saturated wiiiatic salt water, i.e. brine.

See Table A-1 in Appendix A for reference on th@dicomposition.

4, A reference NMR measurement with the 1D profileussge was performed on
the fully brine-saturated core plug. This referent@asurementMp) was used to
determine brine saturation after centrifugation.

5. All centrifuge bucket weights were measured. These to be, according to the
centrifuge requirements, within £ 0.3 g of eacheothn order to avoid instability

during rotation.
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The core was centrifuged until an equilibrium bridistribution was obtained
within the pores of the rock. It was assumed thaiequilibrium condition was
obtained after 24 hours of centrifugation.

The core was removed from the centrifuge, weighwed teansported to the NMR
instrument. Here, the hydrogen intensitd, was measured by the same sequence
as in step 4.

Steps 4 — 7 were repeated two times with variotetiomal speeds after the core
was re-saturated with brine by conventional flua procedures.

A primary drainage capillary pressure curve wasioled for the sample core by

combining the NMR results of all three measurements

5.1.2 Air-brine procedure II:
In an attempt to lower the experimental time, aosdcprocedure was tested on one of the

sample cores. This alternative method was very ntiuelsame as the original one, except for

a change in step 8. Now, the plug was placed dijranto the centrifuge after NMR

measurements, i.e. it was not re-saturated for eakional speed. In theory, this should also

provide more accurate saturation values due tadmsistency of the fully saturated profile.

Hassler and Brunner [3] state that if the centefug stopped and then brought up to its

previous rotational speed, more liquid is expefledn the core due to redistribution of fluids.

However, Green et al. [9] conclude that the reitlistion is insignificant in the time required

to acquire a NMR profile. The issue of fluid redistition is further discussed in subsection

6.7.6.

5.1.3 Oil-brine procedure:

1.

2
3.
4

Porosity and permeability were measured.

The sample core was cleaned and dried until conataight was achieved.

The dry core was vacuumed and then saturated withatic salt water, i.e. brine.

A reference NMR measurement with the 1D profileussge was performed on
the fully brine-saturated core plug. This refereno@asurement\My) was used to

determine brine saturation after centrifugation.

The core was placed in the centrifugation buckee bucket was then filled with a
mineral oil, Marcol 82. See Table A-2 in Appendix fAr reference on the
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properties of Marcol 82 [61]. Great care was takeprevent the presence of air in
the bucket.

6. All buckets were heated at a constant temperafudg ¢ with open ventilators to
prevent formation of cracks due to fluid expansion.

7. The bucket weights were measured. These had tadserding to the centrifuge
requirements, within + 0.3 g of each other to avogtability during centrifugation.

8. The core was centrifuged at the lowest choseniooitspeed until an equilibrium
oil-brine distribution was obtained within the ps@f the rock.

9. The core was removed from the centrifuge, weighedl teansported to the NMR
instrument. Here, measurements were performed width the 1D profile
sequenceM) and the diffusion-weighted profile sequenik;).

10. Steps 7 — 9 were repeated with increasing rotdtigmeeds. A refill of mineral oil
was necessary in most cases to obtain constanhiseig

11. A primary drainage capillary pressure curve wasioled for the sample core by

combining the NMR results of all three measurements

5.1.4 Cleaning process
Some of the cores used in this thesis had to lanetkbefore any other measurements could

be carried out. For this objectivilgw-through core cleaning process§] were executed at

room temperatures. Each core was placed in a Headskve core holder and solvents were
injected under pressure into the core. Andersoh fl@ihd that toluene proved to be a very
effective solvent when combined with methanol, vahis why these solvents were selected
for the current cleaning process. The solvents wgeeted in a three step process; first 7-8
PV of toluene at low injection rates, followed bybaffer consisting of a 50/50 mixture of

toluene and methanol, before the system was revanrd flushed with 3 PV methanol.

Finally, synthetic brine was injected until the gwation of methanol ceased. The cleaning
process is an important part of any core analysis, should not be underestimated. It has
been proved that ineffective cleaning has two ¢ffea the capillary pressure curves [64]; the
shape of the curve is altered due to a changeenmétting angle and the curve is shifted

towards higher water saturati® due to water trapping.
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5.1.5 Porosity measurements
After the cleaning process, all cores were dried ineat oven until constant weights were

measured. Then, the dry cores were evacuated at@uwm chamber. Water was introduced
into the chamber when a pressure below 1 mbar washed and pressured to ensure
complete saturation. By measuring the dimensionthefcores and the weights before and
after saturation, the pore volumes were obtainedih@ysaturation method12]. Hence,

porosities could be estimated from Equation (2.1).

5.1.6 Permeability measurements
As described in Chapter 2.2, the absolute permgakilof a porous media is defined through

Darcy’s equation (see Equati¢a 3)). Since all other parameters are known, #renpability
was estimated by flowing synthetic brine at constates while measuring the differential
pressure across the core. Darcy’s equation is waliyl when the following conditions are
fulfilled [10]:

1) The flow angle must be constant, i.e. a horizom@asition of the sample is
essential.

2) The fluid must be incompressible.

3) No reactions, or ion exchange, can occur betwesfluid and the rock solids.

4) The pore space must be 100 % saturated with oite flu

5) Laminar fluid flow.

The instrument set-up for permeability measurengesihown schematically in Figure 5.1.

Pressure transducer

ERTTIR,

(AN

Back pressure

P Core < —‘
]

Effluent

Pump

Figure 5.1Experimental setup of permeability measurements.
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After centrifugation and NMR measurements, the €avere re-saturated by brine injection
with back pressure. Great care was taken to preaeit the sample, as this would result in a
lack of fluid continuity. Khilar et al. [65] foundhat if the water salinity falls below a
threshold value, clay particles are released fioenpore walls resulting in a reduction in core
permeability. This is why filtered synthetic salater, or brine, was used in this thesis. See

Table A-1 in Appendix A for further reference ommgosition of synthetic salt water.

To quantify the uncertainty of the measurements,gbtential errors must be addressed. As
mentioned above, air in the sample would resulé itack of fluid continuity followed by

erroneous porosity estimations. To prevent thisnfreappening, back pressure was used
during all flow experiments and the saturated csesghts were compared. A slide caliper
was used to measure core dimensions. This, togetitlerthe fact that the cores were not
always cylindrical, could cause errors concerning measured dimensions. To avoid this,
several measurements were done, before a mean walsecalculated and used in the

subsequent calculations.

5.1.7 Centrifuge
Prior to measuring a saturation profile by NMR, laidf distribution was achieved by

centrifuge. In this thesis, all centrifuge expenmsewere executed in a Beckman L8-55 M/P
Ultracentrifuge equipped with a Type PIR 16.5 radesigned to centrifuge three rock core
samples. The outer rotation radiusof the centrifuge was 9.11 cm. Custom made cegiaif
procedures by Norsk Hydro [66] were closely follav® obtain good results and prevent
instrument damage. The sample cores were kept atuwa conditions and 38C during
centrifugation, which is the temperature of the NNttrument. Standard and inverted
buckets can be used for drainage and imbibitiotridegation, respectively. Figure 5.2 show
cross sectional sketches of the two buckets, detmatimg) their differences. The inverted
bucket is, as the name implies, an inverted versfdhe standard bucket, i.e. the rock core is
placed at the opposite end. Since drainage prozessee performed in this thesis, the
standard buckets were used. Only one of three bsiclsed during centrifugation contained a
rock core sample. Great care was taken to ensatalihthree buckets weighed within 0.3 g
of each other, preventing instability during cemtyation.
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Standard bucket Inverted bucket

Rock core sample

Receiving tube

Figure 5.2 Cross sectional sketches of the standard and iedeliuckets used during
centrifugation. From Norsk Hydro [66].

The ultracentrifuge is controlled by thi@entas Centrifuge Automation Systém Reslab,
providing accurate measurements. It is also eqdippéh a stroboscope and a high-speed
camera unit. The stroboscope consists of two parfigash unit and a control unit. Each time a
rotor passes over a photocell it triggers a strbbash lamp, positioned under the rotor
chamber, emitting a flashing light observable frtora quartz window at the chamber door.
Simultaneously, the strobe control unit is usedstop” a bucket directly under the window
for each flash. At each flash, the camera unit pipatphs the receiving tube of the bucket and
registers the amount of produced fluids. The infation is transferred to a computer and
processed by the Centas system before shown imdugion profile. This automated data
acquisition system provides high resolution dataht@amount of produced fluids based on
pixels, as shown in Figure 5.3, making it easigrrxdict whether the equilibrium condition is

obtained or not during centrifugation.

As mentioned earlier, there is a high degree okeuamty concerning the equilibrium time
during centrifugation. Slobod et al. [67] concludibdt samples with permeabilities in the
range of 15 — 100 mD needed 1 to 2 hours to rea@gailibrium condition, while Omoregle
[68] concluded that a minimum of 24 hours of cdagration was needed. In this thesis, it is

assumed that an equilibrium condition is obtainiger 24 hours of centrifugation.
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The centrifuge speeds used in this thesis weredbaseexperience from both earlier and
ongoing measurements and the permeability of thgpkacores. In general, low permeability

yield higher rotational speeds.

Floating
device

Water

Figure 5.3 Example showing how the Centas system providesrafmn about the amount
of produced fluid (i.e. water in this case) frore thigh-speed photographs.

Figure 5.4The Beckman L8-55 M/P Ultracentrifuge equipped whthCentas camera unit.
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5.1.8 NMR measurements
All NMR measurements in this thesis were perfornoeda 12 MHz Maran DRX NMR

instrument delivered by Resonance Instruments Tie spectrometer included a set of
gradient coils, delivering up to 225 Gauss/cm ipligl magnetic field gradient strength. The
instrument was operating at 35 and ambient pressufBhe 1D profile sequence was utilized
both in air-brine and oil-brine measurements, whkile diffusion-weighted profile sequence

was used exclusively for oil-brine systems. In #iddi CPMG measurements were performed.

The resulting CPMG data was processed using Resenhrstruments Inverse Laplace
software, WinDXP, which inverts the multiexponeh@dtenuation data to & distribution

data set.

A variety of system parameters were used during\liR measurements. These parameters
are system dependent, i.e. they vary from systesydtem. As the experimental work in this
thesis progressed, it became evident that changesrameters were needed. Hence, two sets
of system parameters were used during air-brinesareaents. For oil-brine systems, the 1D
profile sequence was used both prior to and agatrdugation. In addition, the diffusion-
weighted profile sequence was utilized after cémgation. Some NMR parameters are

summarized in Table C-1 in Appendix C.

To prevent fluid evaporation and other ways ofdlloss, all surfaces of the sample cores
were wrapped in plastic foil after being removeahirthe centrifuge and weighed. The plastic
foil was kept on during all NMR measurements. Isveanphasized that the foil was wrapped
so that the bottom end of the core remained feguang that it was located correctly relative

to the magnet centre in the NMR instrument.
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Figure 5.5The 12 MHz Maran DRX NMR instrument delivered byoRance Instruments.

5.2 Establishing the capillary pressure curve
It is possible to use the achieved results to éstah capillary pressure curve for the core in

guestion. This procedure consists of four main fgoibtaining brine intensity values,
verifying the position of the core in the NMR sidgacalculating the capillary pressure and
water saturations, and gathering the experimeiatal ithto one capillary pressure curve.

5.2.1 Obtaining brine intensity values

Air-brine measurements

Two NMR measurements were carried out on the cfimegach centrifuge speed that the
sample cores were exposed to; one reference ityem&asuremenM, at 100 % brine
saturation and one measurembftafter centrifugation. Prior to the measuremenigf the
core had to be placed in a heating cabinet &C35he 1D profile sequence, as described in
subsection 4.4.1, was used for both measurementheinair-brine experiments. It was
emphasized that the same parameters were used tht dmwasions. For air-brine
measurements, the brine intensity values were tthirateasured in the core sample. Hence,

no further modifications were needed and the datsneady for further calculations.
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Oil-brine measurements

The introduction of oil into the core leads to areneophisticated approach to obtain the brine
saturation of the core. In conformity with the bithe measurements, a reference intensity
measuremeniy was measured with the 1D profile sequence. Anogoais total intensity
measuremeril,: was performed after centrifugation. In additioriffusion weighted profile
sequence with bipolar gradients was used to suppineswater signals from the sample core,
as described in subsection 4.3.5. By doing this,dih signalM,; was obtained. Since the oll
intensity values were exposed to some degree gfreggpion, they had to be multiplied by a
factor of 1.78. This factor was found by calibration a Baskarp sand sample with known
amounts of oil and water. The water intensity valwdter centrifugatiorM, was then

calculated by subtracting the oil intensity valfresn the total intensity, i.eMa = Mot — M.

An example can be used to illustrate the methodobsaining the water signal. Figure 5.6
shows a loose sand sample containing water anith siéparate layers. The total sigidb:

contains the intensity of both phases while the gedve indicates the amount of oil in the
total signal. The oil signal has been calibratech&dch the total signal in the layer where only
oil exists. As mentioned above, the water sigdalis the remaining area below the total

signal. The same procedure is used to obtain therwmnals after oil-brine centrifugation.

2SO0

= Qil signal

—\\ater signal
30000 4

== Total signal

Intensity

EO00

Frequency [MHz]

Figure 5.6 Measured signals of a sand containing separatespaftoil and water. The water
signal is calculated from the total and the oilrsad
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5.2.2 Positioning of the core
Once the brine saturation valué4,j are obtained, it is important tocate the position of the

sample core in the intensity profileigure 5.7 shows a typical saturation profile ateal with
the 1D profile sequence, described in subsectidri bon a Berea sandstone centrifuged with
air and brine. In order to locate the positionha tore in the saturation profile accurately, the
x-axis must be converted into a known unit, e.gatiogetres (cm). A formula relating
resolution, gradient strength and frequency cauldpiiced from the resonance condition in
Equation (4.6).

Af

af =X =Y gax=ax=—2" (5.1)
2T 21T (vl 2m)g

whereAf is the incremental frequency on the x-axis (in Mazd4B = g4x. To illustrate the
application of Equation (5.1), the air-brine cefoged Berea sandstone is used as an example.
Since4x is influenced by the NMR system parameters usethglleach measurement, the
parameters in Table C-1 in Appendix C should bel @sea reference. In the Berea casdas
going from 488 to 488*Sl, where Sl is the numbepoints acquired following the pulse, i.e.

Sl = 2048.y/2xr = 4256.7 Hz/Gauss is a constant containing the ngggmetic ratio of
hydrogen. The gradient strengglis

_ Gx225Gauss ¢t
32768

(5.2)

whereG represents the input strength of the applied gradeeg.G = 260, and the maximum
gradient field achieved by the NMR system is 22%$34&m. 32768 is a constant value for a
16 bit system. The factors in the denominator imdgpn (5.1) are calculated &827)*g =

7599.4 Hz/cm in the Berea measurements. Henceedodution of the x-axis is

Ax = 488 cm=0 0642cn (5.3)
7599 4

The measured intensity can be plotted as a funcatiatx as shown in Figure 5.7ii. Since the

length of the core is known, 5.04 cm in this casean be correlated with the measured
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intensity values. Note thatx must be recalculated if a change is made in trstesy

parameters.
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Figure 5.7 Typical saturation profile obtained by the profiequence on a centrifuged Berea
sandstone. The position of the core is confirmeahmnging the unit of the x-axis from i)
frequency to ii) relative length.

5.2.3 Calculate capillary pressures and saturations
The main advantage of this method is that it alldarsmany capillary pressure-saturation

points to be acquired for each centrifuge speedeQ@ine position of the core in the measured
intensity profile is established, the intensity ued to be used in further calculations are
known. Based on Equation (3.7) derived in Chapt@ytBe capillary pressure is found at each
position down the rock at hydrodynamic equilibriuinshould be noted thatandr, in the
capillary pressure expression are, as illustrate&igure 3.2, the radius from the centre of
centrifugation to a gradual positionin the core and the outlet end of the core, raspy.
Thus, the radial distances used during calculaifarapillary pressures are=r; + x andr, =

ri + L, wherelL is the length of the core. The incrementxoifs 4x, as calculated in the

previous subsection.
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Prior to centrifuging, while the core is 100 % larisaturated, a reference saturation prdfije

is measured. A 0 % saturation level will yield nbIR signal as there is no hydrogen present.
Therefore, dividing the measured profile after a&ngation (M,) by the 100 % saturated
profile gives a quantitative saturation level verposition.
Ma

0
The capillary pressure at each point is plottecadsinction of the saturation to create a

capillary pressure curve.

5.2.4 Data collection
Although it would be ideal to acquire the complespillary pressure curve at one centrifuge

speed, operational and NMR resolution restrictimay prevent this. Thus, a minimum of two

centrifuge speeds must be run [7].

Depending on the accuracy in determinifig a number of irregular saturation values can
occur when the capillary pressure curve for a oertatational speed is plotted. This is
illustrated in Figure 5.8. These values originaterf edge effects whe, is compared td/y

and are omitted from the finBL-curve.
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Figure 5.8 Capillary pressure-saturation plot based on raw alatrregular values are
observed at the edges of the curve.
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All values for capillary pressurd), andM, were smoothened by&apoint techniquei.e. an

average of 5 neighbouring values gave one poirthercapillary pressure curve.

5.2.5 Calculation errors
The most important property of a system is the eyuof its measurements. Thus, it is very

important to estimate the uncertainties of the erpents. Two types of standard uncertainties

are distinguishable:

- Type A uncertaintis based on statistical analysis of a seriespgated measurements.
- Type B uncertaintys all other uncertainties, e.g. uncertaintiecg@el in data sheets,

systematic errors and uncertainties based on pa&regperiences etc.

In this thesis, both types of uncertainties ares@né Generally, uncertainties of the

experimental equipment are much smaller comparethtr errors.

In order to calculate uncertainties in functionseveral variables, e.g. calculation of porosity
and permeability, therror propagation formulavas used [69]. This was utilized for Type B
uncertainties. Suppose that the variaBlgsandz are measured with uncertaintis Ay and

Az, and the measured values are used to computectoiug(X,y,z) The error propagation
formula states that if the uncertaintiesxiny and z are independent and random, the most

likely uncertainty ing is

2 2 2
Aq:\/(%dxj +(%ij +(%Azj (5.5)
ox ay 0z

A factor not included in this formula is human esr@and other errors based on experimental
procedures. As an example, porosity calculatiororssidered. Here, only the uncertainties of
the slide caliper and the weight; and4m respectively, are included in Equation (5.5). 8inc
this equipment provides accurate measurement vahmsesulting uncertainty is low. Still, if

a failure during the saturation process of the daropre occurs and causes erroneous weight
measurements, the resulting porosity estimatiowrisng. Hence, experimental errors are

superior to the calculated uncertainties and shbelohcluded, increasing the total uncertainty.
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6 Results and discussions

6.1 Descriptions of the core samples

A total of 4 rock core samples were used in thesith including on8erea sandston@Berea),

two limestones(L1 and L2) and onevuggy carbonate(VC). The Berea sandstone is

considered to be the most homogeneous rock, wiecarbonate rocks, especially VC, are

more heterogeneous. The petrophysical propertidsecfore samples are shown in Table 6-1.

Table 6-1Properties of the core samples

Sample | Diameter | Length | Unsaturated| Saturated | Pore Porosity | Permeability

[cm] [cm] weight weight volume | ¢ K

[9] [9] [ml] [mD]

+0.01 +0.01 +0.01 +0.01 +0.1 +0.2
Berea 3.72 5.04 114.43 125.38 10.63 194% 1275+
L1 3.75 5.26 128.00 136.61 8.36 144% 22.0+1
L2 3.73 5.30 129.61 137.88 8.03 139% 15.0%1
VC 3.72 4.38 89.92 104.85 14.49 30.5% Not measu

red

The permeability of VC is not measured due to expental difficulties concerning the

heterogeneity of the core sample. Figure 6.1 shtbwdarge variations in permeability with

increasing core bulk volume for the vuggy matefiéd]. It is evident that the measured

permeability values are a result of the unique eriogs of each core sample. Based on these

observations, the permeability of VC is assumeketavithin the range of 30—40 D.
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Figure 6.1 Measured permeability as a function of Bulk voluimethe vuggy carbonate
material [70].

6.2 Air-brine drainage
Primary drainage capillary pressure curves werainbtl for all cores in this study by the air-

brine procedure I, described in subsection 5.1he. rElatively homogeneous Berea sandstone
was examined first and then used as a referencéhémore complex porous materials.
Detailed information on time in the centrifuge amansport time, i.e. time to transport the
core plug from the ultracentrifuge to the NMR instient, is shown in Table B-1 in Appendix
B. All measurements were performed with the 1D ipgagequence described in subsection
4.4.1.

6.2.1 Berea Sandstone
Being the most homogeneous rock sample in thisghié® Berea sandstone was expected to

produce a relatively well-shaped capillary presstuweve. Figure 6.2 shows the saturation
profiles obtained at 100 % brine saturation andraféntrifugation at 1500, 1100 and 750 rpm.
Note that a new fully saturated profile was obtdipeior to every new rotational speed; the
profile in the figure below is given as a referesoee all these profiles were considered to be
equal.
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Figure 6.2 Measured saturation profiles in the Berea sandstoet®re (100 % profile) and
after centrifugation at three different rotationspeeds.

As shown in Figure 6.3, the individual capillaryepsure curves obtained at 1500, 1100 and
750 rpm fit together nicely. High rotational speegilge a higher amount of produced water,
pushing the water saturati&y of the rock sample towards its irreducible wateusgionsS,;.

For the Berea sampl&,; = 0.11is achieved after centrifugation at 1500 rpm. Ttees shape

of the curve at low water saturations indicate thatgher rotational speed would not result in
a lowerS,;. Lower rotational speeds yield a higher amountvater remaining in the core
after centrifugation. Thus, lower capillary preesiand highe§,-values are achieved when

@ =750 rpm.

The assumption of 100 % water saturation at theebahd of the core is apparently violated
in Figure 6.2, resulting in an initial water sativa of 0.88 in theP.-curve. A threshold
pressure of approximately 0.05 bar had to be rehbtleéore the air filled the large pores of
the sandstone. This relatively low value is duthhigh permeability of the Berea sandstone.

In general, high permeability yield low thresholégsures and vice versa.

It could be argued that the total capillary pressturve in Figure 6.3 could be estimated from
only two rotational speeds, namely 1500 and 75Q praen et al. [7] also concluded that two
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speeds were sufficient for providing good coveragethe primary drainage curve in
homogeneous core samples. Nevertheless, the datacahtrifugation at 1100 rpm shows a

relatively good correlation to the data obtainexhrfrthe other rotational speeds.

The well-shapedP.-S, relationship obtained for the Berea sandstonegwdlie usability of
the new method in air-brine systems, and at theedame demonstrating its advantages. The
main advantage of the new method is that it alldevsmany capillary pressure-saturation
points to be acquired for each centrifugation spdée nature of the sandstone material is
reflected in the curve, illustrating the advantagésising homogeneous porous material for

experimental analysis.
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Figure 6.3Air-brine drainage capillary pressure curves foetBerea Sandstone.

6.2.2 Limestones L1 and L2
With the good results obtained for the homogeneamsistone in mind, the method is tested

on the two limestone samples, L1 and L2. Since thegysess approximately the same
petrophysical properties, it is expected that gltary pressure distributions of the two core

samples are more or less equal.
Due to the heterogeneity of the limestone samghessaturation profiles are expected to have

a higher degree of roughness than in the caseeoBénea sandstone. Figure 6.4 and Figure

6.5 shows the measured saturation profiles inwhelimestones, L1 and L2 respectively, at
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100 % brine saturation and after centrifugationtrake different rotational speeds. It is
evident that the limestones yield less homogendtwd distributions than the Berea
sandstone, i.e. the profiles are quite flat eveteratentrifugation. This will introduce
problems when establishing the capillary pressuree; since less of the saturation range is
covered. Note that L2 was centrifuged at 1100 rprstead of 1500 rpm, to create a more

favourable brine distribution.
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Figure 6.4Measured saturation profiles in the limestone Liobe (100 % profile) and after
centrifugation at three different rotational speeds
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Figure 6.5Measured saturation profiles in the limestone L#be (100 % profile) and after
centrifugation at three different rotational speeds

The air-brine primary drainage capillary pressueve for L1 is shown in Figure 6.6. The
curve is obtained by three different rotationalesfge 3000, 1500 and 750 rpm. Due to a
relatively long transport time, L1 was centrifugedice at 1500 rpm (see Table B-1 in
Appendix B). A long transport time could have résdlin a change in the fluid distribution
within the core plug because wetting fluids tendedistribute after centrifugation. In spite of
this, the second run yielded very similar results the first one, demonstrating the

reproducibility of the current experiment.

Since the capillary pressure curve for L1 obtaiaéidr centrifugation at 1500 rpm failed to
fill the gap between the two other curves, L2 wastdfuged at 1100 rpm instead. The air-
brine primary drainage capillary pressure curvelf®ris given in Figure 6.7. The change in
rotational speed provided a better coverage o$#iteration range.
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Figure 6.6 Air-brine drainage capillary pressure curve for themestone sample L1.
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Figure 6.7 Air-brine drainage capillary pressure curve for thmestone sample L2.

Studies have shown that the magnitud&gfs largely dominated by the heterogeneity of the
pore structures [36, 71]. Thus, heterogeneous saakples yield highes,-values than more
homogeneous rocks. This is the case for the limessamples used in this thesis, as the
measured,;-values for both L1 and L2 are found to be highantfor the Berea sandstone.
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Both limestones yield higher capillary pressureueal than the Berea sandstone. This is
explained from Equation (2.13). Since the intedh¢eénsions and the wetting anglé are
assumed to be the same in both rocks, the onlgrfédt in the equation is the pore radRs
Limestones possess small pore throats; hence beypassess higher capillary pressures. The
small pore throats are also related to the low pabiiity of the limestone rocks.

Overall, the new method successfully provides &apilpressure curves for the two limestone
samples, and at the same time it reflects theirptexninternal structures. By comparison of
the two Pc-curves, L2 seems to posses slightly stronger tgeéereous features. The
repeatability of the method is considered to be/ \ggod since the two samples yield similar

curves.

6.2.3 Vuggy carbonate VC
The determination of rock properties from laborgterperiments is not trivial for this very

heterogeneous type of material. Hence, in manyscasasual results are observed. The VC
core used in this thesis originates from the Prelsetbzone of the Betic range (Spain) and its
vug sizes are in the range of 0.2-10 mm. The ppeees of the material is divided into two
main groups, matrix and vuggy. Earlier NMR studiese shown that the total porosity of the
vuggy material is typically 29 %, where 65 % igiatited to vugs and 35 % is matrix porosity
[25]. The porosity of the VC core plug was measut@de 30.5 %. This high amount of
vuggy porosity, and especially touching vugs, iatks that most of the brine will drain from

the plug due to gravity as soon as it is exposedriaf no actions are taken.

In order to obtain the 100 % brine saturated NM&if&, the sides of the plug was fitted with
a watertight heat-shrink tube, as recommended e@ta et al. [72]. This tube preserves the
surface vuggy porosity, preventing fluid loss frahe sides of the core plug. To prevent
further loss of brine after saturation, one enthefplug was sealed with a plastic plate. These

modifications made it possible to meashtg the 100 % brine saturated profile.
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Figure 6.8 The vuggy carbonate VC fitted with a heat-shrifdetand a sealing plastic plate.

When the plastic plate was removed from the botonhof the core plug, it was assumed that
the brine contained in the vugs was instantly rezdoly gravity drainage. Hence, only the
matrix brine should remain in the vuggy carbonBigecentrifuging the core plug in this state,

a brine distribution in the matrix porosity was abtble.

Figure 6.9 shows the measured saturation profiaimed from VC. Due to the heterogeneity
of the core sample, the fully brine saturated peqfL00 % profile) shows a strong variation in
intensity strength. The peak at the left end ofgiwile, i.e. the outlet end of the core plug, is
considered as a result of accumulation of watdéhatplastic plate. Hence, these values are

excluded from the saturation calculations.
The large loss of intensity after centrifugatiopaorts the theory that the water situated in the

vugs is instantly drained from the core and a bumstribution is obtained in the matrix

porosity.
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Figure 6.9 Measured saturation profiles in the vuggy carbond@ before (100 % profile)
and after centrifugation at three different rotatad speeds.

Since most of the water is drained from the coterafentrifugation, it is natural to assume
that the primary drainage capillary pressure ctiove/C will hold a low initial value of brine
saturation. This is confirmed in the capillary gu@® curve in Figure 6.10, indicating an
initial brine saturation value of approximately 0/Athough the very heterogeneous nature of
the porous material influences the result, a nethti well-defined curve covering a short

saturation range is established.
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Figure 6.10Air-brine drainage capillary pressure curve for tiieggy carbonate sample VC.
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6.3 Alternative air-brine drainage method Il
The alternative air-brine drainage procedurdescribed in subsection 5.1.2, was tested prior

to the involvement of oil in an attempt to decretisetotal measurement time. The test was
performed on the Berea sandstone. In this altemmatiethod, it is important to emphasize the
stoppage time between the two centrifuge speexighie time it takes to transport the plug to
the NMR instrument, perform measurements and t@hdpback to the centrifuge. It is vital
that this period is as short as possible to prekedtistribution of fluids within the rock core.
In the current test measurement, the stoppageviimsel2 minutes and 49 seconds.

Figure 6.11 shows the saturation profiles obtaipefbre and after centrifugation at 750 and
1500 rpm. It is important to emphasize that theeclbad to be centrifuged at the lowest
rotational speed first, before progressing to higgpeeds. This is important because the plug
is not re-saturated with brine between each cewg@iion. The level of brine saturation is at

its lowest after 1500 rpm; hence this speed idasieto be run.

Since the core was fully brine saturated priori® tentrifugation at 750 rpm, the resulting
capillary pressure curve should be equal to theaim&ined earlier (see Figure 6.3). Thus, the

results from the centrifugation at 1500 rpm aredat of main interest.
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Figure 6.11Measured saturation profiles in the Berea sandstogifere (100 % profile) and
after centrifugation at two rotational speeds.
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Figure 6.12 shows a comparison of the primary @gencapillary pressure curves obtained
with the original and the alternative method. Theves from the 750 rpm centrifugations
overlap fairly well, but there is a trend towardsver brine saturations. This trend proceeds
into the new curve from the centrifugation at 15pM. Overall, the total curve obtained with
the alternative method yield lower brine saturatratues than the original curve.

The alternative curves show a more varying nature tv a change in the NMR parameter
settings. The alternative method was carried oth wie same parameters as the carbonate
rocks, i.e. not the same as the original Berea ureaents. All parameters are shown in

Table C-1 in Appendix C. Still, this change shontd influence the capillary pressure curves.

The lowerS,;-value observed in the alternative method is inoetance with the results of
Hassler and Brunner [3]. They stated that if thetrtieige is stopped and then brought back to
its previous speed, more fluid is expelled from toee than before the interruption due to
fluid redistribution. The subject of fluid redidittion is further investigated in subsection
6.7.6. It is found that the rate of redistributisdower in oil-brine processes than in processes
concerning air and brine. Based on this conclustas,suggested that stopping the centrifuge
has a smaller effect on tl&g-values in an oil-brine drainage process.

The fact that the new data generate a well-shapedlary pressure curve with the same
shape as the old data indicates that the measutenaen calculations are correct. As
mentioned above, the results from the centrifugatiat 750 rpm should be equal. If so, the
similarity of the Sy-values obtained from the two methods would inaedisis feasible to

assume that the change in brine saturation isudt relschanges in the properties of the core
rather than errors concerning the alternative ntetBy excluding the re-saturation process
from the oil-brine experimental procedure, the ltateeasurement time is dramatically

decreased.
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Figure 6.12A comparison of the air-brine drainage capillary psese curves for the Berea
sandstone obtained with the original and the alégiwve method (1 and II).

6.4 Oil-brine drainage
Studies have shown that capillary pressures faasaliguid system are not transposable to a

liquid-liquid system [26]. Due to the differenceas density, oil-brine measurements yield
lower capillary pressure values than air-brine raesments. Hence, oil-brine capillary
measurements are needed to study the interacteim&én oil and brine. By performing the
procedure in subsection 5.1.3, a primary drainagmellary pressure curve was measured for
the Berea sandstone and the two limestones L1 @ndNbte that the re-saturation process
between each centrifuge speed was removed in Hieioe procedures. In accordance with
the measurements performed on the air-brine sydtenBerea sandstone was studied first

and then used as a reference for the limestonelsamp

Subsection 5.2.1 explains how the brine intensiues presented in this section are
calculated, as opposed to the air-brine processenthe brine intensity was directly measured.
Detailed information on centrifugation, transpantiastoppage time is provided is Table B-2

in Appendix B.
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6.4.1 Berea sandstone
As shown in Figure 6.3, the Berea sandstone yielddatively smooth capillary pressure

curves for an air-brine drainage process. It iseeigd that more fluctuating results are
obtained when oil is introduced to the system dneddiffusion-weighted spin echo sequence

Is used to differentiate the water signals fromdhaignals in the NMR measurements.

Figure 6.13 shows the calculated brine saturatrofiles in the Berea sandstone. The lack of
a distinctive brine distribution after centrifugatiat 750 rpm, i.e. only small amounts of oil
entered the rock core, led to the conclusion thiaigaer rotational speed was necessary to
create a fluid distribution in an oil-brine systefis conclusion is supported by theory, since
the high viscosity of Marcol 82 leads to a high migbratio between the oil and brine [13].

Hence, a final centrifugation at 1800 rpm was added
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Figure 6.13Calculated brine saturation profiles in the Beremdstone before (100 % profile)
and after centrifugation at four different rotat@nspeeds.

As already mentioned, it was expected that thdomile capillary pressure values was lower
than the air-brine values due to differences insigrand interfacial tensions. In the air-brine
calculations, the density of air was neglected friequation (3.7), i.e. only the density of

water was used in capillary pressure calculati®hs. density of oil, on the other hand, cannot

be neglected and must be included in the tepm causing a lower calculated capillary
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pressure value. In addition, the interfacial tension Equation (2.13) is lower in an oil-brine

process.

The oil-brine drainage capillary pressure curve tfeg Berea sandstone is shown in Figure
6.14. The expected irregularities and lower capillaressures due to oil implementation are
present, but an overdh.-S, relationship is clear. Based on the shape of timee¢ a higher
centrifugation speed should be added in order tmlyme an accurat§-value. Still, the

method is proved to be applicable in oil-brine eys.

025
1100 pm
4 1500 rpm
0.2 - L 1800 mpm
r-!
015 ‘,
=
=
L%
o
Mo
AAAAAAA‘ A aa,
A & 4
0.05 - TN
0 T T T T T T T T T
0 0.1 02 0.3 04 05 0.6 0.7 0.8 0.9 1

Sw

Figure 6.140il-brine drainage capillary pressure curve for tBerea sandstone.

6.4.2 Limestones L1 and L2
The heterogeneous specificity of L1 and L2 are evidn the brine saturation profiles in

Figure 6.15 and 6.16. Both samples, especiallyyiédd irregular oil flow patterns. This is
considered to be a result of the inhomogeneougeatuthe porous material, a subject to be

further discussed in section 6.6.
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Figure 6.15Calculated brine saturation profiles in L1 befod®(Q % profile) and after
centrifugation at four different rotational speeds.
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Figure 6.16Calculated brine saturation profiles in L2 befod®Q % profile) and after
centrifugation at five different rotational speeds.

The oil-brine primary drainage capillary pressuveves for L1 and L2 are shown in Figure
6.17 and Figure 6.18, respectively. As expected lithestone cores yield high&-values
than the Berea core. The irregular oil flow patseane reflected in the curves, indicating that

there are heterogeneous differences between thedvesamples. In particular, the highly
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fluctuating saturation values obtained for L2 cauisege uncertainties concerning the result,
making it difficult to establish &,-value for the core plug. However, the resaitained for
L1 is considered to be a representative capillamgsgure-saturation relationship for the

limestone material.

These results demonstrate another advantage ofméle method; the accuracy of its
measurements. The heterogeneous features of L2dwmmil be accounted for if the water
saturation of the core was represented by a mebare,vas is the case for the original
centrifuge method proposed by Hassler and Brur8ier [
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Figure 6.170il-brine drainage capillary pressure curve for L1.
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Figure 6.180il-brine drainage capillary pressure curve for L2.

6.5 CPMG experiments
T, distributions were measured with the CPMG sequesqgalained in subsection 4.3.2. The

system parameters used are listed in Table C-1ppeAdix C. The measured data was
inverted by the software WinDXP from Resonanceruments. Note that the distributions

themselves are approximations, as a result ofitfiged inversion problem.

The pore size distributions of all four core sarspiee presented in Figure 6.19. The Berea
sandstone has a typical high amount of intergramdaes and a small contribution from the
smaller pores. The limestones L1 and L2 yield simdistributions, with a relatively wide
range of pore sizes, demonstrating the diversitghef material. The vuggy carbonate VC
results are discussed in detail in section 6.6.
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Figure 6.19Pore size distributions for all 4 samplesrat 100 us.

6.6 Effects of heterogeneities
In reservoir characterization, heterogeneity sjpeadlfy applies to the variability that affects

fluid flow [73]. The permeability of a rock varigsore than other properties that affect flow
and displacement processes in a porous rock. Ttigsessential to describe the variation of
permeability for a heterogeneous material. Stubllege shown that several difficulties arise

when measuring permeability in very heterogenecaitenal [74].

However, a measure of variability can be applied &y petrophysical property. The
heterogeneity of a rock influences other petroptatsproperties, like porosity, capillary
pressure and saturations. For instance, during &edo immiscible displacement
heterogeneities may cause preferential pathwaysherdisplacing fluid, influencing the
residual saturations of the rock. Consequently, tdtal oil recovery is affected by the
heterogeneity of the rock, demonstrating the ingure of the subject.

Several studies investigate the effect of heteredies with mathematical descriptions and

simulations [75-79]. In this thesis, the heteroggneffects are examined using data obtained
from laboratory core measurements on small plugehSneasurements are considered as
guestionable and inaccurate, because small plegsairepresentative and can not reveal the

heterogeneous features within a large-scale resexk. However, the results can provide
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basis for further simulation work and give an iradion on the reservoir properties through a
process known as scaling, preferably performed #ithdimensionless capillary J-function
introduced by Leverett in 1941 [32]. The experinseshow the variability of capillary

pressure along a sample.

The studied core materials represent different eleggrof heterogeneity, ranging from the
relatively homogeneous Berea sandstone to the heisrogeneous vuggy carbonate VC. By
comparing the fully brine saturated profiles of fallir core plugs, i.e. the 100%-profiles in
Figure 6.2, 6.4, 6.5 and 6.9, the differences ahlyeheterogeneity are evident. The profiles
after centrifugation also yield the same trendsthwsmoother curves in the more
homogeneous Berea rock. The measured proton ityeveliues reflect the differences in

porosity, and hence water saturations, within do.r

The effects of inhomogeneities are clear in theiltes The resulting capillary pressure-
saturation relationship for L2, depicted in Fig6t&8, yields large saturation variations due to
the irregular flow pattern of the oil during cefugation. Figure 6.20 shows the behaviour of
the oil during the drainage process. The measuitdadtensity shows large variations at the
inlet end of the core. By comparing Figure 6.5 &iglre 6.16 it is feasible to conclude that
this behaviour is also present in the air-brine suneaments, although to a lesser degree.
During their studies on chalk samples, Olsen ef88l] used a 1D CSI spectroscopy pulse
sequence to create saturation profiles on an ingemeous sample. They obtained similar
irregularities and concluded that it was causedstyolites, i.e. surfaces within the rock
which are seen as complex, highly irregular fimedi in vertical sections [19]. Hence, it could
be argued that the irregularities in oil saturatawa due to internal structures, e.g. stylolites.
The high mobility ratio in the oil-brine drainageopess could cause these structures to

become more visible than in the air-brine drainage.
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Figure 6.20Measured oil saturation values for L2 at increasoentrifugation speeds.

The measured permeability of L2 is lower than Lde(Fable 6-1), even though they originate
from the same outcrop rock. This could be anothéication of internal structures hindering

fluid flow. By visual examination, some clear heigeneous features are found at the inlet

end of L2. These are shown in Figure 6.21.

Internal structures

iy

Figure 6.21Structures observed at the inlet end of L2.
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Based on the observations discussed above, indwied that the variations found in the olil-
brine P-curve for L2 are a result of internal heterogeaesitThis demonstrates some of the
difficulties that arise when heterogeneous poroasenals are examined. It also shows how

the new method is able to detect these irregudatriti

Being the most heterogeneous rock in this thekes résults from VC are also examined in
closer detail. The primary drainage capillary puesscurve obtained with the current method
in this thesis is based on saturation measurerhemighout the full length of the core sample,
i.e. the actual brine saturation in the rock is soead. This curve is compared to a capillary
pressure curve obtained with the centrifuge metbo@ sample of the same type of material,
hereby referred to as VC2, in Figure 6.22 [70]. Pheperties of VC and VC2 are compared
in Table 6-2. The centrifuge method introduced lag$ler and Brunner, as described in detail
in section 3.3, measures average values for bothrwsaturation and the capillary pressure of
the rock core. Thus, as opposed to the NMR methofils to produce the actual fluid
distribution within the rock. The NMR method rev@d#luctuations for the saturation profile
caused by the heterogeneity along the sample. i$hesident by comparing the saturation
profiles obtained for the Berea core and VC in Fg6.2 and Figure 6.9, respectively. It
should be noted that a different centrifuge witlarger rotational axis was used in the VC2
measurements. The final result is that the heteriges of the core are not accounted for in
the centrifuge method and highervalues are obtained. Thus, the Hassler Brunnetoapp
may provide wrong capillary pressure-saturatiorcfioms for heterogeneous samples. This is
in accordance with the results found by other ssIfi27].

Wathab [36] found that the irreducible water saioraS,; is higher in large core samples
than in smaller samples. Thus, it could be arghat¥YC yields a slightly loweS,;-value due

to the difference in the sample length between Y€ \AC2.

Table 6-2Comparison of petrophysical properties

Core VC VC2

Length [cm] 4.38 6.45

Pore volume [ml] | 14.49| 20.10
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Figure 6.22Comparison of the capillary pressure curves fromand VC2 obtained with the
current method (VC) and with the Hassler Brunnertdiuge method (VC2).

As stated in subsection 4.3.6, fhedistribution in a porous media is a function ofgsize,
and aT, distribution plot can be divided into Bound Volunreeducible (BVI) and Bulk
Volume Movable (BVM). In a vuggy carbonate, thegasize distribution can be divided into
matrix and vuggy porosity. In accordance with earbtudies [25, 39, 81-82], a threshold
value, known as the cut-off valle.,, dividing matrix and vuggy porosity is set betwdba
two main pore size populations. The cut-off valug was chosen at 0.2 sec. By calculating
the area under the main peak, the vuggy porosisgén to contribute to 65.3 % of the total
porosity of VC. This value is corresponding welttwihe results found by the studies referred

to above.
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Figure 6.23T, distribution for the vuggy carbonate VC. The gaega belongs to vuggy pore
space, calculated to 15.3% of the total porosity.

After the 100% brine saturated profile was obtaif@dVC, the sealing plastic plate was
removed, causing brine to drain from the core adugravity. The core was then measured
again with the CPMG sequence, yielding a nBwdistribution shown in Figure 6.24
distributions obtained after centrifugation at 5060 and 1500 rpm are also shown in the
same figure. It is evident that with increasingtaéumge speeds the water in the vuggy pore
space is progressively displaced by air. Two hypsides can be suggested from the

distribution results.

The first hypothesis is that water in the conneategs is drained from the rock by gravity
and the remaining water is contained in isolategsvun this case the vugs are disconnected
between the in- and outlet of the core, i.e. themo vuggy connectivity throughout the core.
Hence, a total of 90.4 % of the vuggy porosity resent as isolated vugs. It should be
mentioned that the shrink tube surrounding the corédd have caused some connected vugs
to become isolated. Such a high amount of isolggees would result in a very low
permeability, in contrast to the apparent high pehnility of the VC plug. In addition, earlier
studies have proved the high connectivity of theygyu material [83]. Hence, this first

hypothesis is considered as invalid.
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The second hypothesis suggests that a certaini®reeded in order to drain the water in the
connected vugdt is suggested that this force lies somewhere éetwthe strength of the
gravity force and the applied force during cengétion at 500 rpm. Hencéhe water in
connected vugs is trapped by capillary forces dutine gravity drainage process. This
presence of capillary pressure in connected vugdateis assumptions made in some

simulation studies, whef,= 0 in vugs often is assumed [78, 84-85].

Earlier in this thesis, it was assumed that thenébrdistribution measured in VC after
centrifugation represented the matrix porosity ansimall amount of isolated vugs. Thg
distributions confirm this hypothesis, since thdavan the vuggy pore space is progressively
drained after centrifugation. The small peak remmginn the right hand side after = 1500
rpm corresponds evidently to a small amount ofasal vugs [86]. Thus, the capillary
pressure curve obtained for VC represents the laapipressure — saturation relation in the
matrix porosity. This is highly applicable in simatibns with dual porosity models, where the
capillary pressure curve can be assigned to theixmpbrtion of the model. Studies by
Moctezuma et al. [86-87] propose the applicationnedrcury injection capillary pressure
curves for this purpose. The new method presentéhis thesis is preferable in this case due

to its rapid and non-destructive nature.
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Figure 6.24 T, distribution for the vuggy carbonate VC 400% brine saturation, after
gravity drainage and after centrifugation a0 750and1500rpm.
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Despite the high connectivity of the vugs in thedsed material, th&, distribution in Figure
6.24 verifies that a certain force is needed ireotd drain water in connected vugs with air.
Thus, capillary pressure is also present in comgkeetgs. Since vugular carbonates and
naturally fractured reservoirs are classified aalgorosity reservoirs, dual-porosity models
are used for simulation studies. In some of thesslals, vugular capillary pressure is
assumed to be zero. The studies performed on ayweytponate in this thesis questions the
validity of this assumption. In addition, it is gegpted that the matrix capillary pressure is

measurable with the current NMR method.

6.7 Experimental errors

6.7.1 Uncertainties concerning saturation profiles
For results to be widely accepted, the uncertantiethe measurements must be addressed.

The signal to noise ratio (SNR) is used to quartidyv much a signal has been corrupted by
noise. It is favourable to have a high SNR valud. MMR measurements in this thesis
contain some amount of noise. The part of the $igmang to noise is considered to be
constant. Hence, a weaker signal yields a lower @NR vice versa. This means that the
measured proton intensities after centrifugatiaraore influenced by noise than intensities

measured at high water saturations.

Errors in the measured NMR intensity values, reférto as a Type A uncertainty in

subsection 5.2.5, were investigated by performimgfiouous measurements, 21 in total, with
all pulse sequences. The 1D profile sequence medsuwater saturated sand sample, while
the diffusion-weighted pulse sequence measured@ Sample containing equal amounts of

oil and water. A standard deviati&D was found for each intensity value from the eaquati

N S
SD—\/W_;(X X § (6.1)

whereN is the number of measurements performed, i.ex;d4 the measured intensity value

and X is the mean intensity.
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In air-brine systems, one pulse sequence was uskdence on&D-value can pass for all
measurements. However, for all oil-brine systenwth kithe total intensityM; and the oll
signalM,; were measured (see subsection 5.2.1). It was fthatd/,; had to be multiplied
by a factor of 1.78 due to suppression of theigihal. Hence, th&D-value has to be scaled

accordingly. The mean standard deviation valuesiobd are listed in Table 6-3.

The standard deviations tend to cluster aroundntkan value in a Gaussian distribution.
Figure 6.25 shows the distribution of standard algens in the air-brine measurements, i.e.
measurements with the 1D profile sequence. Thedighows the distribution calculated for
the full bandwidth, the noise and the sand sanipi¢e that the sand yields the highest SD-
values. The low standard deviation values demaiesthee accuracy of NMR, validating the
current measurements. Similar distribution behawoare observed for both oil-brine

standard deviations.

Based on these observations, the overall uncedsiof the calculated water saturations in
both air-brine and oil-brine systems could be estéd from Equation (5.5). The results are
listed in Table 6-3. Since the SNR value is atlotsest after centrifugation at the highest
speed, i.e. when the sample contains the least r@nwduwater, this is where the greatest
uncertainties of, are located. Thus, the uncertaintySafis marked in the air-brinB.-curve

obtained for the Berea core after centrifugatiod2@0 rpm in Figure 6.3. For an oil-brine

system, the uncertainties of the water saturatadnes are depicted in Figure 6.14.

Table 6-3 Standard deviations and saturation uncesinties

Measurement | SD Sy uncertainty

Air-brine +98.5 +0.010

Oil-brine, Myt | £95.9 +0.012

Oil-brine,My; | £ 154.6
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Figure 6.25 Standard deviations obtained for air-brine measuzats yield a Gaussian
distribution.

6.7.2 Evaporation of fluids over time
Early measurements indicated thatter evaporatiorcould occur during NMR measurements.

To investigate the prospect of evaporation, seWehlR measurements were performed over
longer periods of time at approx. 35, and the sample core weights before and aftee wer
registered. All surfaces of the core sample werei with plastic foil when measurements
were performed on the Berea sandstone core atiffeoesht conditions:

| : 100 % brine saturated

I After air/brine centrifugation at 750 rpm

The sample core was measured in the NMR instrumetit the 1D profile sequence,
described in subsection 4.4.1, at both conditidhe weight of the Berea core was measured
before and after NMR measurementsesre and Muser respectively. The percentage weight
loss and measurement times are shown in TableA6wiight loss of 1.4 % is observed for
measurements following air-brine centrifugatior7&0 rpm, conditiorl. This loss is due to
brine evaporation. In conditiohthe weight loss in the Berea sandstone is 0.6 égpite a
much longer measurement period (43 hours and 4Qitesh These results indicate that
sample cores with lower brine saturation are expdeea higher degree of evaporation. It
becomes reasonably to expect that if the core mdritgged at higher rotational speeds,
causing lower brine saturations, it would be exposgean even higher weight loss during

NMR measurements.
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Table 6-4Water loss experiment data

Core condition || I

Time 43 h40min| 23h
Mbefore [J] 125.38 121.02
Mater [Q] 124.67 119.36
Am[g] 0.71 1.66
Weight loss [%] | 0.57 1.37

The duration of a typical NMR measurement needeabtain the primary drainage capillary
pressure data is typically within a few minutesughthe amount of evaporated water after 24
hours becomes less relevant for the results ofthigy.

To illustrate the level of evaporation the firstunoof measurements, the ar@aof the

measured intensity profiles was calculated from

A:%XAXZ y (6.2)

where N is the total number of measurements executiedis the profile resolution (see
subsection 5.2.2) ang is the measured intensity in the sample core rafie areaA
correlates to the total amount of hydrogen presenthe core. Figure 6.26 shows the
percentage intensity deviation from the first measent as a function of time for a fully
brine-saturated Berea sandstone and the same fterea@-brine centrifugation at different
rotational speeds. The plot indicates that the $amopre is most vulnerable to evaporation
after being centrifuged at 1500 rpm, giving a deeraof approximately 3.5%. Consequently,
the highest degree of fluid evaporation is whendbee contains the least amount of brine.
This is when the largest surface area of watexmsed to air due to the fluid distribution

within the core.

Note that the plot also claims that there are p@sideviation values, i.e. an increase in brine
saturation. This is an error caused by noise ininttensity profile. However, it can be seen
that the evaporation of brine is insignificant Ire ttime required to acquire the NMR profile,
l.e. approximately 2 minutes. The deviation withiis time span is estimated to be within £
1%.
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Figure 6.26 The intensity deviation from the first measurementa function of time for a
fully brine-saturated (100%) Berea sandstone arséime core after air/brine centrifugation
at 750, 1100 and 1500 rpm.

6.7.3 Consistency of fully saturated profiles
The Sy-values in this thesis are calculated from Equat{®»). For each air-brine

centrifugation speed, a fully brine saturated peofivas measured\. In theory, these
profiles should remain constant, but experimentabre could influence this. Thus, it is
important to place emphasis tre consistency of the fully saturated measureméntbange

in Mo would result in significant errors in the finalpiidary pressure curve. A collection bfy
saturation profiles obtained for the L1 core iswshon Figure 6.27, illustrating the error. For
a perfectly homogeneous sample core, the fullyratdd profile should be flat, i.e. the brine
distribution should be constant along the axishef¢ore. As seen in the figure below, this is
not the case for the heterogeneous limestone LX Nprofie measured prior to
centrifugation at 3000 rpm contains lower signals,inconsistency, compared to the other
profiles. This indicates that the plug is not fullgturated due to experimental errors during
the saturation process. Hence, Mgvalues are unsuited for calculationsSfand L1 must
be re-saturated. This also indicates that the @xpatal uncertainties in air-brine procedure |

are larger than those in procedure Il due to theataration of the core plugs.
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Figure 6.27 Comparison of fully brine saturated profiles foretil core. The Mvalues
measured prior to centrifugation at 3000 rpm congaian inconsistency compared to the
others.

6.7.4 Consistency of profiles measured after centrifugatin
Since L1 was centrifuged twice at 1500 rpm with aid brine, it is possible to do a

comparison of the obtained data. This will give iadication of the repeatability of the
method. Figure 6.28 shows the measured intensitffigs after each run. Note that the core
was re-saturated with brine before each air-brieetrdugation. The profiles show good
correlation, except at the left end of the core,e¢hd with the highest brine saturation. Studies
indicate that this is the area most vulnerableuml fredistribution. Hence, the difference in
brine saturation can be explained by the trangpod. Table B-1 in Appendix B shows that it
took close to 10 minutes to transport L1 from teatdfuge to the NMR instrument in the
first run, while the transport time was reducedess than 4 minutes in the second run. Based
on the conclusion from subsection 6.7.6, i.e. sioate degree of brine redistribution is present
after centrifugation in air-brine systems; it ighie to assume that the intensity difference is

due to brine redistribution.
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As a result of the resemblance in the intensityfilps the two runs yielded fairly equal
capillary pressure curves (see Figure 6.6). $tilpuld be argued that the second run is more

accurate.

There is a clear consistency in the measured psoéifter centrifugation. In accordance with
this observation, the repeatability of the meth®dadnsidered to be good. Nevertheless, it is
Important to place emphasis on transport time.
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Figure 6.28 Comparison of the measured intensity profiles atfier centrifugations at 1500
rpm, 1st and 2nd.

6.7.5 Verification of intensity loss
The capillary end effect, as described in sectidn i3 the accumulation of the wetting phase

at the outlet end of the core. Although some degkdluid hold-up is observed, the

assumption of 100 % brine saturation at the outied is apparently violated in these
measurements since there is a reduction in bringadeon at the end of the core sample after
centrifugation. In theory, the primary drainageveustarts at 100 % water saturation, i.&5,at

= 1. Due to the violation, it becomes evident s is not obtained for any of the studied
cores. By using a footbath during centrifugatidns terror could have been avoided [8, 88].
However, this lack of upholding the Hassler-Brunheundary condition has been observed

by many authors who measure saturation profilesoimection with centrifuges, including
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Wunderlich [29], Al-Omair et al. [89] and Ferngatt [90], all questioning the validity of the

assumption.

It could be argued that the absence of 100 % lsataration at the outlet end is due to
erroneous intensity measurements. Thus, the conplsaveights were measured after each
air-brine centrifugation speed. These data can ftileed to verify the corresponding
intensities measuredyl,. The brine volume produced is easily found by adting the
measured weight after centrifugation from the futlyne saturated core weig¥iyeign: =
Miows - Matter. The UNit 0fNweignt IS then changed to ml. In order to create a coaiparvalue,
the produced volume is divided by the total portun@ of the core plug, deduced from its

dry and saturated weigh®rodyeight = Nweignt/ Vp.

The area under the intensity curves is the sunil efitensity values for each centrifugation
speed. In accordance with the weight calculatiding, produced intensity area is found by
subtracting the area after centrifugation fromftilly saturated intensity areBinensity = A1om%

— Auter. Then, the amount of produced brine is the ratithe produced intensity area and the

fU”y Saturated arearodntensity: Nintensity/ A]_OOJA).

In theory Prodyeight = Prodinensiy but the columns in Figure 6.29 shows that théeghce
increases with increasing heterogeneity. For the#eore, the measured weights confirm the
brine production observed in the intensity valddss is also the case for the other core plugs
L1, L2 and VC, although small variations are obsdrvThe weights of the sealing plastic
plate and the shrink tube are subtracted from aligits measured for VC. The offsets
between the amounts of produced fluids could irtdithat the measured intensity levels are
erroneous, but the difference is rather causedifmysin weight measurements. Overall, the
core sample weights verify the measured intensitiesice the saturation levels at the outlet

end of the cores are correct, and the assumptia@®P%6 water saturation is violated.
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Figure 6.29Comparison of brine production in all core plugalaulated from intensity loss
and weight loss, after centrifugation.

6.7.6 Redistribution of fluids
Redistribution of fluidsubsequent to centrifuging can affect the capilfaessure calculation

if it occurred while the distribution is being measd or during transport. The rate of
redistribution is dependent on the rock and thigl§lwised. Since brine is the wetting fluid, the
redistribution process studied is a spontaneousbitidn process. Green et al. [8] found that
a decrease in rock permeability showed a lower g&tistribution, i.e. the redistribution of
fluids can represent a problem for high permeabiliicks. During their studies, they found
that redistribution did occur in a Berea sandstettb a permeability of 802.5 mD, while a
lower permeability Berea core, similar to the osediin this thesis, showed a much lower
rate of distribution. However, other studies cldhmat the errors introduced by redistribution
are undetectable until 1 hour has passed [7]. Wais examined for both air-brine and oil-
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brine processes in this study. The times of intemeshe two processes are the first 10
minutes and the first 20 minutes, respectively.

Air-brine measurements

The brine saturated Berea plug, with a permeaholity27.5 mD, was centrifuged with air at
1100 rpm before being measured with the 1D prafdguence. It was emphasized that the
transport from the centrifuge to the NMR instrumginduld be carried out as fast as possible,
within the range of 4 minutes. The first 10 minutésntensity measurements are shown in
Figure 6.30. This plot confirms that redistributicof brine takes place early in the

measurements, making it likely that it is also présat the transport stage prior to the
measurements.
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Figure 6.30Brine redistribution in the Berea sandstone at&rbrine centrifugation at 1100
rpm.

To further investigate what effect this redistribatcould add to the capillary pressure curve,
primary drainage curves were calculated using tleasured intensity data at O and 10
minutes. Note that this only represents the capillparessure curve obtained after
centrifugation at 1100 rpm. It has already beemwshthat redistribution is present within the
first 10 minutes of measurements, and the capiligegsure curves presented in Figure 6.31
illustrate the effects of this. The main differermdween the curves is that there is a decrease

in maximum brine saturation with time, i.e. thetimli brine saturation is lower after 10
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minutes. Higher saturation values are also regidtaith increasing capillary pressure. This
observation, together with the fact that the ateglew the curves in Figure 6.30 are equal,

confirms that the effect is due to brine redisttido rather than evaporation.

Considering it took 4 minutes to transport the dangore from the centrifuge to the NMR
instrument, it is highly likely that the brine sedtion distribution, and thus the capillary
pressure curve, have changed during transposd.féasible to conclude that the initial brine
saturation decreased during transport, demonggrétmimportance of performing this part of

the experiment as fast as possible.
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Figure 6.31Capillary pressure curves calculated from intensigta after 0 and 10 minutes
of NMR measurements on the centrifuged Berea core.

In order to test the statement from Green et §li|8 that the rate of redistribution decreased
with decreasing permeability, an analogous appreaused to determine the redistribution
in the low permeable limestone LK € 22.0 mD). The brine distribution after centriftiga

at 750 rpm is shown in Figure 6.32. Despite thertogfeneity of the curves, it is evident that
some redistribution does occur in L1 after 10 masutout not to the same extent as in the
Berea sandstone. The standard deviations foundulbsestion 6.7.1 are depicted in the
saturation profile to indicate the accuracy of tasurements. As stated earlier in this thesis,
the low permeable limestones yield higher capillargssures than the Berea sandstone due to

smaller pore throat radiuses. Despite the lghalues, the low permeability of the limestone
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samples is hindering fluid redistribution [91]. Hen a lower rate of redistribution is observed
in L1 and L2. Although this confirms Greens stataméhe effects of fluid redistribution in

low permeable rock cores should not be ignorechdumeasurements.

It should be noted that the results from the Bexrd L1 used in this subsection are not
directly comparable due to differences in NMR systparameters and centrifuge speeds.
However, the results in this study indicate that tedistribution of brine is larger after

centrifugation at high centrifuge speeds, i.e. wiilencore contains less brine. Since the L1
intensity data studied here is from centrifugatdr50 rpm, the lowest speed L1 is subjected

to, it is most likely that the redistribution of lid larger at higher rotational speeds.
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Figure 6.32Brine redistribution in the limestone L1 after adfiigation at 750 rpm.

Oil-brine measurements

In the oil-brine measurements, the stoppage tinge, the total amount of time elapsed
between each centrifugation speed, is the timatefest. As shown in Table B-2 in Appendix
B, this time was kept within a limit of 20 minutés$ence, this is the amount of time where the

fluid redistribution is examined for the oil-brineeasurements.
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The brine redistribution in the Berea sandstoner atl-brine centrifugation at 1800 rpm is
plotted in Figure 6.33. It is evident that redistion does occur in oil-brine systems, but to a
lesser extent than in air-brine systems. This @amed by the low mobility of the oil used,
l.e. the highly viscous Marcol 82 is hindering gmontaneous imbibition process [92]. Note
that the Berea core yield slightly higher brineemgity values in its right end after 20 minutes,

indicating that the brine is redistributed ratheart evaporated.
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Figure 6.33Brine redistribution in the Berea sandstone afté+boine centrifugation at 1800
rpm.

The rate of redistribution in air-brine systems wasnd to be smaller in cores with low
permeability, e.g. L1 and L2. An analogous conadnstan be drawn for oil-brine systems.
Figure 6.34 shows the brine redistribution in Lieafoil-brine centrifugation at 4000 rpm.
Since the rate of redistribution is found to be losth in oil-brine processes and in limestones,
it is considered as negligible in low permeableksoduring 20 minutes. Further studies, not
shown, indicate that an effect of redistributiome observed in the limestones even after 1

hour of measurements.
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Figure 6.34 Brine redistribution in the limestone L1 after biine centrifugation at 4000
rpm.

After thorough investigation, the overall behaviofithe wetting fluid during redistribution is
illustrated in Figure 6.35. The illustration shothe brine saturation at 1) an initial stage, 2)
an intermediate stage and 3) a final stage. Acated in the figure, the brine in the left part
of the core sample tends to move towards lowerebsaturations, causing an increase in the
saturation at the right part of the core. Aftergngicant time the final stage is reached, and
the brine saturation is uniform throughout the feiigth of the core sample.
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Figure 6.35lllustration of the redistribution of the wettinguild, i.e. brine, at 1) an initial
stage, 2) an intermediate stage and 3) a finalstag

Oil-brine processes yield lower rates of redisttidm, or rates of spontaneous imbibition, than
air-brine processes. In addition, it is found ot permeable rocks have lower rates of fluid
redistribution than high permeable rocks. Basedh&se observations, it is concluded that
fluid redistribution is present during all air-beirmeasurements. It is also present in the oil-
brine measurements for the Berea core. Howeverardooil-brine process, it is neglected in
L1 and L2. Note that these results are only reprtasige for the measurement times relevant

for this study, i.e. 10 and 20 minutes.
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7 Conclusions
The primary drainage capillary pressure curve leentmeasured with a novel method that

combines the knowledge of centrifuge experiments MMR measurements. As opposed to
earlier studies, the application of this method Hseen thoroughly investigated by
experimental studies on rock cores ranging in bogemeity from the relatively homogeneous
Berea sandstone to the very heterogeneous vuggreate.

The results demonstrate that the new method isicatybe in both air-brine and oil-brine

systems. The work presented stands out from prestudies in that it utilizes a diffusion-

weighted spin echo profile sequence to discrimirfatiel signals from water and oil. By

exploiting the significant diffusion coefficient ftBrence between brine and oil, the water
signal was suppressed by the use of sufficienttgelaapplied gradients. It should be
emphasized that fluids with significantly differedtffusion coefficients are required to

maintain the applicability of the diffusion-weigkteequence.

It has further been shown that the technique hascHpability to establish the capillary
pressure-saturation relationship more quickly theeditional techniques, with a total
measurement time even below 3 days, depending ®@rartiount of centrifugation speeds
needed. Prior to the involvement of oil, an altéiemethod was tested for the air-brine
system. Here, the core plugs were not re-saturbtddieen each rotational speed. This
procedure was later implemented for the oil-brineasurements, dramatically decreasing

measurement time.

One of the main advantages of the new method isbtkty to measure the actual fluid
saturations within the sample core. Due to thisiin-measurement, it is unnecessary to
perform inaccurate calculations based on the amoluexpelled water during centrifugation.
In addition, the heterogeneous features withinck eye accounted for, making it a favourable

method for investigations of heterogeneous material

The resulting capillary pressure curves reflect lieéerogeneous nature of the studied core
material, providing valuable information for reseirvsimulation studies. Accurate NMR
measurements were employed to expose internaltstescin the rock cores, explaining
irregularities observed in the results. In par@culthe primary drainage capillary pressure
curve obtained for the vuggy material is applicabledual porosity models since it is found
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to represent the fluid distribution of the matriorgsity. T, distributions for the same material
also indicate that the assumption of zero capillagssure in vugs, as made by numerous
studies, is wrong. These observations can provigitant information in further studies on

the transport properties of vuggy carbonates.

Finally, the method was found to be both reliabid accurate due to the low uncertainty of
its measurements. By addressing the experimentaiseconcerning the new method, it was
concluded that the rate of fluid redistributionaigunction of the permeability of the studied
porous material, i.e. low permeability rocks yidétdver rates of redistribution. During the
same studies it was observed that redistributicmuiscto a lesser extent in oil-brine systems
compared to air-brine systems. Thus, it was sugdédsiat the prospect of fluid redistribution
could be neglected during oil-brine measurementsow-permeability core samples. By
performing NMR measurements over longer periodsneé, it was also found that the rate of
fluid evaporation is insignificant during all NMReasurements in this thesis work.
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8 Further work
During the work on this thesis some issues havergadethat would benefit from further

attention. For a new method to be widely acceptatgeds to be tested on a large number of
samples. A weakness of the data presented here Igrtited number of sample cores tested.
Testing a larger number of heterogeneous sampladdwiacrease the reliability of the

method.

The new method aims at providing the capillary pues-saturation relationship as fast as
possible. The main factor contributing to the expental time is the centrifugation time.
Thus, further studies on the equilibrium statesmducentrifugation are needed in order to

reduce the experimental time.

The Hassler Brunner centrifuge method should b&opeed on the cores used in this thesis.
It would be of great interest to compare the rasgltapillary pressure curves obtained from

the two methods, as this could add strength tappdicability of the new method.

Another potential area of improvement is to exptredapplication of the method in terms of

measuring both imbibition and secondary drainaga.da

Based on the results of this thesis, further ingaibn of the connectivity and capillarity of
the vuggy porosity could be conducted. A studyhef force needed to drain water situated in
connected vugs, expected to be somewhere betweestréngth of the gravity force and the
applied force during rotation at 500 rpm, would \pde additional information on the

capillarity of vugs.
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10 Appendix A

Fluid properties

Table A-1 Composition of synthetic salt water.

Component | Concentration [g/Kg]
NacCl 24.89

CaCb-2HO | 1.726

MgCl,-6H,0 | 11.124

NaHCG; 0.192

NapSOy 4.056

KCI 0.668

Total 42.656

Table A-2 Properties of Marcol 82.

Property Min Max
Appearance Clear and bright  Clear and brig
Odour Absent Absent
Viscosity at 20°C [cP] 27 38

Density at 20C [Kg/m’] | 842 855

ht
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11 Appendix B

Experimental durations

Table B-1 Experimental durations, air-brine measurements.

Core | Rotational speed Time in centrifuge | Transport time
[rpm]

Berea | 1500 27 h 45 min 7min58s
1100 22 h 00 min 3min46s
750 22 h 41 min 5min22s

Berea (Alternative method)
1500 24 h 32 min 3min19s
750 24 h 08 min 3min38s

L1 3000 24 h 41 min 3min51s
1500 (first) 27 h 10 min 9min 50 s
1500 (second) 23 h 47 min 3min30s
750 26 h 48 min 3min02s

L2 3000 26 h 37 min 2min59s
1100 29 h 17 min 2min50 s
750 43 h 06 min 2min49s

VC 1500 25 h 03 min 3min18s
750 24 h 23 min 4min05s
500 25h 11 min 3min46s

Table B-2 Experimental durations, oil-brine measurements.

Core | Rotational speed | Time in centrifuge | Transport | Stoppage
[rpm] time time
Berea | 1800 24 h 03 min 4 min 46|s
1500 24 h 12 min 4mn08s 18 min 25
1100 24 h 05 min 4mn05s 19 min 42
750 25 h 02 min 4min15s 20 min 15
L1 4000 25 h 04 min 4mnl0s
3000 42 h 04 min 4mn40s 19 min 05
1100 24 h 01 min 4mn20s 17 min 25
750 24 h 04 min 4mn50s 20min01
L2 4000 24 h 01 min 4min04s
3000 24 h 13 min 4mnl6s 17 min45
2000 24 h 01 min 4min15s 16 min 26
1100 24 h 25 min 4mn05s 17 min 15
750 24 h 15 min 4minl1l5s 16 min 26

nu un non
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12 Appendix C

Table C-1NMR system parameters.

NMR system parameters

Parameter  |Air-brine Oil-brine CPMG
Berea CarbonatesAll All All

MeasurementiMg, M, Mo, Mz Mot Moil

Frequency [HZ]12187091/12185475.612185347 12185514

P90 s] 6.2E-06 6.1E-06 | 6.1E-066.1E-06

P180 [is] 1.24E-05| 1.22E-05] 1.22E-(0K22E-04

RD [us] 5 5 5 5 5

TAU [us] 0.0015 0.0029 0.0016 0.0016 0.0010

Sl 2048 256 256 256 1

NECH 14 14 1 1 8192

NS 4 4 4 4 4

GX 32767 32767 16000 16000

GY 32767 32767 3276[f 32767

GZ 32767 32767 16000 16000

G1 500 550 1000 25000

G2 260 415 -100Q0 -25000

G3 0 0 50 50

G4 -1000 -1000 50 50

G5 1000 1000 720 635

G6 0 0 540 518

G7 0 0 0 0

G8 0 0 5000 5000

G9 0 0 -8000  -8000

Descriptions:

P90 90 pulse length

P180 180 pulse length

RD Relaxation delay

TAU Time between successive rephasing pulses

SI Number of data points acquired following the puls

NECH Number of echoes

NS Number of scans

G Gradient input strength
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