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Abstract

When a new oil reservoir is discovered and a pridncstrategy is chosen the knowledge about
wettability characteristics for the field is of eutnost importance. Wettability is a key factor floid
distribution and fluid displacement. Many laborgtarethods have therefore been developed and used
over the years in order to measure wettability. @mm to many of these methods are that they only
give indirect information about wettability based other parameters like imbibition rate, capillary
pressures curves and relative permeability datsplBéement based methods are also often quite time

consuming.

In this thesis we will investigate the use of Nacléagnetic Resonance (NMR) as a tool to find
wettability data for 3 different systems of oil amditer. Because of the NMR techniques natural
sensitivity to position and surface effects betwpere fluid and pore surface in a porous media it i
ideal for investigating the wettability of a rodBecause the wetting state of the rock will havéga b
impact on the fluid distribution both on the migcale inside a single pore, and on a larger soale i

the porous media, NMR is capable of giving an iatlan for the wetting state.

In order to find sufficient information about thgstem, we applied specialized NMR sequences order
to separate the signal from the two phases basediffusion coefficient and by the effects from

internal gradients. Specialized NMR sequences &k used find the correlation between transverse
and longitudinal relaxation rate. When combiningsia sequences with standard CPMG experiments

it increases the amount of information obtainednftbe porous media.

We have chosen Berea sandstone as a basis foxgkemnents and will be looking at a system of
crude oil in aged cores, mineral oil in non-agedescand crude oil in non-aged cores. A reference
system at 100% water saturation n was also inestily Because the aging of the cores changes the
wettability of the core, we believe that it is pdés to detect this by the use of NMR and find hibw
differs from the non-aged cores. We will also imgua traditional USBM/Amott test in order to

correlate this to the NMR-response in each system.

The cores that have been chosen to undergo ageirgfleoded with crude oil at 110°C for a period
of 4 weeks. All of the cores have then been subgetd the combined USBM/Amott test to establish
the wettability of each core. We found that thedageres had changed significantly towards neutrally

wet, and the non-aged cores were strongly water wet

In the NMR part of the experiment we found that wieing only a standard CPMG test of the cores
the broadening of the peaks originating from edtchsp made it hard to separate the response from
each phase. This made it difficult to use the CP¥#&a as a wettability indicator. Despite this we

were able to find some indicators of a change enafed cores. When comparing thediBtribution
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from the aged and the non-aged core we found tieaie thad been a reduction in the main peak and
increase in intensity at shortep Values of the aged core's distribution. This is described as an
effect of changed wettability state, where therallewetting conditions cause the oil to come into

contact with the pore surface.

When including a sequence for diffusion encodingoliserved that we were not able to distinguish
between the signals from each phase. In the caSg thiis is caused the nature of the sequence itself.
We are however able to detect an increase in thesuned diffusivity of oil that may be caused by a
more continuous oil phase. In the case ptt& peaks from water and oil has merged formitayger
combined peak. But because the diffusion encodingréserved in the large peak we are able to
separate the aged core from the non-aged corbislicdse we see a decrease in diffusion that may be

caused by oil trapped in films at the pore surfadwere the diffusion is limited.

When applying the internal gradient encoding seqgeero information was collected aj;,Sut at &
good indicators of wettability alternation was dad¢el. Because the oil is behaving more like the
wetting phase no shift in Dy, ratio was observed in the aged cores. In the ged-a&ores on the

other hand a hinge point was found that correspdbtai¢he oil phase.

After applying the T-T, correlation sequence we found that the alteredabitity of the aged cores
caused the oil phase to behave more like the wggttirase. This caused a reduction in the signal from
the bulk oil and an increase in the signal that &dg/T, ratio close to 1. This situation was found in

both the §icase and in the,Scase.

We have found that the use of specialized NMR secpe is able to detect the alternation of
wettability due to aging in Berea sandstone. Whayg elying on the standard CPMG experiment we
only found small indicators on the changed wetighibut when combining this with the other three
mechanisms described above results were made.rlicybar we show the strength of the internal

gradient encoding sequence as a tool to detecgehiarwettability.
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Nomenclature

A Cross-sectional area, Work

Bo Static magnetic field (flux density)
BVI Capillary bound water

BVW Mobile water

cBw Clay bound water

CPMG Carr, Purcell, Meiboom, Gill

X Magnetic susceptibility

D Diffusion coefficient

o Absolute error

F Force

FWL Free Water Level

FwW Fractionally wet

FFL Free fluid index

f; Volume fraction

frr Radio or Larmor frequency

o} Porosity

g Acceleration of gravity

Y Gyromagnetic ratio

h Planck’s constant divided byt 2
I

Angular momentum quantum number

lusem USBM wettability index

| AH Amott-Harvey fluid displacement index
K Absolute permeability

L Nuclear angular momentum

L Length

m Mass

M Macroscopic magnetization
MWL Mixed wet large

m, spin magnetic quantum number
u Fluid viscosity

n Magnetic moment

N Number of data points

NMR Nuclear magnetic resonance
owcC Oil-water contact

® Centrifuge speed

WL Larmor angular frequency
PSD Pore size distribution

PV Dimensionless unit normalized with respect to paleime
P. Capillary pressure

Py Pressure in wetting phase

Prw Pressure in non-wetting phase
Q Rate of flow

R Pore radius

p Fluid density

S Surface area

S Oil saturation

S Residual oil saturation

Sw Irreducible water saturation

Sy Water saturation

Sw Average water saturation

S Standard deviation

SW Acquisition bandwidth

c Interfacial tension
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VIl

Longitudinal relaxation time
Transverse relaxation time
Time

Echo spacing

Wetting angle

Potential energy

United States Bureau of Mines
Volume

Work
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1. Introduction

In a world that has become increasingly oil depenhdee need for efficient oil production is more
important than ever. Having the full knowledge loé reservoir characteristics is essential in otder
ensure maximum production and to further squeeeelast drop of oil out of every field. This is
where the understanding of wettability comes inc@. In a multicomponent system there will be a
contrast in the magnitude of the forces acting betwthe pore wall and the fluids in the system[3].
These forces will in turn strongly affect the fluddistribution, the mobility of the pore fluids arite
residual oil saturation, both in micro and macralecThe concept of wettability is related to these
forces so the knowledge of the wetting state of riservoir rock is of great importance for a
petroleum engineer. The term wettability is howewver unambiguous. From the two extreme wetting
states, water-wet and oil-wet there exist a rarfg@termediate wetting states which are difficut t
separate. In addition when measuring the wettghititthe traditionally manner your result could be
influenced by other rock and fluid parameter likscosity and permeability to name a few. Finallg th
preferred experimental techniques are relatednie tonsuming procedures. All of these factors make

wettability to one of the most challenging featuoéshe petroleum industry[2].

There are two preferred methods for conventiondtalédity measurements. The Amott method[4]
introduced by Earl Amott in 1958, and the USBM naelfd] introduced by Donaldson et al in 1969.
Both of these methods involve displacement expearim@here the mobility of the fluids and the

permeability of the rock will play a part.

The concept of NMR has been known since the 19%Md,experiments to utilise the technology in
the petroleum industry has been performed sincd#€'s. The main focus for NMR research in the
petroleum industry have been on porosity and mgbitheasurements, because of excellent
distinguishing between matrix and pore fluids, abdtween mobile and immobile fluids

respectively[6].

In this thesis we will look into the use of NMR kewmlogy to find wettability characteristics. A ftui
close to the pore surface will relaxate at a highte than a fluid in the interior of the pore sz of
the effect from surface relaxation. Because wditalgilay a key role in the fluid distribution inrack
on both micro and macro scale the use of NMR asohtb probe the wetting state of a rock has

proven usefull[7-10].



2. Basic rock properties

2.1. Porosity, @

Porosity is one of the fundamental properties of an hydtoma bearing formation and it's defined as
“the void part of the rock’s total volume, unocagpiby the rock grains and mineral cement” [1]. In
this way the magnitude of the porosity tells usfthiel storage capacity of the rock and we canenitit

as

V-V Vp.tot

def s _ Db

Prot = —,— =7, — (2-1)
b b

where \{ is the solid volume, ¥is the bulk volume of the rock and, M is the total pore space.
Because not all pores are connected and will dmrttito the fluid transportation in the rock, we
introduce the effective porosity. It is definedtls ratio of volume of interconnected pore spagesV
and the bulk volume of the rock.[1]

Vpe
Qesr 2L (2-2)

Vb

For simplicity we will usep for effective porosity and Mor effective pore volume in this thesis. It is
also common practice to distinguish between twannsategories of porosity, namely the primary and
the secondary porosity. The former one is causethdgedimentation process and the latter are those
pores developed in a rock some time after the dégosThese two categories are again divided in to

subgroups, after their origin and type [11].

In figure 2-1 we can see an idealized schemativaoifous pores. The fluid in the closed pore is

trapped, thus its volume is not a part of the ¢iffecporosity.

a Catenary
_-_-_'_'_‘—-—-
Effactive pore e
o oSty e
Cul-de-sac
Total . —< pore T T &
Porosity
Inaffective Closed O
.  —
porosity pore

Figure 2-1: Showing various types of pores.

2.2 Permeability, K

Permeability is another important property of a reservoir rotlkthe pores in chapter 2.1 are
connected, a fluid inside the pore will be ablg&ss through the porous materRé&rmeabilitywill

then be the potential of the medium to allow tramtgiion of fluid through its interconnected porAs.
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good analogy to this phenomenon is the conductofitgn electrical wire which allows transportation

of electrical current.

The relationship between fluid, medium and fluahsportation was first discovered by a 19th-century
engineer named Henry Darcy who experimented wittewand different types of sand filters [1].

Rewritten to a more modern form Darcy law states: th
kA
a="-(p—-pg) 2-3

whereq is the rate, A is the cross-sectional aneas the viscosity of the fluidjp is the pressure

gradientp is the fluid density and is the gravity andk the permeability tensor.

The Darcy law will in this form is only valid for system with one fluid present. This is because the
different fluids will obstruct each other's flowtgern, hence reducing thepparent permeabilityf
the system. For such a system with multiple imrbigcfluids there will be aeffectivepermeability,
ke, for each fluid, that is different (and lower) théme absolute permeability KThe effective
permeability depends highly on fluid saturationt ualso controlled by the pore- and pore throat

geometry, the wettability and the hysteresis ofrtiak [11-12].

2.3 Saturation

Because most reservoirs are occupied by more tman reservoir fluid we introduce the unit
saturation The saturation of a fluid is the volumetric ratibthe respective fluid to the total fluid
volume in the reservoir. As a rule of thumb, theergoir fluids fill all of the pores in the reseimno
hence the total fluid volume equals the pore voliwpeThis gives the three saturation equations for

water, oil and gas respectively.

Se=lr (24 So=L,  (25) Sy=i%  (2:6)
Vp
where \{, V,, Vq is the volume of water, oil and gas respectivelgc@ise we assumed that all of the

pore volume is filled by reservoir fluid, the foling is always true:
Sw+So+S5=1 (2-7)

As a consequence of wettability and capillary pressghat we will discuss later in this chapter ¢her
exists a lower limit for the saturation of any fuin a reservoir. The oil that will remain in theck
after production is called thesidual oil, $[1]. At this value, the remaining oil is immobiland will
not move by any conventional method. Tiheducible water saturation, 3 is the lowest level of

water. The remaining water is retained in the sasaibores bgapillary trapping.



2.4 Wettability

Wettability can be defined as “the tendency of fiaiel to spread on or adhere to a solid surfacién
presence of other immiscible fluids”[13] and arisxause of the difference in molecular interaction
between the solid and the fuids in the system.aiRddeal system of oil and water on a flat surfthes

energies are explained by the Young-Dupre equation:
Ops — Oys = Oy, COSH 2-8

Where the subscriptss,ows and @ denotes the oil solid, water-solid and oil-wateterface
respectively and is thecontact angleat the oil-water-solid interface measured throtlghwater (as

shown in Figure 2-1).

| % m
I B LT L L L

ROCK SURFACE WATER-WET CIL-WET

Figure 2-2:Schematics of fluid configuration and the interéd¢ensions in an water-oil-solid system.
Modified reprint from Graig[13]

The contact anglehas become a significant measure of wettability iarcommonly referred to as the
wetting angle For a solid with a tendency for water, the contaxgle is less than 90° and the surface
is referred to as water-wet. If, on the other

hand the surface has a tendency for oil, fi§gle 2-1: Wettability classes for water-oil system. Reprirgnir
) Zolotukhirl1l
contact angle is greater than 90° and we |aDgfetting angle (degree)  Wettability preference

the surface as oil-wet. A contact angle =55 Strongly water-wet

exactly 90° would indicate that the surfaugo_go

Preferentially water-wet

has equal tendency for water and oil. In -
90 Neutral wettability
addition the termstrongly oil wet and
90-150 Preferentially oil-wet
strongly water wethave been used to for
) . 150-180 Strongly oil-wet
wetting angle near the extreme poir.

according to table 2-1.

The wettability is of great importance since iaisnajor factor in controlling the location and flei

the reservoir fluids. Given that sufficient amounfsthe fluids are present and that the system is i
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equilibrium, the wetting fluid will occupy the sniesdt pores and the majority of the rock surfacthan
larger pores. The nonwetting fluid will on the attend only appear in the center of the large pores
forming globules. This distribution of the fluidslhhave great impact on the mobility of the phases
and consequently the residual oil saturation aftater flooding. Skauge and Ottesen [14], reviewed
special core analysis data from 30 north sea fiefdkfound a relationship between the wetting state
and remaining oil saturation after water floodinthe investigation showed the smallest oil satarati

for intermediate wet oil cores (ref. figure 2-3).

Sorw

4 -0.5 0 0.5 1

Amott-Harvey index
Figure 2-3: The relationship between residual oil saturatioteafvater flooding and Amott-Harvey

index.Reprint from Skauge and Ottesen[14].

Fractional wettability

Until now we have given that the wettability is famm in the rock. This would in most cases not be
true. Because the wettability could be alteredugtoabsorption of polar components in the crude oll
and the rock consist of a range of minerals withioes surface chemistry it would develop a
heterogeneous form of wettability[15]. In fractibnaettability (FW), the absorption of crude oil
components are only affecting one part of the réekging to certain areas is strongly oil-wet, whil

leaving the rest strongly water-wet.

Mixed Wettability

The term mixed wettability (MW) refers to a specigbe of fractional wettability. According to
Salathiel[16] this situation develops when oil naigs in to the originally water-wet reservoir, and
fills the larger pores. Over time the absorptioncnfde oil components will only happen in the oil
filled pores causing them to develop an oil-wefae, leaving the smaller pores water-wet. Salkthie
has also shown that this condition gives a veryptaable situation for waterflood because the oil

phase will remain mobile down to very low saturasipgiving a microscopic recovery factor of up to



90 percent. The situation with large oil-wet posesommonly referred to amixed wet larggMWL).

The opposite condition where the oil-wet surfageslacated in the smaller pores are caitggded wet
small (MWS). The main difference between MW and FW drat there are no correlation between
pore size and wettability in rocks with FW natur@oth small pores and large pores could have oil-

wet surfaces.

Sandstone and carbonate wettability

The mineral surface of the rock is of great impac&in determining the wettability. It is generally
believed that carbonate reservoirs are more pmbe Dil-wet than sandstone reservoir. Chilingat an
Yen [17] found after extensive research that mesenrvoirs range from neutral-wet to strongly oil-
wet. The experiment includes 161 core plugs withous carbonate minerals from all over the world

and result are shown in table 2-2.

Contact angle Percent of reservoirs
Water-wet 0-80 8
Neutral-wet 80-100 12
Oil-wet 100-160 65
Strongly oil wet 160-180 15

Table 2-2: Distribution of carbonate reservoir wettabilitieblote that the range of contact angles

considererd is different than in Table 2-1. Modifieprint from Chilingar and Yen[15]

Sandstone reservoir got a completely different naihsurface than carbonate reservoirs, and this
gives another wettability regime. Treiber et al][&é8nducted in 1972 a wettability evaluation ofyfif
fields and found a broad spectrum of wettabilityod¥of the fields were located in North America,
but some South America and Middle East field wése aonsidered. Treiber found that almost half of
the fields were weakly oil-wet and the rest in thege neutral to strongly water-wet, but he stttat

it should not be considered representative foffiells. Today there is a general understanding that

most sandstone reservoirs are in the range weakigrvwet to neutral-wet[14].

Natural alteration of wettability in reservoir rock

Most sedimentary rocks are naturally water wet, anfact all reservoirs was considered strongly
water wet in the early years of reservoir engimapriThis was believed to be true because most
minerals constituting the rock are water-wet, ahd fact that most sediment is deposited in an
aqueous environment. The oil which migrated inh® tock at a later time would then be prevented

from touching the pore surface by the presenceohate water and water films. However, during the
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1930 researchers found that some producing ressractually was strongly oil-wet. The original
strong water-wet mineral surface in the reservould be altered by deposition of organic mattemfro
the crude oil, or by absorption of polar componeriataining oxygen, nitrogen or sulphur. These
polar components, sometimes called sheface active compoundensist of both a polar end and a
hydrocarbon end which makes them ideal for altetiveywetting nature of the rock. The polar end
absorbs on the mineral surface exposing the hydrooaend making the rock more prone to oil. The
absorption of these components have been showmiegrdally by i.e. Lyutin and Burdy take place

even in the presence of thin water film becausg@®fsoluble nature of hydrocarbon compound[19].

Alteration of sandstone and carbonate surfaces

The minerals constituting the rock surface will gome extent affect the wettability alteration.
Sandstone constituting mainly of silica got a negiy charged, weakly acidic surface, while
carbonates on the other hand have a positivel\geldameakly alkaline surface. This governs the kind
of chemicals which are attracted to the surfacecandd alter the wettability. Because of the aticac

in differences, the components will prefer the apteopolarity. Wettability of carbonates will be stio
affected by organic acids, while sandstone wilhtaest affected by organic bases[15]. This is of grea
importance because the same reservoir fluids \ér ahe reservoir in different ways depending on
the mineral surface of the rock. However, thisnb/o/alid in reservoirs where the pH is near ndutra
Where the pH of the brine is different from neutthe surface charge of the mineral could be altere

hence changing the preference for organic compounds

Oil-wet minerals

Though almost every mineral in sedimentary rocksséitrongly water wet, there have been evidence of
a few minerals are weakly water wet, and even eil. Whis minerals include graphite, coal talc and

sulphides[15]. Most of this minerals are howevet agpresent in such quantities that they got a
significant impact on the wettability. Neverthelessme researchers have in a limited numbers of
reservoirs found core samples with such a highgmtage of coal that it could only be cleaned to

neutral wet.

Artificial alteration of wettability

Several methods exist for artificial alterationvedttability in cores, but all of them are basedtiom
principle of reproducing the conditions that arerig place within the reservoir. The simplest metho
consist only of submerging the cores in crude biélavated temperature, but other procedures like
high temperature crude oil flooding[20-21] and sebgmg the core in specific chemicals have also
been performed[15]. The main objective of all thgsecedures is to have the surface active
compounds react with the pore surface, and aleewttttability to a more oil-wet condition. Carefull
considerations of both the mineral chemistry arel cbmposition of all of the pore fluids must be

taken to secure an efficient alteration of the alstity.



2.6 Capillary pressure, P

In a porous media containing more than one phaseapillary pressureis an important parameter.
“Capillary pressure Pcan be defined as the molecule pressure differanness the interface of two
fluids” [1]. This pressure difference could be dttated in a thin capillary tube with radigsin a

container filled with oil and water.

Figure 2-3 —Schematics of capillary pressure in a thin tubledilwith oil and water. Reprint from Lien [22]

If we assume that the surface of the tube is watdrthe surface-fluid forces, i®,, will cause the
water level to rise inside the tube as shown inrg2-3. For the fluids and their interfaces toitbe
equilibrium this calls for a stronger pressurehia hon-wetting phase. The vertical component of the
forces acting on the total area of the circular is@rs inside the capillary tube could in this exiEmp

be written as:
F}, = 2mRao,,, cos 6 2-9

Whereo,, is the interfacial tension acting between the fluals and6 is the angle defined on the
figure. This upward force is balanced by the presslifference in the two fluids. In figure 2-4 we
examine a small aredd of the interface between oil and water. The waitcomponent ofiF, can be

written as
dFY = (P, — P,)dAcos« 2-10

and R and R, is the pressure in oil and water respectively.



Figure 2-4 A small surface element dA on the interface betwestar and oil. Reprint from Li¢R22]

The size of the projection ofA into the horizontal plane is given By, = dA Cos «a. It follows
that the total vertical component of the forcesnacon the interface can be found by integrating
equation 2.10 over the meniscus surface A so that

dF} = (P, —PR,) [, cosadA= (R, —PR,) [, dA, = (P, —P,) nR? 2-11

For a fluid in static equilibrium, the meniscus aigting the fluids has stabilized. This condition

implies that £ = F,, and equation 2-9 and 2-10 can be written:
(P, — P,)mR? = 2mRa,,, cos @ 2-12
Since capillary pressure is defined as pressufferdifce between the non-wetting and the wetting

fluid this could in our example be rewritten to foowing equation:

P = (Po - Pw) = ZUOWRCOSG 2-13

It is quite clear that the radius of the capillémpe is a controlling factor in capillary pressufdis
could be further visualized if multiple capillaryltes with various sizes are placed together in a

container filled with oil and water.

Water saturation (S,)
Small Capillary radius (R) Large

Figure 2-5: Schematics of how the radius of the capillary tup@gerns the capillary pressurReprint from Lien[22]



The capillary tubes are water-wet causing the wateding to the tube surface and to rise inside th
tubes. On the right side of the figure this hasnbe@nverted into a continuous curve called capillar

pressure curve. Three important properties carrdsrdfrom this figure.
- The height in the tube can be converted to capiffaessure with the following equation.
P. = Apgh 2-14
WhereAp = py - po IS the density difference between oil and watepeetively.

- The Free Water Leve(FWL) is the boundary line between oil and watemd capillary
pressure was present (e.g. inside the wellboreenner size of the “pore” is too large for any
capillary pressure). The Oil Water Contact (OWCjhs level where the water saturation is
less than 100%.

- With increasing height the water is only able t@way the smaller tubes. Hence the water

saturation is decreasing as a function of height.

P

Capilclary v TOP 3
Pressure : 4 '/ <« Transition
(in height) / Zone

Mobile
Water Oil/Water

Transition
Zone [

}

0% T Water Saturation 100%

| 4—————— Oil/Water Contaci

4+——— Jero Capillary Pressure

P

= Free Water Level
Imiducible (S...) (Pore Entry Pressure)

Figure 2-6: Schematics of the capillary pressure and how itcesfene distribution of oil and water in a uniforraservoir.

Reprint from Holmes[23].

If we transfer this knowledge to the reservoir vigcdver an oil-water transition zone just above the
aquifer where water has displaced oil in the smaltees because of the higher capillary pressure. |
this zone both oil and water are mobile. Above ttlaasition zone only oil is mobile and below the

transition zone only water is mobile.
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Imbibition and drainage flooding

Because the capillary pressure is affecting the flgnamics of the fluids, there are two categooies
fluid displacement process based on the functicghetapillary pressure. brainagethe non-wetting
fluid, i.e. oil, displaces the wetting, i.e. watds shown in figure 2-5 a force is needed to redbee
saturation of the water, allowing the oil to occupyg largest pores. For oil to displace water feom
pore the oil pressure must exceed the combinedymesf capillary pressure and water pressuwe (P
P, + P.). As the pressure increases the oil displacesrrate smaller and smaller pores until a
threshold value is obtained. If we plot the capjllaressure as a function of the fluid productian w
get the capillary pressure curve. In special coadyais it is common practice to do three flooding

cycles (as in figure 2-7).

1. Oil flood in 100% water saturated core.
2. Water flood in core driven tq,S

3. Oil flood in core at start saturatiog.S

Intuitively the pressure curves between point twd three should be similar in shape and size, but
because of hysteresighis is not the case. As shown on figure 2-7 gpohtaneous water imbibition”
follows a much steeper decline than the “secondeainage curve”. The major factors controlling

hysteresis is snap off of oil film and contact anlgysteresis.

. | Water-wet system

Secondary drainage

Primary drainage

Spontaneous
water imbibition Threshold pressure
S
S, 10 "
Spontaneous
oil imbibition

Figure 2-7: Capillary pressure curves for drainage and imbihitio a porous media. Reprint from Lien [22]
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2.5 Review of wettability measurement procedures

Since reservoir engineers found that the wettgbdit reservoir rock was different from strongly
water-wet, they have been in search for a convéerird accurate method for the determination of
wettability. Several methods exist today, and is tihapter we will look into three methods freqiyent

used, each with their advantages and limitations.

2.5.1 Wetting angle

The wetting angle, or contact angle measures thitalikty of a specific surface. There have been
developed a number of different methods to mea$erevetting angle, but the most frequently used is
the sessile drop method. First a clean, flat sfakeservoir minerals is covered with brine. Then a
droplet of reservoir oil is formed and brought ictintact with the mineral surface. The contactang|

is measured after a period of ageing accordinigtod 2-8.

) P
0 f-"f_,;,\__ Yo w;_,l
TPTETT7 A 77 SZTI N Y B
0=0 8 =90 8 ~ 180

Figure 2-8: Schematics of contact angle in different solidsivongly water-wet, neutral-wet and

strongly oil-wet respectively from left to right. gRimt from Zolotukhin[1]

The strength of the wetting angle procedure is thatresult is not affected by surfactant or other
contaminations in the rock. The resulting contamgl@ is clearly only a function of fluid-surface
interactions. Despite of this the question of hewresentative these results are in terms of pragict
the wettability of the core arises. It is hard tes@ame that a value from the strictly controlled

environment of a clean, flat slab of mineral coyikeld a valid result for the heterogeneity of akioc

2.5.2 Amott Wettability Test

While the contact angle method measures the wityabf a specific surface, the Amott wettability
test combines imbibition and forced displacementairflooding experiment to find the mean
wettability of the rock[24]. The foundation of thest is that the wetting fluid will spontaneously

imbibe into the core, displacing the non-wettingdl The original test consists of a four step pesc

1. In the first step a core at irreducible water satfon is submerged in water allowing the water
to seep in while the volume of oil diplaced is netaw.

2. In step two, the water is forced into the cbyethe use of a pump or a centrifuge. This process
is calledforced imbibitionand continues untresidual oil saturatioris reached. We define the

“displacement-by-water ratio”.

12



1% Sw—Swi
By = 2B = _Swriwi 2-15
Vot 1=Sor—Swi

Where \, ¢, is the oil displaced by water in spontaneous imibib alone, and ¥ is the total

volume of oil displace in step one and two.

3. Step three reverses the process in step 1, ansl aibwed to imbibe in to the core at water
saturated core. Amott proposed that the imbibisbould continue for 20 hours in both step
one and three, but this could pose a problem.dfitthibibition is allowed too short period of
time the measured imbibition volume will be too Josausing an under overestimation of
the wettability. For example in core samples of Ipgrmeability the 20 hour time limit of
Amott could cause a significant impact on the mesgwolume. Anderson[2] suggested that
the imbibition should continue until no more watell enter the core sample or a time limit of
1-2 weeks is reached.

4. Finally the core is exposed to forced imbibitionaif. We define the “displacement-by-ail
ratio”.

50 _ Vw,sp _ (1—50r)—(1_50,sp) __ Sosp~Sor 2.16
Vwe 1=Sor—Swi 1=Sor—Swi

Where Vs, is the water displaced by oil in spontaneous iftibi alone, and V; is the total volume
of water displaced in step three and four. A madiion of the Amott test frequently used by

researchers over the world is the “Amott-Harvewgtigk displacement index”

I —_ 6 5 — Vo,sp Vw,sp _ (sw,sp_swi)_(so,sp_sor) 2 17
AH = Bw ™ % = T e 1=Sor—Swi )
ot wt or wi

The different wettability classifications propoded this method are:

- 0,3< hy <1: Water-wet
- -0,3 <lyy< 0,3: Neutral-wet
- -0,3 < huy< -1: Oil-wet

The main limitation in the Amott test is its ins@vety near neutral wettability, where neither ifiu

will spontaneously imbibe into the core.

2.5.3 USBM

The USBM test developed by Donaldson et al [5] camap the work necessary for one fluid to
displace the other. Because of the reduction ifasartension on the fluid-surface interface when th
wetting fluid replaces the nonwetting fluid, the@mt of work required is less than the work reqiiire

for the opposite displacement.

13
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Water-wet

. Secondary drainage

l
|
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|
I
: Primary drainage

Spontaneous
water-  —
Treshold
imbibition |_ I g
i pressure
| | W
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Sw,- W, 1.0 T sgorrltan.eclrgs
Forced ._.ﬁ'xﬂSpnntaneous qo : . | oil-imbibition
water- ' ?il'_ N )
injection imbibition

Figure 2-9: Capillary pressure curves for a water-wet and an oit-gysstem. Reprint from Lien [22]

As shown in figure 2-9 the capillary pressure ceraee greatly affected by the wettability of the
porous media. For a secondary drainage proceswdhe executed is proportional to the area A
below the drainage curve. Because the work is Gkl with respect to the change in water
saturation (which is negative for a secondary dmgénprocess) there is need for a minus sign in the
equation. & is the irreducible water saturation, ang3s the saturation of oil after spontaneous oil-
imbibition.

A =— [ P(S,)dS, 2-18

1-So.sp

The work needed to displace the oil is proportidoahe area Adefined by thdorced water injection
curve The saturation subscripted, 5 denotes the water saturation after the spontaneauter-
imbibition.

—Sor
Ay = [, 7 Pe(Sw)d Sy 2-19

W,S’

In a water-wet medium, the work needed for oil ispthce water is far greater than for the opposite
displacement, hence the areaif\larger than areasAln an oil-wet medium on the other hand, the
work needed for water to displace oil outweighsdpposite displacement, hence the args Aarger
than area A Donaldson found this relationship and introdu¢kd USBM-index classifying the
average wettability in the rock.

lysgm = log (j—:) 2-20
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The different wettability classifications for thisethod are similar to the ones proposed for the thmo

method:

- 0,3< hy <oo: Water-wet
- -0,3 <lauy< 0,3: Neutral-wet
- -0,3 < hy< -o0: Oil-wet

We observe that the USBM index ranges freno - while the Amott index ranges from 1 to -1.
Despite this fact, comparing the two indexes prowede valuable. The USBM test got a major
advantage over the Amott test because of its $@hsitear neutral wettability. On the other hatitk
USBM test is insensitive to fractional or mixed tedility, and can only be measured on plug sized

samples because the samples must be spun in dugtr

2.5.4 Combined Amott/USBM method
Developed by Sharma and Wunderlich[25] a new proeedo measure the wettability has been

introduced that allows both the Amott and the USBMttability indices. A 5 step sequence of

capillary pressure and spontaneous imbibition te[ ¢
is performed on the sample in the order sugges
by figure 2-10 which allows both indices to b
found. The test start with a sample 100% wai
saturated and the following steps are performed:| & /
. /A
1. Oil displaces water. %
2. Spontaneous imbibitions gEo =
3. Forced water drive &
4. Spontaneous imbibition of il ?LI
5. Forced oil drive & | cure 2%
2. PHEE MBIBTION OF BRINE R
According to Sharma et al, this process has 3. BRINE DRIVE 5t
3 FREE MBIBITION OF OIL )
advantages over the standard wettability testt F| - ' ' !
it allows both the USBM and the Amott index ti :
. -10
be measured, second, the resolution of the USE ) 100
AVERAGE WATER SATURATICN, PERCENT PV
index is improved because the technique takes i Fig. 5—Combined AmOtUUSEM method.®

account the saturation change at zero capillgigyre 2-10: lllustration of the capillary pressure curve

and the imbibition test found by the combined ARd&BM

pressure. wettability testReprint from Anderson[2]

A second strength of the combined Amott/USBM metli®dhe ability to distinguish between the

different intermediate wetting states. Dixit et2&] found an analytical relationship between the
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USBM and Amott tests and found that for a interragsliwetting state where -0,5 s;1< 0,5 the

following holds:

MWS : Iay > lusem
FW: lan = lusem

MWL: 1 an < lusem

If the larger pores are more oil wet (MWL) snapefiect in the water wet pores will cause the USBM
index to indicate a more water wet state than theot#Harvey. For a situation where the smallest
pores are more oil wet (MWS) the snap-off effedt e suppress and consequentysly< lan. This

relationship have later been experimentally fougdSkauge and Ottesen[14] who analysed USBM

and Amott-Harvey data from 13 north sea fields.

H

0.5

s MWL

@ 0

wv

2 -0,5 (/ 0.5 1 FW
5

1
Amott-Harvey

Figure 2-11: Graph showing the analytical relationship betweenott Harvey and USBM. Skauge
and Ottesen[14] found a similar relationship forpeximental data, however not as distindodified
reprint from Dixit et al[26].
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3. NMR - technology

3.1.Introduction to basic concepts

The concept of nuclear magnetic resonance wasdissbvered in 1946 by the American physicist
Purcell and Bloch at Harvard and Stanford Univgrsigspectively[27-28]. They observed the
absorption of radiofrequency energy in a samplepafaffin when a magnetic field brought the
hydrogen nucleis into resonance with the applielibfeequency field. Now the technology is applied

with ground breaking results in fields like chemjsmedicine and petroleum industry.

Nuclear magnetic resonance is related to the ptiegeof nuclei with odd number of protons or
neutrons placed in a magnetic field. These nucteispss a property referred to sgsn angular
momentumDespite the name, spin in quantum physics igh®isame as the angular movement of a
classical object, i.e. the spinning of a billia@lbElementary particles simphavespin and it should
be regarded as one of the fundamental charactsrisfian elementary particle along with charge,
mass and magnetism [29]. The angular moment L ecoordance with quantum physics quantified

into

L= /I( + 1)k 3-1

whereh is the reduced Planck constant and | is the angutenentum quantum number. The quantum
number is related to the elementary particles akds integer values ftwosonparticles like photons,

and half integer values fégptonlike electron. For the component in z-direction
L, = hm, 3-2

where m = + | which is referred to as threzimuthal quantum numhbewhich will quantify the z-
component of the angular momentum. For a protgn #n+% which gives only two possible
orientations of the angular momentum in z directior the rest of this these we will only referee t
the proton 1H NMR. Associated with the nuclear spimgular momentum there is a magnetic

momentum parallel to the angular moment
u=yL 3-3

wherey is called the gyromagnetic ratip.is unige for every type of nuclei and reflects theer
structure of the nuclei. Since we stated in equa®@ that the angular moment is quantified aldrey t
z-axis it consequently follows that the magnetiomeat also must be quantified. Hence, along the z-

axis we got

Yz =yhm, 3-4
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In a petroleum reservoir, there will be an abundapichydrogen in the pore fluids compared to the
matrix. Because of this contrast in hydrogen canidMR gives us a good way of distinguish pore

fluids from the matrix. For a hydrogen nuclei (agse proton)y = 267,522 1 rad/sT[29].

The orientation of the magnetic moment in the bgen nuclei is randomly orientated, but when
placed in a magnetic fiel,, it will experience a torque from the field forgithe magnetic moment

to align with the external field.

T=uXBy 3-5

Figure 3-1: Schematics of the forces acting on the magnetimenot from the external magnetic fiddd. Reprint from
Lien[30].

The potential energy in the system is a functiothefmagnetic momentum and the external magnetic

field. It can be shown that the potential energthim system is given by

U=—-pu-Bg 3-6
which combined with equation 3-4 gives us the pidépnergy along the z-axis.

U, = —yhm,B, 3-7

The magnetic quantum number, can have two values, one parallel to the fjdpositive), and one
anti-parallel toB, (negative). This refers to the two possible enatgyes that the nuclei could obtain,
thea- and thef-state. To understand this we could think of thgmedic momentum as a tiny magnet
as in figure 3-2-a. When placed in a magnetic ftblel magnet tries to align whit the field in order
obtain a lower potential energy, but because tivawthal quantum numbem), = ¥ for a proton it got
two possible ways of orientate in the z directidhere is a low energy state where the poles are
aligned north-south (fig 3-2-b), and a higher egdeyel when the poles are aligned north-north (fig
3-2-c).

18



a b C

Figure 3-2: A proton behaves like a magnet and would orientatan external magnetic field as shown in b) and c)

Modified reprint from Hornak [31]

Now we have two energy states where the contrgstiential energU increases proportional to the

external magnetic field:

AU = yhB, 3-8

AU

Figure 3-3: Energy states for a proton in a magnetic fielg BU increases for increasing field
strength.

The proton will not align perfectly with the extai, field. Because of the angular momentum it will
be precessing about the external magnetic fielthunh the same way as a child's spinning top would
precess in the gravitational field (figure 3-4)the axis of the spindle top is slightly skew rigatto

the gravitational field it will produce a torqueathwill pull the tip towards the ground. Howeverevh
the spinning top is spinning fast, it will not fallhstead it will rotate around the gravitationald in a

precessional motion.
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Figure 3-4:The precessing motion of a spinning top, for adiland a vertical axisReprint from
Levitt[29]

A nucleus in a static magnetic field experiences same effect from the magnetic field. A full
guantum mechanical description of the system i®heyhe scope of this thesis, but semi-classically
we could say that the magnetic momentum will pre@ut the axis of the external magnetic field,
and that the precessing would follow the Larmogfiency,m,.. The frequency of the precession is

proportional to the strength of the magnetic fiBjdyiving
(l)L = _]/BO 3‘9

In thermal equilibrium the distribution between ttveo possible energy states follows Boltzmann
statistics and the ratio is given by

YhBo

pe= 3-10

Za — oxp[—AE/KT] =1 —
ng

where k is Boltzmann's constant, T the temperaamey and i the number of nuclei in- andp-
state respectively. In typical temperature and ratgrfield strengths the population of nucleidn
state is slightly higher than tlflestate. Because the magnetization on macro scaley the vector

sum of the individual magnetization this causegtanniclear magnetizatioM o of the sample.

Transition from then-state to the3-state in figure 3-3 can be induced by absorptiba photon. In
modern NMR-instruments this is done by introducingecond magnetic fieldd,, referred to as a
radio frequency field (RF) that is perpendiculambtmth B, andL. As seen in figure 3-5 the angular
momentJ is precessing abolw, with the Larmor frequency,.. This means that the secondary
magnetic fieldB; must rotate abo, with the Larmor frequency in order to be perpealdicto both
By andJ simultaneously.

frr =52 =LB, 3-11

21 21
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The energy of the photon capable of excite thegorétom thea- to thep-state is exactly the same as

the difference in potential energy between the stabes. This is given by the Planck’s equation:
hf = yhB, 3-12

f= %BO 3-13
We can now observe thgtz = f, so that the frequency of the photon equals tagquiency of the
magnetic momentum’s precession about the exteraghetic fieldB,. For a low frequency NMR
apparatus which we will use in this thesis the Larrfrequency is 12 MHz. Each proton spin
completes 12 million full cycles of precession gveecond and in order to be in resonanceBifesld
must do the saméntroduction of theB; field causes an alternation of the magnetizaticstoreM ;.
This is easily described in a new reference framg/(z") rotating about the z-axis with an angular

velocity wp equal to the Larmor frequency (figure 3-5).

Py

Figure 3-5: The frame of reference (x',y’,z") rotates with dagwelocity o, causingB; to appearing
fixed. The effect ofB; is to rotate the magnetization vectdr aboutB; with angular velocityw;.

Reprint from Lien[30]

In this new frame of reference, (x",y",zB, appears to be fixed. A3; normally is defined along the
X" -axis, the introduction of the new magnetic fielusedM to rotateabout the x"-axis with velocity
w1, and down to the X"y -plane (figure 3-5). The alisteM is rotated is dependent on how |dRgis

applied to the sample and is controlled by the Bona
0 = w1ty =YB17, 3-14

The pulse is named by what angle and which Bkis rotated about. A 9Q°rotatesM 90° about the
X -axis while a 18Q° invertsM about the x-axis. The pulse might even be in aatieg direction,

making us able to contrd¥ in all positions. In a modern NMR-experiment itdsmmon to send
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several pulses. This is called pulse sequencesttandiesign of new pulse sequences is a major

research field, with new pulse sequences beingghed frequently.

The application of the RF-field on microscale auitejcomplex and the exact behaviour will not be
examined in this thesis. We are however able tolagxpthe effect on the net-magnetization
sufficiently with the introduction of two simultaoesly working processes. When the RF-pulse is
applied it causes the magnetizatMrto tip down into the x-y-plane. This involves thia¢ population

in the two energy states are equal,njg= ng. Because of basic quantum mechanical laws the
magnetic momentum is only allowed two differentediions relative to the z-axis, parallel or anti-
parallel. We are however able to detect a magngtizan the x-y-plane because the RF-puls forces
the spin-system into phase coherence as showgurefi3-6. This lumping of the individual magnetic

momentum causes a transverse magnetization evaghhbe individual's cannot have x’- or y’-

components.
o — state
b — state

Figure 3-6: The RF-puls causes the energy states to be eqiathbuted, and forces the precessing
of the magnetic momentum into phase. The combmabib these two effects causes a net
magnetization in the y-direction.

When the RF-field is applied the spin experience mmagnetic fields. The strong static magnetic field
B, provided by the magnet and an oscillating fieldrirthe transverse coil. The static field is many
orders of magnitude larger than the oscillatinddfiso how is the transverse field able to intraduc
such a large effect on the nuclear spin? This lslysa result of theesonancewith the nuclear spin.
As the spin precesses, the RF-field follows itwitay the effect of the weak RF-field to accumulase
time goes by. In a NMR experiment the durationh&f RF-pulse is commonly several microseconds,
equivalent to a multitude of Larmor precession egcko even if each push from Biefield is weak it

sums up to a significant effect. The process isogoaus to a child's swing. Each push on the swang i
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weak, but when the force is applied in resonandh thie natural oscillating frequency of the swing

the accumulated effect could be significant.[29]

3.2 Relaxation

Immediately after the RF-pulse is turned off thensgystem will tend to fall back to the equilibrium
state. As a result, the magnetization vector thas tipped into the x-y-plane will deflect from its
excited state and return to the thermal equilibricondition, Mo, with the By field. The process is
called relaxation and is of great importance in NMRoeriments. The process associated with
increasing magnetization in the z direction is adhtransverse relaxatioror spin-lattice relaxation
This process involves interaction between the spatem and the surroundings, sometimes referred to
as thelattice. A magnetization vector which is tipped out off iequilibrium state got three
components, M, My and M in the frame of reference. The rate of growth irdizection would then

be proportional to the deviation of ,Nb the originally equilibrium state according touatjon 3-
15[27, 30]

dM, _ M,—M,

p” m 3-15

T, is a time constant and was first introduced bycBlolt is called longitudinal or spin-lattice
relaxation time and indicates how effectively theemgy of the spin system is transferred to the
surroundings. Tfor a hydrogen nuclei is typically in the rang& 6. T, > 10 seconds. Sometimes T
relaxation is referred to as polarization time heseathe time allowed for the-felaxation indicates
the degree of proton alignment (polarization). At fT;, 63% of the equilibrium magnetization is
achieved, and at t = 3xP5% of the magnetization is achieved. In ordegaba strong NMR signal a
full magnetization is favourable, but the knowledge¢he polarization could also be exploited in som

NMR application in order to get an artificially quessed signal.
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Figure 3-7: T; relaxation curve for Mwhen applying Bfield on a completely non-polarized sample.

The dissipation of the phase coherence which igmge¢ed by the transverse coil is called spin-spin o
transverse relaxation, labelled, T This dissipation comes as a consequence of tvparat
mechanisms.

The first and dominating effect comes from the Ng§&tem. At the end of the RF-pulse the spin-
system is in phase coherence, but because theedgjald is non-perfect the spins will feel slightl
different magnetic fields, which causes them tocess with slightly different Larmor frequency's
according to equation 3-9. The variation in the n&ig field could come as a consequence of
inhomogeneity in the static field, interferencenfrareighbouring nuclei or nearby ferromagnetic
metals. The nuclei that experience a strongercsfiatd must precess with a higher frequency armd th
nuclei experiencing a weaker static field must pssowith a lower frequency. Over time this varmatio

in Larmor frequency leads to a dissipation of thage coherence acquired during the RF-pulse and
eventually it will fan out zeroing the transversagnetization Nl Because of the tremendous speed of
the precession there is very little room for efrothe variation of the magnetic field. For a 1 [Ges
magnet a one part per million variations between tegions of the static field causes the precession
to be 180° out of phase in about 10 ms. Hencedbisous to see that nuclei’s variation in experégh
magnetic field strength cause a large impact omtbasured magnetization.

The second effect comes from dissipating of phaderm@nce trough the direct interaction with other
nuclei. In this mechanism the dissipating of phesleerence is not a function of variation in Larmor
frequency, but rather as a consequence of enemggfar between individual nuclei. Classically this
can be seen as the population of spin in the tvesgsnstates is kept unchanged, and that the rate of

spins going fronu-state top-state equals the rate of spins going frpistate too-state. Hence the
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energy of the spin system is kept constant are m. The decay of the )Mand M caused by loss of

phase coherence can be described by the follovgugt®n.

dM, My amy _ My 3-16

a1’ dt T,

By direct integration of equation 3-15 and 3-1&iélds the following solution for the charactersti

time constant Tand T.

t
M, = M, (1 - e‘ﬁ) 3-17

t

My =M, =Mpe 2 3-18

As we can see the characteristic time consfantonsist of two separate contributors. One that is
system effect caused by imperfect magnetization lackl of purity of the sample, and the other a
mechanism that is more dependent on the fluidearsystem. In the next section we will discuss how

we can manipulate our experiment so that onlyakter is found.

Longitudinal and transverse relaxation occurs siamgously. Howevefl, is always smaller or equal
to Ty This is because;Tannot reach its equilibrium state as long asmstrerse magnetization in the

X- or y-direction exists.

3.3 Measuring the relaxation

A sample of protons that have been subjected tarsgvterse magnetic RF-field at resonance with the
nuclei produces a transverse magnetization. Imrtedgliafter the pulse is turned off, the protonststa
to relaxate, due to the transfer of energy fromgii@ system to the surroundings, causing a restucti
in the transverse magnetization and increasindaihgitudinal magnetization. In a NMR experiment
the decay of the transverse magnetization is recba$ a function of time and referred tofie
induction decay (FIDxurve Because the protons are only loosely coupled g¢ostirroundings this
process requires what for atomic particles is § V@ng time. Several seconds is common, and even
minutes have been recorded [32]. The techniqueneasuring the longitudinal magnetization is called
inversion recoveryThe sequence consists of an 180° pulse that seet spin population, followed
by a 90° pulse after a variable waiting time whitips the magnetization into the x-y-plane for
acquisition. This trick gives solely the effect fidongitudinal relaxation. The 180° pulse shifte th
magnetization from the positive z axis to the nizgaz axis. Hence immediately after the 180° pulse
there will exist a slightly higher population ofisp in f-state. Since this is not an equilibrium state for
the sample, immediately after the stimuli, the sgarts to flip back to the positive z directionoirder

to re-establish a population between the two enstgies in accordance with Boltzmann statistics
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(equation 3-10). The rate of re-establishing thegmeéization in positive z direction follows the

equation

t
M(t) = My(1—2e 1) 3-19

where the only difference from equation 3-17 iasttthe exponential function is multiplied by two.
The purpose of the subsequent 90° pulse is tthéltmagnetization into the plane of the receivélr co
in order to read the free induction decay thatofgi the 180 pulse. The start intensity of the KD i
related to the growth of magnetization in accordanith equation 3.19. Hence an increase in the
“wait time” from the 180° pulse to the 90° readsmubives an increase in the measured magnetization.
By conducting a sequence of experiments with irgingg‘wait times” a plot of signal strength vs the
variable recovery time can be produced as showigume 3-8. T is then computed by curve fitting

using equation 3-19.

+M,

Signal

Inversion Recovery

Mty =M,(1-2¢-"T;)

Figure 3-8: A typical example of inversion recovery for obtagil;.

Measurement of transverse relaxation follows a sdmaé different outline. When physicist first
started to record the decay of transverse magtietizeéney found that the recorded decay was much
faster than anticipated[33]. As noted in sectidhtBis is because another process which is naeckla
to the transfer of energy to the surroundings hape a much faster rate. This is caused by vaniati
in the Larmor precession which causes the phaserenbe to fan out, cancelling the transverse

magnetization. The two main contributors to aritigtion in the Larmor frequency are [29, 34-35]:

» Atime independent part that arises due to inhomeigies in the applied static magnetic field,
and variation in magnetic field caused by susceptipbtitifferences between the solid and the
pore fluid known as internal magnetic field gradgen

A time dependent part caused by local fluctuationthe magnetic field due to random

vibration and rotation of the neighbouring nuclei.
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The transverse relaxation included the combinedceffrom both a) and b) are characterized by the
time constant I. However, this relaxation is often governed by #ffect from the applied field
which is not of interest for our experiment. To @vthis, a trick has been developed in order to
measure only the contribution from the local flattan. The most popular technique has taken its
name from the authors Carr-Purcell-Meiboom-Gill[38; CPMG.

CPMG measurement

The technique utilizes a property of the spin systiest recognized by American physicist E. L. Hahn
[33] and is commonly referred to as Hahn-echoesfddad that decay in transverse magnetization
came from loss of phase coherence due to variandsarimor frequencies. In any sample, and in
particularly in a fluid filled porous media therélivexist a variance in the magnetic field causgdhe
factors explained in the previous paragraph. Nubkei experience similar magnetic fields are reférr

to as isochromates and will precess with identieaimor frequency. At the end of the RF-pulse all of
the nuclei will precess in phase coherence, butesgfome of the isochromates experience a weaker
magnetic field than the others they must have wesld.armor frequency and consequently fall behind
compared to the average nuclei. The isochromatesriexcing a stronger magnetic field will precess
with a faster Larmor frequency pulling ahead. Tbgeit causes the phase coherence to fan out. Hahn
found that by applying an 180° pulse to the sanaptamet after the initial 90° pulse, it inverts the
precessing motion, putting the slower precessirgento the front and mowing the faster precessing
nuclei to the back. In a system where the differemthromates do not change their Larmor frequency
during the experiment the now fanned out phasereolse will start to build up again as schematically

shown in figure 3-9.
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Figure 3-9: A 90° pulse flips the magnetization down in thenskeerse plane and immediately the
phase coherence starts to fan out. After a timerwal r an 180° pulse inverts the signal,
“resurrecting” the phase coherence. The transversagnetization reaper as a Hahn-echo after

exactly 2r. Reprint from Lien[30]
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At 21 the magnetization is at its maximum, but sincedifferent isochromats precess with different
Larmor frequencies the phase coherence that makeeugformed transverse magnetization will soon
start to fan out again. If now a new 180° pulsagplied at t = 8 after the initial 90° pulse the process
of rephasing could start over again producing a retwo at t = 4 In a CPMG sequence there is

usually a large number of echoes referred to achao-train.
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Figure 3-10: An example of a pulse sequefdé and a schematic of an echo-trdiB]. Modified

reprint from Lien[30].

The reproduced magnetization is an echo of thamalignagnetization, but the magnitude is not the
same. As seen in figure 3-11 the magnitude of tiarjzation will decrease during the process and
that the rate of dissipation follows the charastéritime constant ;I In figure 3-10 there is indicated

two curves associated with two different time can. T represent the characteristic time constant
for a FID (free induction decay) and the slopehaf turve originate from the combination of the time

dependent and the time independenet factors.

Figure 3-11: An echo-train of a water sample. The separatiowbeh echoes is 1/60 s&eprint from Hahn [33]
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3.4 Relaxation mechanism

The use of nuclear magnetic resonance as a te@foquneasuring porous media parameters such as
saturation, porosity and mobility has become imgiregly important over the past 20 years. In the
following section we will have a look at the spé@aecautions that needs to be taken when dealing

with nuclear magnetic resonance in porous media.

Bulk relaxation

Bulk relaxation is the process concerning protdrat telaxate without any interactions from other

external factors than the medium itself. For wdker main process is the interaction with dissolved
oxygen, but also ferromagnetic or paramagnetic idissolved in the brine such as iron and

manganese could greatly increase the relaxatien @ancentrations in the range of 0,01 mol/L of the
ferromagnetic ions would drastically increase thlaxation rate[34]. In the absence of paramagnetic
components, the nuclei interact with nuclei witttieir own molecule or with nuclei in neighbouring

molecules through dipolar coupling[38].

Since water commonly is the wetting phase it vellides along the pore wall in the porous media. Oll
on the other hand is often the non-wetting phasasequently it resides in the centre of the pore
space, and is prevented from making contact withgbre wall. In this situation the oil signal is

dominated by the bulk relaxation, and the watenaligs dominated by the surface relaxation. The

shift of the relaxation times for oil and water danstudied to analyse the wettability of the rock.

Surface relaxation
Surface relaxation occurs as a consequence ofigtiens between the excited nuclei and the grain
surface of the rocks. In a liquid the moleculesl witperience so called Brownian movement first

explained by Einstein in 1905[39]. According to &iinthe average diffusion lengthduring a

timet can be expressed as

(x2)1/2 = /6Dt 3-20

where D is the molecular self diffusion coefficiefihe pore size of common sandstone is in the range
of 0.0015-0.015cm, and with D = 2.5 x 3@nf/sec for pure water at ambient temperature and
pressure. This gives plenty of time for the molecud interact with the surface wall during a NMR
experiment[34]. The pore surface usually contaiasamagnetic or ferromagnetic impurities, which
got a magnetic moment several order of magnitudgetathan that of hydrogen. When the excited
nuclei interact with these minerals, it will affdmbth the energy transfer related tprélaxation and

the dephasing related tg fielaxation. Consequently, the relaxation occurssictmrably faster for a
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nuclei in contact with the pore wall than for tledatively slow relaxation for a nuclei in the irtarof

the pore.

Surface relaxation and bulk relaxation is the twdahe main mechanism controlling relaxation in a
porouse media. In a 100% brine saturated pore #asuned relaxation is a combination of the bulk
and the surface relaxation

1 58\ 1 85 1 .
E‘(1_7)5+7TTS =12 3-21

where T, and Ts is the contribution from bulk relaxation and sedaelaxation respectively and S/V

is the ratio of the pore surface to fluid vqume}[Sﬂ'nce% > Ti we rewrite the equation and we get
s b
S .
—=Diy i=12 3-22

where p; =8/T;s is called surface relaxivity and is a measurehaf telaxing strength of the grain

surface[6].

Diffusion relaxation

Water, gas and light to medium viscosity oil exh@gnificant diffusive movement at normal pressure
and temperature conditions. This is not an issua MMR experiment where the external magnetic
field is constant. Because all the nuclei inside sAmple precess at the same frequency the NMR
signal will be independent of any movement of tbelei during the experiment. However, this is not
necessary the case. Instead of a uniform fieldi¢gheé may vary throughout the sample. This may be a
result of internal susceptibility differences oraasesult of an extra applied field. Since thedfisbw
does not have a uniform strength, but vary depenaiemposition in the sample, it is called a gratien
field. If the gradient is applied parallel t@,Bhe magnitude of the gradient field becomes atfan of

the z-coordinate of the vector. In this case the precession frequency pemgent on both the static

field and the field gradient
() =yBg+yg-r 3-23

where the first term is due to the static fieldshewn in equation 5-8, and the second term is due t
the gradieng. If this gradient field is applied to a nucleusvitl precess in the magnetic field with a
higher frequency because of the added phase. Tteersame time the nuclei is decoded by reversing
the polarity of the gradient field, erasing the edlgphase. If the nuclei have not moved between the
encoding and the decoding, the spin will refocua@snal after 2 If the nuclei on the other hand has

moved from a position of low gradient field, to @sgiion with slightly higher gradient field the ecls
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not perfect. This causes a dissipation of the nredssignal which is proportional to the distance th

spins have moved.

I\E]}slgmﬂ /{ 1'\ hﬂjsignal H
90°-puls 180°-puls . Spinn-gkko ¢ 90-“«puls 180°-puls Spinn-ckko

Figure 3-12:The evolution of five isochromats: Left; the isarhats are stationary and refocused
perfectly at 2. Right; two of the isochromats change place jusfiote the resurrected echo. Because they
precess with different velocities in the pre andtgahase of the 180° pulse they can't go backght&se. Hence,

the echo is incomplete and the measured magnetizistiveaker than normaReprint from Lien [29].

For a fluid in a porous media, this adds a thid@éxation mechanism to the system. In total, three
different mechanisms, all acting simultaneouslyjtdbute to the total relaxation of the spin system

Hence, the measured relaxation is given as theasuhe different contribution as

1__ 1 41, 1 3-24

T; T, surface T2 buik T, dif fusion

1__ 1 1 3-25

T1  Tisurface Ti1bulk

for transverse and longitudinal relaxation respetyi 1/T; suface IS the contribution from surface
relaxation, 1/Twuk is the contribution from bulk relaxation and 1/usion the contribution from
diffusion in a field gradient (i =1,2). There is ddfusion term in the longitudinal relaxation, laese
the diffusion process is not related to energy siemn and consequently it is only capable of

dissipating the transverse magnetization.

For a regular CPMG experiment the effect from diifun can be included in 3-21 to write 3-24 as

1 _(1_88\1 , 851  (g0?D .
TZ_(l V)T2b+VT25+ 12 3-26

whered is the thickness of the surface area S and Vasvtilume of the pore. D is self-diffusion

constant, g is the assumed constant gradient amltfieinter-echo spacing
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As expressed in equation 3-26 the contribution fdiffusion on the relaxation rate increases if one

more of the following parameters are changed:

a) The echo spacing is wider.
b) The gradient is increased

¢) The molecular self diffusion is increased.

In a given system the self diffusion is fixed, sarder to control the effect from diffusion ggror a

combination of these two parameters are changed.

3.5 Introducing Pulsed Field Gradients

In the early years of NMR, the use of a constamidignt field during a CPMG-experiment was
performed to find the diffusion coefficient. Howeyéhere are some limitations related to this. e t
gradient is increased to allow the observation wfaler values of diffusion coefficient, the
isochromates feels a broadening of the magnetid §igength. This causes a variation in the Larmor
frequencies, which eventually leads to a reductibthe FID duration and a dissipation of the echo.
To avoid these problems Stejskal and Tanner[40pdhuced a technique where they reduced the
strength of the gradient field during the time witlee@ RF-pulse are being applied and also at the tim
of the appearance of the echo. This method is ccgliddlsed gradient field. The modified Bloch

equation for the Stejskal Tanner sequence modifjedorrey is given by
M(z,t) = My exp(—iyGyzt) exp (1 - TL) exp(— %Dyngt?’) 3-27
2

where the first exponential is a dephasing term siécond is due to transverse relaxation and ttee th
represent dissipation due to diffusion. In a CPMfguence the first term cancels out after the first

echo and the equation is reduced to

M(z,1) = My exp (i—z - %Dy263t3) 3-28

3.6 Internal gradients

One of the key advantages of the utilization of Nk&hnique in oil field industry is the ability to
extract mineral independent parameters from flildd rocks.[6] However, even though the matrix
doesn't contribute to the NMR signal (because @ittt contain any hydrogen nuclei) it will affebet
signal in other ways. We have already talked althatsurface relaxivity of the pore wall which

“helps” the nuclei to undergo relaxation, but thagmetic property of the rock itself is also makary
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impact on the NMR signal. When a fluid filled posomedia is placed in a homogeneous magnetic
field, the magnetic susceptibilitgontrasts between the different materials in tmme generate a
variation in the magnetic field strength inside #oéd space. This is known assceptibility gradients

or more commonlyinternal magnetic field gradier[85]. As the internal gradients are induced by the
external field the size of the gradients are alsmpg@rtional to magnitude of the external magnetic
field. Consequently the presence of internal gradievill increase with higher field strength. This
must be carefully considered in the interpretatibthe measured signal. During the evolution @f th
NMR technology the use of increasingly higher maigrfégeld strength for obtaining higher resolution
leads to a subsequently higher contribution from ititernal gradients. But the presence of internal
gradients is not only an experimental challenges #iso exploited in several fields. In functiohMiRI

the magnitude of the internal gradients are usedetermine the change of blood flow related to
neural activity in the brain, and the use of pargmegic contrast agents to deliberately induce ivater
field inhomogeneities are routinely used in medigdRI[41]. In a fluid saturated sedimentary rock
system, numerous researchers have shown that #senme of internal gradients could reveal

information about fluid composition, diffusion, viability and pore size distribution [35, 42-45].

The magnetic susceptibility, is a parameter reflecting how an external magriegid will magnetize

a specific substance and is defined by
X =M/B, 3-29

where B is the static field and M the induced magnetizg80]. Based on the sign and magnitude of

the magnetic susceptibility scientist have divitleel various substances into three groups.

- Diamagnetic substances got a small but negativeevalf magnetic susceptibility. This
induces a magnetic field in the opposite directbB, when placed in a static magnetic field.
Consequently, the effective magnetic field is remtlim the presence of such a substance.

- Paramagnetic substances got a small, positive \a&lneagnetic susceptibility. When placed
in a magnetic field, they will induce a small magodield parallel to the applied field, which
will increase the effective magnetic field.

- Ferromagnetic substances got a large positive niageasceptibility. When placed in a
magnetic field the induced magnetic field causesigmnificant impact on the effective
magnetic field. While paramagnetic substances areagnetized when the external field is
turned off, the ferromagnetic materials got a peremd magnetization. Ferromagnetic
materials include iron, manganese, cobolt and hiekel are all present in most reservoir
rocks[46-47].

Bulk water is a diamagnetic substance, while gramd cement in a porous rock could contain

paramagnetic or ferromagnetic impurities. Consetijyen considerable contrast in magnetic
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susceptibility between the fluids and the matrixildoexist. When a fluid saturated porous media is
placed in an external, homogeneous magnetic fieédddontrast between the fluid and the solid grains
magnetic susceptibility can induce large localdiglhomogeneities inside the pore. The magnitude of
this internal gradient is proportional to the symitslity difference between the solid and the dlui
and inversely proportional to the size of the pdreaddition, the magnetic field strength of the
internal gradients will vary inside a single powirty stronger at the pore surface, and weakesiein t
middle of the pore. However, finding a detaileddtion of internal gradient vs pore size is somewhat
difficult. This is because the magnetic field infmyaneities are also influenced by the grain shifyee,
aspect ratio of the pore, and the microgeometrthefpore network. But as a rule of thumbs, the

smallest pores are associated with the largeshmtgradient[42].

3.7 NMR and pore size distribution

NMR as a tool for measuring pore size distributieas first established by Brownstein and Tarr [48-
49]. As noted in section 3.4 the relaxation canléscribed by a surface relaxing term and a butk.ter
When the duration of the experiment is kept shoid bnly a small fraction of the volume in a pore

that can contribute to the surface relaxation.

Slow relaxation in
bulk volume of pore

Fast relaxation in
surface area of pore

Figure 3-13: Schematics of a pore split into a bulk volume @hiVv, and “surface volume”(dark
grey), 0S. The diffusive movement of a single nucleus guwiCPMG sequence is indicated with a
black line.

Brownstein and Tarr divided the relaxation intonmarily two regimes: the fast and the slow diffusion
regime. In the slow regime, the relaxation raterignarily controlled by the ability to transportisp
from the interior of the pore and into contact witle pore wall. In the fast diffusion regime, tlager
of relaxation is controlled by the “relaxating sig¢gh” of the pore wall, i.e the probability of tpere
wall to alter the energy level of a spin. These tegimes are also referred to as the diffusiontéhi
and the surface limited case respectively. In tiréase limited case the rate of diffusion is veaygle

compared to the relaxation induced by surface cbnfes a result of this the polarization of thenspi
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in an isolated pore is quickly averaged troughugifin and the magnetization decays uniformly across
the pore.

From equation 3-21 we learned about the link betweéaxation rate and pore geometry. Becayge T

>> Tysthe first term in equation 3-21 is ignored anid iteduced to
—=——=p= 3-30

wherep = 8/Tsis referred to as the surface relaxivity and isemsure of the relaxating processes that
take place on the mineral surface. Extensive rebean the field have shown that this constant is
often independent of the size of the pore[43, 48]is equation now states that the transverse

relaxation time is directly proportional to poreesi

3.8 NMR relaxation in a porous media

In a naturally occurring porous media we find acspan of pore sizes, and most of the pores are
interconnected. If we assume a fully brine saturatedia satisfying the fast diffusion approximation
spins from pores with unequal size will relaxatesightly different rates based on the contrast in

surface to volume ratio, producing a spectrum g¥dlues.
n t n
M(t) = M, Xj-, fiexp (—T—z), Y =1 3-31

where M(t) is the magnetization at time to M the initial magnetization anglig the volume fraction
of pores for the corresponding relaxation timge The relationship between pore size apdalues for
water are illustrated in figure 3-14, and a schématerpretation of equation 3-31 is shown at the
bottom of the same figure. As found in equatior03& T, values are proportional with the volume to
surface ratio of the pore. Hence, the fluid inrgdapore will have a longer relaxation time th&tual

in a smaller pore. Because of the high surfac«iradty in sandstone, we often find a good correlati
between the pore size and rElaxation. In carbonate on the other hand a weatace relaxivety
allows the spins to migrate, causing a diffusiomalupling between neighbouring pores, T
measurement could then merge into an intermediate giving a Fdistribution that differs from the

actual pore size distribution. [6]
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Figure 3-14: The rate of relaxation is proportional to the suréato volume ratio, i.e the size of the pore. Tgeré is a
schematically interpretation of how the differentgeizes contribute to the totaj pectrumReprint from Coates et al.[6]

When a scientist measures thedistribution whit the goal of finding the pore sidestribution, the
raw date is a magnetization vector that decreagbstime. The rate at which the magnetization falls
back to its equilibrium state is controlled by ansaf the spectrum of the,Values as formulated in
equation 3-31. In order to decode the raw datafiaddthe T,values we must solve equation 3-31 for
fi. This prosess, referred to as echo-fit have préodie an inverse problem and non-unique solutions

may be found.

M(1) Pi)

Processing Result: T, Distribution b

~Y

Raw Data: Echo Train

Figure 3-15: Schematically interpretation of the echo mappingdesl to translate the raw data into a distribution.
Reprint from Coates et al. [6]

The T, distribution from a porous sample is a continuowscfion, in the same way the pore size
distribution is a continuous function. To simplifiye fitting process the decoding program assumes
that the T distribution consist of a finite sum of decayingperentials referred to as bins. Since all of
the signal in a NMR experiment originate from tterefluids, some important conclusions could be
drawn from the magnitude of the signal. With propalibration the shaded are under thge T
distribution curve for a 100% water saturated dsrequal to the porosity of the sample. For a water

saturation < 100% we can, based on the assumption that fluidnialler pores gives a fastep T
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relaxation, classify the ,T spectrum into a range of sectors as shown in figGré&6.

I
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Matrix clay bound |bound water carbons
water |water
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3-16: Based on the assumption that smaller pores givder T relaxation, the relaxation spectrum can be clasdiiinto
a range of sectors. This is an example from a watreservoirReprint from Lien[30]

In commercial logging of an oil field reservoir tbemmon situation[6] is water wet reservoir where
the hydrocarbons will reside in the interior of taege pores and the water is situated in the small
pores, and possible as films in larger pores. Bazdhe oil has no contact with the pore wall, the
hydrocarbon fraction has no contribution from theface relaxation and consequently the bulk
relaxation is the dominating factor. Hydrocarboril i this scenario have the longest relaxation
rate.Bulk volume water (BVW3 water from the pores where the capillary foragsweak enough to
allow mobility of the water. The volume of the hgdarbons and the movable water is Bk
Volume Movable (BVMn logging terminologyCapillary bound water(CBWandClay Bound Water
(CLW)is the fraction of water that cannot move aroumthée reservoir. Because of its close proximity
to the surface wall this water has a very shomsvarse relaxation. These relaxation rates are the
shortest that commercial logging instruments cateale Any signal emitted from the matrix is
undetectable for the logging instrument becausethef short time between the excitation and

relaxation.

The discrimination between BVI and BVW is usualstermined by a fixed value referred to as the
cut-off-value, b dividing the T distribution into two components. One where theepaare filled
with bonded water, and the other where the watgeesto move. For a number of years this has been
32 ms and 92 ms for sandstone and carbonate raghectHowever a second method called spectral

BVI exist which is based on the fact that a simgbee could contain more than one fluid.

The ability to distinguish between movable and irbiteo fluids as shown in figure 3-16 is one of
NMR loggings biggest success. From this informatibnis possible to estimate the absolute

permeability by using Coates equation[30]:

P (T W L R Y =L A R 3.3

Cc BVI Cc BVI
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3.9 Wettability determination from NMR

From chapter 3.4 we learned that because the surfearactions is the dominating factor in relasati

in a porous rock, the relaxation rate of a fluidgigatly dependent on its position relative to the
surface. Because of the close relationship betvweesface phenomena and felaxation, nuclear
magnetic resonance got a high potential for use Wwettability measurement setup. If we are able to
determine which fluid that interact with the poreface this will tell us a great deal about thedlu

distribution inside the rock and consequently alitsuivetting state.

Brown and Fatt[32] considered in 1956 the feadibdif using NMR as a wetting test. They measured
the relaxation rate of 5 different ratios of watest and oil wet sand, and found a linear relatignsh
between the relaxation rate and the amount of etlsand. Based on the assumption that there is a
linear relationship between the NMR response amdatmount of oil wet material in place, they
proposed a method of determine the wetting state r@&servoir core. The NMR response should be
measured at strongly water wet, and strongly otl eaditions in addition to its native conditiomca

from the linear relationship between the measurésritie native wettability could be established.

Hsu et al[50] conducted in 1992 a similar experitn@m carbonate core samples where the wetting
state was altered in order to create preferentiatiyer wet and preferentially oil wet systems. T
relaxation rate was measured both at water wetadindiet conditions, before the wettability was
measured by the combined USBM/Amott test. Hsu &twaid that for oil wet samples the longitudinal
relaxation rate was reduced with about 50 percempared to the water wet samples. They suggested
that the difference was due to weaker interactimig/een the water and the pore surface in theatil w
cores because of the presence of hydrocarbon eesitthe pore surface. They finally concluded that
in order to measure wettability on a reservoir rddkMR response from both oil wet, water wet and
native wet state is needed. Because of the ingripate structure and pore size distributions of a
reservoir rock, and the relaxation rates dependenmi these parameters a true objective wetting tes

was not yet possible.

In 1998 Howard conducted a series qf r€laxation experiments on chalk samples at wdittabi
ranging from strongly water wet to weakly oil wet arder to find a quantitative description of the

wettability. He introduced the relationship
T, = CSb 3-33

whereT,, is the normalized relaxation time for a samplés @n empirical correction factor aSg the
water saturation. In his equation, b is correlatedwettability, and he found a strong linear

relationship between the factor b and the Amottatetity index.
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A more complex relationship between the NMR andtabgélity was introduced by Fleury and
Deflander[51]. The model is based on the ratioakpsurface contacted by water and oil respectively

and states that

1 1 11
Swlry )~ 050l7577y0)
W\Tw Tpw P O\Ty Tp,

A
NMR 1 1 1 1
SW(TW wa>+CpSO(To Tbo>

In this equation @ S are the water and oil saturationg, T, the dominant relaxation times for water

3-34

and oil respectively andyf, Ty, the relaxation times at bulk statg, i€ the water-oil surface relaxivity

ratio, given as

1 1

T Tw
Cp — Pw _ Twio0% Tw 3-35

p 1 1
0 -
T0,100% Tho

where T, 1000 and T, 1000 are the dominant relaxation times for water arldregpectively at 100%
saturation. When Fleury and Deflander compareddhelt to the USBM wettability index they found
a god correlation in the range -0,3ysgu < 1.

Pursuing the same basic idea of correlating the ddtthe pore fluids in contact with the pore waill

a wettability index Al-Marooqi et al[7] used a poscale model to investigate the effect of wetting
and its relationship with NMR relaxation times. Thmdel was based on an idealising bundle of
capillary tubes, with an equilateral triangle shapel size from a given pore size distribution. The
model was then used for calculating the volumend the surface area contacted by each phase. Both
the model and the experimental data showed th&,,; #te T, distribution is a function of the ratio of
water contacting the surface (wetting the surfagedl Mahroogi argued that since his model is based
on the same factors controlling the Amott-Harvegleix the result was comparable. He proposed a
NMR-wettability index using the relationship betwete logarithmic mean,Vvalue, &y, from two

different saturations.

S
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The index showed good correlation to the AH-index dores at strong wetting conditions, but for
intermediate wet cores the correlation was notoals §his was argued that might be the effect oéioth

factors such as sample mineralogy and pore sizgbdigon.

While Mahrooqi neglected the effect from internald gradients, and the effect from diffusivity

Freedman et al[52] demonstrated a way of obtaimirgpupled diffusivity and transverse relaxation
signal by applying a complex NMR sequence to thepda. This new technique made it possible to
separate the NMR response from two fluids if thera contrast in diffusivity, such as between water

and oil. By comparing the brine distribution at ¥W®rine saturatiowith S, conditions and the oil
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distribution at §; and $§, with bulk oil distribution, Freedman et al. werdeako differentiate mixed

wet samples from water wet samples.

The same procedure has later been used by Chdi@]eihaorder to examine the wettability changes
caused by the presence of oil based mud. By ubmgdntrast in diffusivity to separate the relaxati
distribution at partial saturation from water and €hen et al. was able to calculate the effective
surface relaxivity for water and oil separately.isTkeffective surface relaxivity was then used to
calculate the NMR wettability index as follows:

JNMR _ [NMR _ [NMR _ P2weff _ P2oeff
Cc — tw o -

P2,wmax P2,0max

() )
T2w T2w,B T2,0 T2,0,B

= SW T T _So 1 1 3-37

T T
(TZ'W'Swzloo%)waterwet 2w,B (T2'0'50:1°0%)oilwet 208

where Bws,Tows and Twsw=100% IS the relaxation times of water at bulk, afterced imbibition and
at 100% saturation respectively., ok ,T208 @and T so=100% IS the relaxation times of oil at bulk
condition, after forced displacement, and at 10@%urstion respectively. When comparing result

from measurements on Berea cores to the Amott-iandex they found a good linear correlation.

Flaum et al. [53] conducted a series of experimeatselating diffusivity and transverse relaxatian
naturally oil wet West Texas dolomite and Bereadstone polluted by oil mud additative. He argued
that the divergence of diffusivity from bulk fluiklues could give information about the wettability
of the system. A diffusion coefficient above thdikdiffusion would indicate the presence of intdrna
gradients, while values below bulk suggest thegires of restricted diffusion. He presented the data
in the form of 2D diagrams enabling good visual@atof the result. In addition to the interpretatio
detailed above, the separation of the fluids basediffusivity also gave the potential of more deth

monitoring of the changes in the each fluids refiaxa

Taking this one step further Seland et al.[35] siigated the correlation between internal gradjents
diffusivity and transverse relaxation rate for dlusaturated packings of glass spheres of various
wettability. The experiments were performed on sll2z Bruker Avance DMX200 instrument with
an applied gradient strength in the range 0-900nG/Ehe samples contained originally water wet
glass spheres with size ranging from 480 in diameter which was prepared in 10mm NMR tubes.
In order to have both water-wet and oil-wet sam@eme of the tubes were treated with excess
trimethylchlorsilane in a mixed solvent pair ofuehe-pyridine kept under an atmosphere of argon
gas. Because the strong internal gradients areiagso with close proximity to the pore surfaces th
knowledge of which component that experience threngest internal gradient gives valuable
information about the fluid distribution and the tiebility of the system. Seland et al. performed a

series of experiments with various saturationswaeting state and was able to differentiate between
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various wettabilities based on the location of thater signal. In order to present his results he
expressed it in the form of D,&nd G-T, 2D-diagrams using the inverse Laplace softwareldged

by Callaghan.

Recently Pavlin et al.[54] presented a paper ingashg the same relationship between internal
gradients, diffusivity and transverse relaxationdderea outcrop, and concluded that the use,ef G

T, correlation was potentially more sensitive for ability measurements than the Rebrrelation.
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4. Experimental methods

Review of the experimental methods used in theshes

4.1 Drying procedure

The Berea sandstone cores were cut from a largee swith a metal saw and water as cooling,
cleaning and lubricant agent. In order to cleandbhees from any water absorbed during the cutting,
the cores was placed in a heating cabinet for thiaes until the weight of the cores stabilized,

confirming that no more water remained in the core.

4.2 Measuring porosity

Porosity is one of the most fundamental parametéra sedimentary rock, and knowledge of its
magnitude is required in most core analysis. The sample is first placed in a heat cabinet at 88°C
order to completely vaporise any fluids still tregpin the pore volume. Then weight, length, height
and diameter are measured. Each parameter is radauee times, and the arithmetical mean is
calculated in order to minimize any human erroinaccurate values due to uneven shape of the core.
The core is then placed in a core holder, and éirdng pressure of 20 bar is applied before itug p
under a vacuum pump to extract the air. When thprassure in the core is below 1 mBar, the core is
flooded with synthetic sea water (Appendix tablevith 5 bar over pressure in order to fully dissolv
the air still trapped inside the core. A precisenpus utilised, and the amount of water neededllto f
the core is recorded. This amount is the pore velofrthe core. The porosity is then calculated from

the following equation
b= 22.100% 4-1
Vb

where \4is the total bulk volume of the core sample.

To quality check the porosity the now fully watetigated core sample is weighted again. Because the
density difference between air and synthetic seawiatknown, the porosity is calculated with the

following equation

Mwett~Mdry

¢ = ‘7W+f 100% 4-2
b

where me: and m,y, is the weight of the dry core and the fully satedacore respectively angaeris

the density of synthetic seawater.
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The error from this calculation is the functionwsfcorrelated variables. We use the error propagatio
formula 4-3 to find the total error. For a gendtaiction F dependent on the uncorrelated variables

X,y,Z... with the corresponding erra¥g 6y, §... this is given by the formula:

8 = \/(g—iax)+(g—55y)+(g—i6y) +. 4-3

4.3 Measuring permeability
As described in section 2.2, permeability is defitierough Darcy’s law. It is based on the following

assumptions [1]:

The flow within the pore space must be laminar.
The core must be 100 % saturated with a singld.flui

No chemical or physical reactions can occur betwbersaturating fluid and the rock.

A W N PE

The flow angle must be constant. In this case pereneability was measured horizontally in
order to avoid the effects of gravity.

5. The saturating fluid is incompressible.

The generalized Darcy law (Equation (2.3)) candweritten as

K=H#_2¢ 4-4
A P,—P;

Since the cross-sectional ardaand the viscosity, are known, we can find the permeability by
flooding the core sample at constant flood rate medsure the production, Q and the pressure drop,
AP=P-P,. The fully saturated sample was placed in a cotéen with an applied sleeve pressure of 20
bars to prevent any fluid from bypassing the cdreprevent any air bubbles in the sample, which can
cause fluid discontinuity and thus influence theamweed pressure drop, the whole system was
ensured to be filled with brine prior to the measnent by using a valve to bypass the core holder. |
addition a back pressure of 10 bars was appliatissplve any air still trapped in the core. Schégnat

of the setup is shown in figure 4-1
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Figure 4-1: Experimental setup for measuring absolute permégbil

According to equation 4-4, a linear relationshipsebetween the absolute permeability K ax@ /
A(Ps —Pa ) . Experimental uncertainty was thus reduced byning the experiment with several

different flow rates and using linear regressiofittthe data.

4.4 Changing fluid saturation
When finished measuring the permeability of theespwe want to change the fluid saturation of the
cores. In order to change from a water saturatee twoa crude oil saturated core, this is a twp ste

process. For the mineral oil saturated cores dely sumber one is necessary.

Step 1. Marcol 152 displacing water. A drainage preess.
Because of the favourable density difference betweater and oil, the coreholder is placed in an

upright position as shown on figure 4-2, whereéihjected from the top, and water is produceadnfro
the bottom. The produced water is collected inalgated cylinder, and the volume of the displaced

water is measured. This is a non-miscible proceddsaperformed in two steps:

1. First one pore volume of oil is injected at lowergk 0,1 mL/min). The low rate is
chosen in order to delay the time of first oil puotlon, and maximising the effect
from grauvity.

2. Then 10 pore volumes of oil are injected at higte ré& 2 mL/min). This high
injection rate is chosen in order to increase tiseous force acting inside the pores

and mobilise as much as possible of the water.
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Figure 4-2: Displacement process setup. The volume of prodweget is measured, and saturation is calculated.

When the production of water stops, the displacgnpeocess is terminated and the saturation is

calculated from the following formula:
Vip
Sy =1——+ 4.4 So=1-35, 4.5

where \{;, is the produced water volume.

Step 2. Displacing Marcol 152 with crude oil

The crude oil we are using in this thesis is a N&#a stock tank oil. The viscosity of this crudeso

in the range of 50-55 cP. Compared to water whayeha viscosity of only 1 cP this makes a highly
unfavourable mobility ratio. In order to achievanare effective displacement situation we want to
dilute the crude oil by adding 40% Xylene to thede prior to flooding the cores which gives a
viscosity of only 4,0 cP.

The displacement of Marcol with crude oil is a ntie process. We start the displacement by
flooding the core with low rate (0.1 mL/min) foreHirst porevolume, and continue by flooding 4-5

porevolumes at medium rate (0.5 mL/min)

4.5 Changing fluid saturation to S,

To increase the amount of information from the eystve want to conduct the NMR experiments at
both irreducible water saturation,;Sand at residual oil saturation,.S In order to achieve this we
flooded the cores with synthetic sea water whitording the produced oil volume. The flooding was
conducted upflanks and at three different injectiames. First water was injected at 0.1 mL/min.eAft

2 pore volumes this did not give any more productad the injection rate was first increased to 0.3
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mL/min and then after another 2 pore volumes agaireased to 0.6 mL/min. The total volume of
water injected was approximately 10 pore volumeséxh core. The relatively low injection rate was

chosen in order to maintain the stability of aninggeffect.

4.6 Results
Error 1A 1B 2A 2B S1 S2
(abs)
Diameter (cm) | £0.01 3.74 3.87 3.77 3.76 3.7 3.76
Length (cm) | £0.02 5.91 5.94 5.82 5.86 6.00 6.23
Unsaturated Weigth (g) | +0.01 | 143.38 | 144.70 | 140.84 | 142.38 - -
Saturated Weigth (g) | £0.01 | 154.14 | 153.89 | 151.61 | 153.22 - -
Bulk Volume (cm3) | £0.01 | 65.08 66.54 64.89 65.07 64.51 69.18
Pore volume (cm3) | £0.01 | 12.68 12.62 12.68 12.29 12.35 13.27
Porosity (%) | £0.01 | 19.77 18.97 19.55 18.89 19 20
Absolute
Permeability (mD) | £0.5 84.4 79.0 99.0 100.2 103.8 90.2
0il endpoint - -
Permeability (mD) | +0.5 | 103.62 | 100.38 | 66.05 104.91
Water saturation, Sui | £0.01 0.31 0.31 0.29 - 0.30 0.26
Water saturation, Sor | £0.01 0.61 0.75 0.72 - 0.82 0.75
Pore fluid and ageing state

Marcol X X
Heimdal Crude 0Oil X X X X
Aged X X

Table 4-3: Core specifications

Error (abs) R1 R2

Diameter (cm) +0.01 3.73 3.73

Length (cm) +0.02 5.73 5.79

Bulk Volume (cm3) +0.01 62.61 63.27

Pore volume (cm3) +0.01 12.24 12.45

Porosity (%) +0.01 19.55 19.68

Absolute

Permeability (mD) +0.5 89.7 85.1

Table 4-4: Core specifications reference cores gt5
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5. Wetting test

In order to measure the wettability of the cord® tombined USBM/Amott test was performed.

Figur 5-5: Image showing the production of oil after 5 minubesn a non-aged Berea sandstone.
Since the oil clings strongly to both the core @aodhe glass, the imbibitions cell must be cargfull
“whirled” to force oil up to the graduated cylindevhere it is recorded. PHOTO: Joar Vevle

The test starts with cores at irreducible wateursdibn placed in an imbibition cell filled with
synthetic sea water (appendix table 1). The speotas oil production is then recorded as a function
of time for two weeks. The initial oil productioa Very fast so the production is recorded every hou
the first 6 hours, every 12 hours the first twoglapd on a daily basis until the end of the imhoh#

process.

After two weeks the cores are dismounted from thieilbtion cells and mounted in an Exxon-holder.
This core holder is specially designed to operaith the Beckman J6B Centrifuge, and has been
modified with a translucent plastic cup to meagheeamount of produced fluid and a centrifuge line
which transports the displacement fluid arounddbee. The centrifuge rotor is able to hold up to 4
cores at the same time with a maximum of 0,3 gréfferdnce in weight. In order to balance the
centrifuge, lead wire is winded around the productcup and secured with tape before the core

holders are placed in the specially designed daggiarm.
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Centrifuge line

1

Production cup

Figur 5-2: Schematic of the Exxon core holder equipped withaatip cup for produced oil and a centrifuge lirer the
displaced water. Modified reprint from Norsk Hydro[55

The experiment starts at 400 RPM and continuegepssof 200 RPM up to 3000 RPM, or until
vibrations stops the centrifuge. At every speeg ste allow 24 hours of spinning in order to achieve

an hydrostatic equilibrium between the two fluids7].

At the end of the centrifuge run the produced Bumle recorded, and the cores are placed in
imbibition cells filled with oil. The spontaneouslibion of oil is now measured for a period of two

weeks or until no production is recorded for 7 days
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5.1 Results

Spontaneous imbibition
To correlate differences in fluid and core propertihe modified scaling group of Mason et al[58] is

used wheregptis the dimensionless time.

. ; k o 2
D,Ma = - 7
D oy (1 + /b /o) L

k is the permeabilityp is the porositye the interfacial tension, and, andu, the viscosity for water

and oil respectively. L is the length of the core.

Free imbibition of water

0.70
0.60
e 0.50
2
g 0.40 == Core 1A
w
B == Core 2A
2 0.20
=== Core 2B
0.10 ==ie=Core S1
0.00 =@-Core S2
0.100 1.000 10.000 100.000 1000.000 10000.000
Dimensionless time tD

Figur 5-3: Graph showing the free imbibition of water as a fiorcof the dimensionless time t

As seen in figure 5-1 the four non-aged cores lealage spontaneous imbibition of water compared
to the aged cores. Another striking observatiaihas the cores filled with Marcol (1A and 1B) show
a significant faster oil production in the earlytpaf the spontaneous imbibition compared to theler
filled (2A-2B). This is however merely a delay ihet production and we observe that after
dimensionless time 100 000, (24 hours), the crudleproduction from the non-aged cores have
regained the lead and at the end of the experi(afier 2 weeks) the cumulative production is slight

higher for these cores.

The production from the aged cores is significastiywer than the rest, and we observe only a 4-6

percentage points increase in the water saturation.
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Forced water imbibition

1.00
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Sw

Figur 5-4: Graph showing the forced imbibition of water as action of the capillary pressure

In the forced imbibition of water by centrifuge met we clearly see a difference between the aged
cores and the non-aged cores. The non-aged cocks arge oil production in the spontaneous
imbibition test and consequently have a limitedunaé of oil available for production in this testeW
observe that core 2A have a 4 percentage pointggeha fluid saturation, and that the other nondage
cores are having smaller saturation change. The agees have a quite significantly change in

saturation from 24% to 80%.

Free imbibition of oil
1.00

0.95
0.90
0.85
0.80 x e

0.75 ! @
0.70
0.65
0.60

0.55

0.50
0.100 1.000 10.000 100.000  1000.000 10000.000

Dimensionless time tD

== Core S1

Water saturation

=@=Core S2

Figur 5-5: Graph showing the free imbibition of oil as a funatiof dimensionless timg. t

After the forced water imbibition part of the exjpeent all the cores was at irreducible oil satanati
The remaining oil is now trapped inside the poracgpby capillary pressure as explained in chapter
2.3. As there were no imbibtion of oil from the raged cores we have not plotted them in the graph.

The aged cores showed some production of watéeimid part of the experiment.
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Forced imbibition of oil
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Figur 5-6: Graph showing the forced imbibition of oil as a ftioe of the capillary pressure

As the spontaneous imbibition of oil proved to héteinefficient, the majority of the movable water
resides in the core at the start of this experim®¥é observe that the different cores producersdtier

in highly different ways, from core S1 which prodsalose to all of its movable fluids during thes/fe
first steps of centrifuge spinning to core S2 whichduces the majority of its water in the mid pafrt
the experiment. Core 1A, 1B and to some extent 2érdhave a highly coincidently graphs with a
steady water production through the first halflef £xperiment. Core holder 2B broke at stage two of

the centrifuge experiment and consequently lostfats pore fluids.

Summary of the wetting test

Amott Index USBM Index
1A 0.98 1.63
1B 0.96 1.06
2A 0.91 1.05
2B *0.96 * *1.51%
S1 -0.01 0.20
S2 0.07 0.71

Table 5-7: Summary of the wetting test. * Core 2B: Brokereduolder.

From table 5-4 we learn that the non-aged corestaoagly water wet, and that the aged cores are
neutrally wet according to the Amott index and weakater wet according to the USBM index. From

chapter 2.5.4 we remember that Dixit et al. shoaednalytical relationship between the Amott and
the USBM test. In figure 5.5 we have plotted the tadices, and in accordance with the method from
chapter 2.5.4 we conclude becausgs > lay and -0.5<4<0,5, core S1 and S2 have a tendency
towards a Mixed Wet Large state (MWL). Core hol@Brbroke at a late state of the experiment, and

the result from this core should be interpretedediagly.
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Amott Harvey, USBM plot
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Figure 5-8: Amott and USBM index plotted for each graph.

5.2 Conclusion

We observe that our non-aged cores have a smaihtawv from 100% water wet state due to an
inefficient spontaneous imbibition of water, andnaall forced oil production. This could be the effe
of us not allowing enough time for the cores tackeaquilibrium state in the spontaneous imbibition
test. In fig 5-3 we observe that after two weeksmdntaneous imbibition of water the production is
flat, but it could be argued that if we allowed #rer two weeks off imbibition, the remaining mobile
oil could have been produced spontaneously. Acogrdo Cuiec[59] the length of time before
reaching the equilibrium could range from a few fsoto up to two months, depending on the rock
and fluid parameters. In addition our small coreggl with a corresponding low pore volume
produces a very small quantity of fluid making tte®m for error larger. Both in the spontaneous
imbibition, and particularly in the forced imbiloti, it is possible to misread the volume of produce

fluid leading to a fail in calculations.

We conclude that the wetting test we applied was tbdetect a change in wettability due to ageing
in the two aged cores. The Amott and USBM test skome deviation in wettability, ranging from
neutral wet according to Amott, and weakly watet aecording to USBM. From the work of Dixi et
al[26] and Skauge et al[14] we conclude that c@d&ve a clear tendency towards Mixed Wet Large
(MWL). Core S1 has a much lower USBM index, whichuld indicate a more Fractional Wet (FW)
situation, where the oil-wet pores are more evdidjributed in the pore size distribution, but we a
still regarding it as MWL. This is in good accordanwith the belief that crude oil will displace the
water in the largest pores during flooding at thidal strongly water-wet state, and the alternmatid
wettability will happen in the pores containing thig leaving the smaller water filled pores more

prone to water.
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6. NMR

All of the experiments in this thesis was perfornoeda 12 MHz Maran Ultra DRX spectrometer from
Resonance Instruments (now Oxford Instruments). ibkeument is capable of delivering a gradient
strength of 225 gauss/cm, and operates at 35°@rder to ensure stable temperatures during the
experiment, the sample was left in a heating caloner night prior to the NMR experiments. To
eliminate the effect from evaporation, and avoidtamination of the NMR probe, each sample was

wrapped in plastic foil.

6.1 Calibration of instrument

When | started on the measurements, the instruhmashtjust returned from a service due to critical
failure in the control unit, and upon arrival itosted a significant shift in signal to noise ratiad?90
pulse length compared to previous values. In om@eet up the instrument to this new regime, d tota

of 80 experiments was performed at various paranseténgs.

Number of scans
In order to improve the signal to noise ratio (S/i)s a common practice to perform a high number

of scans and stack the signals. The real signal fre fluids in the core will multiply, and the sei
will, based on statistical theory, distribute edyiéd the signal improving S/N with the square robt

number of scans. Hence adding 100 scans will ingf&W with a factor of 10.

500 1.4
-—— 1
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350 1 3
z 300 08 s
(%]
§ 250
= 200 06 =5
1>0 0.4 =06
100
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O j T ] 0 8
1 100 10000 1000000 A dist .
Seconds (ps) verage distance to mean

Fig 6-1:NMR response from 7 successive experiments wisicdits.

When performing 16 scans, we clearly see that énmnce in the experiment is significant. For each
point the average distance to the mean is calajlated we observe that it is close to 1 and larigest

small T,. In addition to a point to point variance thersoaéxists a contrast in the total signal detected.
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This is equal to the integral of the function, amd observe a 6 percent difference between the

smallest and strongest signal detected.

When performing 32 scans, the signal to noise ratiomproved by almost 50% giving a much
smoother graph and a better correlation betweeh data set. The average distance to mean is

reduced to 0.6, and the largest difference in sigimangth is 3%.
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Figure 6-2NMR response from 7 successive experiments wislcis.
Based on fig 6-1 and 6-2 we concluded to perform@&hs from each experiment.

Setting of relaxation delay (RD)
After performing one scan the nuclei in the samplest have sufficient time to reach equilibrium

before the next scan is performed. If this is radti@ved it will result in a decrease in signal ataple

in the successive scan, and spurious data coultblected. In addition each echo is produced by
sending a small portion of energy into the samphés energy is later converted to heat which needs
to be transported away from the sample. Becausblltig response of a nucleus is highly dependent
on the sample temperature, a failure to allow sidfit time for the heat to dissipate will lead to

spurious data towards the end of the experiment.
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Fig 6.3: NMR response from four experiments with 32 scabsvaied between 3 and 30 seconds.

In fig 6-3 we can see that the signal intensityéases significantly when increasing the receieéaiyd
from 3 to 20 seconds. We also observe a sligheas® in signal intensity when changing it it to 30
seconds. Based on fig 6-3 and the fact that S/Nesigkmperative to perform a high number of scans

which could lead to a change of temperature irsimple RD was set to 30 seconds.

Setting oft
7 is the interval between the initial 90° pulse #mgl 180° repahsing pulse, and it controls the ssall

available value of I If T is set to 50Qus, no faster value than 508 can be recorded. In chapter 3.5
we learned that a given nuclei will have a relatrate, and consequently a characteristic time
constant, 7, based on the state of the surroundings. Theatitaxrate of a hydrogen nuclei imbedded
in a shale, will be faster than for a identical leu@n the water phase. This implies that if wd fai
allow sufficient time for the signal from clay balimvater to die, out some of the signal in our echo

train will consist of clay bounded water signal atis not of our interest.was set to 200s.
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6.2 Procedure

T2

A fundamental part of any NMR experiment is thengngerse relaxation time,.TThis characteristic
time constant is the measure of how fast the terssvmagnetization is attenuated for a given sample
and it is measured through the technique of Canrcéf, Meiboom and Gill (CPMG). This sequence
consists of one 90° pulse and a loop of n 180°gsués shown in fig 6.4.

7’2 b

acquisition

=0 loop n times

Figure: 6.4: Schematical presentation of the CPMG spin echorarpet.

In a typical experiment 4000 echoes is acquired,tha attenuation of the transverse magnetizasion i

calculated by curve fitting to the following equaati

I=1Ie " ) 6-1

The relaxation rate of a fluid in a porous rockighly dependent on the amount of fluid in contact
with the pore surface because of the highly effecsiurface relativity. In a strongly water wet rdabk

oil is limited to the interior of the pore whileelwater resides along the pore wall. In this situathe
short NMR signal will be associated with water, dhe long T values would originate from the oil
phase. When the wettability of the rock is shiftedvards a more neutral or oil-wet situation, the
distribution of the fluid inside the pore will alsbange. Some of the oil could then be in directact
with the surface of the pore causing thesdlue of oil to decrease. The purpose of this secgiés to

detect this shift in relaxation rate.
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Combined T1 and T2 measurement

The combined Tand T, experiment is an ordinary CPMG train preceded biraulated echo pulse.

/2 T /2 T

T T A T T

echo train

loop n-times for ‘

Fig 6.5: Schematic of combined T1-T2 measurement.

The echo attenuation for this sequence is giveeduation

IN_ _A 2t 2n2p20°% _ 2T 2n2n20° i
1n(10)_ = T2+yGOD3] nT2+yG0D3] 6-2

This sequence is applied in order to gain inforaratibout the correlation between the longitudinal
and the transverse relaxation process. By compénagwo characteristic time constants we are able
to tell which mechanism that is the controllingttadn the relaxation process. As we remember from
chapter 3 T relaxation is related to the increase of magnetizain z-direction. This process is
controlled by the energy transfer rate from theleiuo the surroundings or lattice. The characteris
time constant Jis related to the reduction of magnetization in thensverse plane because of
depahsing of precession. This process is both teengo the energy transfere associated with T
relaxation and by the existents of internal fietddients. From this simple explanation we see ithat
T, = T, the controlling factor in the relaxation processsinbe the energy transfer from the excited
nuclei to the surroundings. This situation where tvo characteristic time constants are equal is
common for a bulk fluid. Because the different miitlave roughly the same surroundings they will
also experience roughly the same magnetic fieldihgato a relatively long dephasing time. On the
other hand if the nuclei in the sample experientge variety in local magnetic field there wik la
considerable variation in the subsequent Larmagueacy. This situation could happen for a fluid
close to the pore wall in a porous media. Becatfisheomagnetic susceptibility differences between
the fluid and the material composing the matrix¢heill be induced a large variation in the Larmor
frequencies, which leads to a quick dephasing ef titansverse magnetization. BecauseT}
indicates fluid at bulk condition, andiAT, indicates a fluid close to the pore wall the knedge

about the TT, ratio could reveal a great deal about the wetiiate of the porous media.
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Internal gradient - T; measurement

As a consequence of susceptibility differences betwthe solid grains and pore fluids, there wilbbe
considerately impact on the NMR response due trrat gradients. In a fairly homogeneous rock,
such as Berea sandstone, the strength of thesaahtgadients is a function of the pore size drel t
proximity to the pore wall. The strongest intergahdients are associated with small pore sizes and

close proximity to the pore wall, and small intdrgeadients are located in the interior of the &ty

pores.
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Fig 6.6: Schematical interpretation of the combineg-QCPMG sequence.

The echo attenuation for this sequence is givethéyollowing equation:

_ti+2nt  ypGirlan'T
M(t,2nt) = [ [ f(DG2,T,)e T2 e~ 3 dT,d(DG?) 6-3
By applying this sequence we are able to gain m&tion about the correlation between the transverse
magnetization and the internal gradient strengdtaBise strong internal gradient are associated with
the wetting fluid, this correlation could generatduable information about the wetting state of the

rock.

Diffusion - T2 measurement

When T, relaxation curves are analyzed from an ordinari¥ilGPmeasurement of a multicomponent
porous media system, the broadening of the linghvdused by the presence of internal gradients
makes it difficult to find direct information regding the type of environment experienced by each
component. A combination of the pulsed field grati@PFG) method and a CPMG experiment will
increase the amount of information obtained from MMR experiment and adding insight to the

study of the system[60].
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Figure: 6.7: Schematical presentation of the PFG and CPMG splto experiment.

Bipolar gradients are applied in order to supprsss terms between applied and internal gradients.

The echo attenuation for such a sequence corrémtathusoidal shaped gradients, can be written:

()= (e () en G -9)

The purpose of applying this sequence is to disisig between the fast and the slow diffusing
components. This is done by performing several gxgats with continuously increasing gradient,
strength to a point where the signal from the diftising component is sufficiently suppressed. Wit
the use of the 2D Laplace Inversion program, we them able to correlate a specific diffusion

coefficient to a specific relaxation value.

When measuring diffusion weighted ¥alues from the systems Seland et al, were ahistimguish
quite easily between the signal from oil and wdtased on diffusivity. They also found that when
mowing from water wet system to oil wet system, theasured diffusivity of oil was decreased
indicating that the diffusion of oil is more rested in this system. The properties of water on the
other hand was indicating less restriction on tldewphase, with diffusivity and transverse relaxat

times closer to bulk properties.
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7. Results

The result section is divided into four parts foe four experiments performed
7.1 CPMG experiment

CPMG - Bulk fluids
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Figure 7-1-1: Transverse relaxation values for the three fliatbulk condition.

Based on figure 7-1-1 we can easily state thatttee fluids got different composition. The watet g
a sharp peak at 3 seconds. Because of the homagenature of the water the peak of thevdlue is

very distinct.

Marcol got two peaks at 0.2 seconds and 1.4 secoggfmectively. Marcol is a pure mineral oll
produced by Exxon Mobile, and should produce apsipaak in the same way water did. However,
because of the very high viscosity of the cleanddhit was decided to dilute it with 40% xylene.
When calculating the integral of the distribution we recognize that 70 per cent of tignal is
located in the 0,2 second peak, and 30 per céntaded in the peak at 1.4 second. Since we knew th
volumetric ratio of the mixture we conclude tha¢ feak at the lowest, Value originates from the

pure Marcol and the longest fielaxation is from the diluting agent Xylene.

Crude oil got an entirely different, @listribution with a large peak at 1 second, analddr smaller
values down to 0.04 seconds. Crude oil is diluteith whe same ratio of Xylene, and when
investigating the distribution a little closer weesthat the large peak at 1 second is due to thenxy
and the broad tail is from the pure crude oil. Dhead tail we observe in the crude oil is typiaal f
this fluid. This is due to the high number of coments in the crude.
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From fig 7-1-1 we have observed that the pore flgidt some variations in transverse relaxation. The
largest contrast is between the oil and the wdtier,also some variation is seen between the oails.
Because of this we expect to see some variatidheérNMR respons when measuring the transverse
relaxation times in the cores. Largest contragxijsected between the water filled cores and the oil
filled cores, but we also expect that cores sagdravith crude oil should produce a broader T

distribution than the cores filled with mineral.oil

CPMG measurements at Siw
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Fig 7-1-2:Plot of the transverse relaxation at Siw for foores.

We observe that the water filled reference coreagsignificantly divergent Jdistribution. This is a
typical NMR respons from a core at 100% saturafidre large peak at 0.04 second comes from water
in large pores, where the majority of the watelotated. The tail for decreasing Vialues originates
from water in smaller pores where the increasethserto volume ratio gives an increased chance for

the fluid to undergo surface relaxation.

When comparing the ;Tvalues from saturated cores with the correspondipyalues for the
corresponding bulk fluid, we identify two importaaspects. While transverse relaxation times for
bulk fluids is longest for water, the core gt$1 got the fastest relaxation times of the forgtems
we are investigating. This is due to the fact thitof the fluid in the completely water saturated
system got access to the pore wall, and it indécdltet the requirement for the fast diffusion
approximation is fulfilled. In core 1A, 2A and Shet oil is more restricted from reaching the pore

surface because of the presence of water as filishorawater fills the smallest pore entirely.

We observe that core 2A and S1 got the broade&tgfahe three cores with two pore fluids. We can
also see that these cores got a higher intensityolieus relaxating at the interval 0.1 second.fo 0
second. This is in good correlation to the regwltrf the measurements on the fluids at bulk corditio

where crude oil had a long tail for shorteva@lues.

Since core 1A, 2A and S1 got two fluids presenthim system this complicates the analysis of the T

signal. From fig 4-3 we know that the saturatioriregducible water saturation is approximately 30
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per cent water, and fairly consistent for all of cares. From fig 5-8 we found that our oil wete®or
are mixed wet large (MWL) indicating that most afr @il will reside in the largest pores. This will
also hold for the strongly water wet non-aged cofaansequently this implies that most of the oil
signal will come from oil residing in the largesbrps, giving long relaxation values and the water
signal comes from the smallest pore producing shigsalues. In fig 7.1-3 we have performed a

qualitative analysis of the,Tistribution from the non-aged core 2A.
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Fig 7-1-3: Qualitative analysis of the T2 distribution for eoRA where 30 per cent of the area is

T,

coloured grey.

When colouring the lower 30 per cent of the disitiitn, corresponding to 30 per cent water, we can
see that this divides the distribution into a largete peak at 0.1 second and a long grey tail dtmwvn
200us. This coincides with our understanding of thédfldistribution presented above, but it is sadly
very inaccurate. Because of the broadening of dakp there is hard to tell the exact position ef th
fluids. In addition, this approach neglects thatr@laxation is dependent on other factors than pore
size. As we saw in figure 7-1-1 above the crudegoil broad 7 distribution which makes it a bit
harder to do a clean correlation betwegrnalues and pore size. From chapter 4 we couldrsdetlie
aging procedure have resulted in a wettabilityhef tcore S1 and S2 close to neutral. This implias th
some of the oil will be located close to the porallwesulting in faster Jrelaxation. Since the
intention of the relaxation measurements is to m@athe effect from aging the approach from fig 7-

1-3 will not work.
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Figure 7-1-4: Comparing the Fdistribution from aged core, S1, and non-aged care,
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When comparing the non-aged and aged cores wevabaeshift towards faster relaxation values in
the T, peak at 0.1 second originating from the oil ph&gken comparing the peak from aged and non-
aged core we observe a 6% decrease in the meabuseghal. We can also see a slight increase in
intensity of T, values at 0.01 seconds. With reference to tablewe3state that the only thing
differencing the two samples is the wetting staeg we conclude that the changes we see,in T
relaxation is because of this change towards metdral wet. The physical explanation on what's
happen is that because of the altered wetting efdtee pore surface there have been a transportati
of fluid from the interior of the pore, towards there surface compared to in the non-aged core. Thi
oil that now have the opportunity to diffuse intentact with the pore surface will have a smaller T

causing a decrease in the peak at 0.1 second andraase in the peak at 0.01 second.
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Figure 7-1-5: Comparing the Fdistribution from two aged cores S1 and S2

When comparing the CPMG signal from the two agetkxd&1 and S2 we observe that the T
distribution is virtually identical. This coincidesell with table 4.3 where all the core charactarss
are close to identical. Even though they don'teslthe same saturation and wetting state, thistis no

enough to give them a difference notable in thdi3tribution.
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CPMG measurements at Sor
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Figure 7-1-6Comparing E distribution from crude oil saturated cores at dggnd non-aged state.

When we compare the, Bistribution from the crude oil saturated coresolserve a distinct contrast
between the aged and the non-aged cores. Whermithaged core got a continuously decreasing tail
towards faster Jrelaxation, the two aged cores, and in particul&ly shows a distinct peak at 2 ms.
We also notice that when comparing the main peakenwo aged cores S1 have a shortaralues
than what is seen in S2. This could come as a qoesee of the wetting state. As noted in secti@n 5.
both our aged cores are considered mixed-wet-Idifgis.is a situation where the largest pores dre oi
wet, and the smaller pores are water-wet. But as $e figure 5.8 the core S1 is close to being
fractionally wet. In this wetting state the oil-wgbres are more randomly distributed between small
pores and large pores. Because the oil residdightlg smaller pores in core S1 compared to S8 thi

may explain why the main peak of S1 have smaljeralues than what is seen in S2.
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7.2 Difusion-T: correlation

Difusion-T; correlation - Sy

First of all we take a look at the diffusion-dorrelation for the bulk fluids.
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Figure 7-2-1:Image showmg diffusion-T2 correlation for brinedacrude oil at bulk condition. Brine
to the left.
Because the measured diffusivity is strongly depaehan the strength of the gradients applied, the
calibration of these gradients is important. In experiment we have chosen to set bulk diffusion of
water to 2.9*10 m?/sec which is well known in the literature [61]. rFihe rest of the diffusion

experiment water at bulk conditions have been asethlibration.

As seen in figure 7-2-1 brine produces a distirztkpat 3 second at a diffusion coefficient of 2®*1
m/sec. We also observe that thedistribution found in this experiment coincidestgugood with the

distribution found in the standard CPMG experiment.

The crude oil got a main peak for diffusion coeéfitt of 1.75*10° m?/sec and a transverse relaxation
rate ranging from 1 second to 0.1 second. In amditte notice that the fastest relaxating components
in the oil, associated with heavier componentsetalower diffusivity. This is in accordance wittet
expected result.[62] Water consists of only one poment and at ambient pressure and temperature
conditions it is expected to have a high diffusividur oil is a multi component system and because

of the higher viscosity we expect a lower diffuspvi
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Figure 7-2-2:Image showing diffusion,Tcorrelation for brine saturated core to the left.non-aged
core at §; in the middle and aged core af; ® the right

The fully brine saturated core got a diffusion dioént of 1.75 *10° m%sec, which is lower than the
water in bulk phase and as expected accordingetdqurs experiments[63]. Because of the restricting
nature of the pore wall the measured diffusion ficieht appears to be lower. The much faster
transverse relaxation rate found in the water plesiele to the interaction between the fluid arel th
pore wall. We observe that when the echo traimésgded by a diffusion encoding sequence some of
the water signal is lost. We can see that a lahefsignal associated with water, havingvalues

around 0.001 second is lost because of dephasimgpletcules diffusing in internal gradients.

When looking at the systems with two fluids preseatcan see that the entire signal at lowdlues,
which is likely to originate from the water phaseJost because of the effect explained above, and
only oil signal is preserved. We can see that the-aged core got a, @istribution ranging 1 second

to 0.01 second with a diffusion coefficient of A& *10° m%sec, where the faster diffusing
components got the longest transverse relaxatitmesaThis behaviour is in good accordance with
what was observed for the oil at bulk conditiongwdver, in the bulk signal in figure 7-2-1 the
majority of the oil signal had the fastest diffusidn figure 7-2-2 the opposite situation appe@tss

is explained by another mechanism. Because of #itting state of the non-aged core the oil will
reside in the interior of the pores. In the largaestes the oil phase has more space to move, and we
measure a diffusion coefficient closer to the bu#tues. In the smaller pores the oil feel more
restriction due to the presence of the water filml @ahe confined space, hence a lower apparent
diffusivity is measured. The combination of thes® mechanisms form the signal observed in figure
7-2-2.

In the aged core the transverse relaxation valietose to what we measured in the non-aged core,
but the diffusion coefficient is more uniform thghout the 7 distribution. This may be a
consequence of the differnet wetting state. Bectheseil is the wetting phase in some of the paites,
will cover a larger surface area, presumably bbéhimterior of the pore and close to the pore wall.
this situation the oil may experience less restmcand the apparent diffusion is higher than fa t

non-aged case. Seland et al[64] found the oppaditation when investigating water and oil in
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packings of water-wet and oil-wet glass beadshindtrongly oil wet case he found that the oil was
experiencing more restriction, giving a lower amgar diffusion coefficient. The system he
investigated was however quite different from wivatare looking at. He used glass spheres with oil-
wet surface packed in a small tube. After he inicadi the pore fluid he used ultrasonic stirring in
order to distribute the fluids inside the sampigingy a more uniform fluid distribution throughotite
sample allowing oil to enter a wider range of psiEes. In this situation a high ratio of the oillvise
located close to the pore wall as surface filmatrouting to the reduced diffusion coefficient.
Because of the aging technique applied to our cdi@d distribution is highly dualistic, where the
majority of the oil is located in the largest porAschange towards oil wet will then only enlarge t

oil globes and increase the apparent diffusivity.
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Figure 7-2-3: Image showing diffusion,Tcorrelation for the marcol saturated core to thedt] it's
sister core 1B in the middle and crude oil satudatere 2A to the right.
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Finally | want to present the data from the comsimted with marcol and water. As we observed in
the standard CPMG experiment the NMR respons fraarchl is not behaving like the crude oil. This
makes it hard to draw any definite conclusions rdigg the wetting state from these samples, because
we don't know whether the measured signal is inftee by wetting or by the pore fluid. In figure 7-
2-3 we observe that 1A show some of the same deaistics as 2A. Observe that the intensity scale
is not identical, which means that the tail for 8araT, values is more distinct than it seems. The
lower diffusivity for small & values could come from the restriction small obvmets feel from the
presence of the water phase. In core 2B we sdethibaintensity of the signal is more evenly
distributed in the signal peak. This could indicatbetter continuity of the oil phase as explaifeed
core S1, or it means that the oil phase is moralgwdistributed between large and medium sized

pores. Given the very strong water wet state af ¢tbre we believe that the latter is more plausible
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Difusion-T; correlation - S,

When changing the saturation tg ®ost of the oil was produced from the cores. Thihofigoding
with water a saturation of,S= 0.2-0.3 was achieved. This drastically chanbesneasured diffusivity
of the pore fluid.
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Figure 7-2-3:Image showing diffusion;Tcorrelation for brine saturated core to the left.non-aged

core at § in the middle and aged core at ® the right

When changing to water being the most dominant floig we would expect the water phase to give
a clear voice in the 2D image from the core. Beeafshe nature of the NMR sequence applied the
small percentage of water found in the smallese@dn cores at Swi was thought to have died out
before we were able to measure it. In thec&se the percentage of water is so big thatabliged to

fill more than just the smallest pores, and becaigée longer T values associated with the larger
pores we should be able to detect some signal fhenwater phase in this experiment. Furthermore,
because of the even longes Values of the oil phase we should also be abldetect some signal
coming from the oil phase. What we expect from &xperiment is two distinct peaks, one originating

from the oil phase, the other originating from teter phase.

However when we are looking at fig 7-2-3 we areyosteing one peak for each core. We are
observing that the diffusion coefficient have bésrreased for both of our crude oil filled cores (i
the middle and to the right in fig 7-2-3). For then-aged core we now observe a uniform diffusivity
closer to bulk properties for oil. We believe thitae majority of the signal we now observe is
originating from the water phase. Because the teakp have blended together we do not see two

peaks as expected, but rather one peak that ga sbits characteristics from both fluids.

In the aged case we observe a diffusivity rangirgmf 0.7-1.75*10 m?/sec where the lowest
diffusivity is observed for the fastest relaxatitgmponents. Inside the pore the high volumetrio rat
of the water phase now has displaced the oil fravatraf the pore, and the oil phase can now roughly
be divided into two locations. Some of it resideghie interior of the pore as droplets. The otleet p
of the oil phase is now, because of the alteredingestate of the rock located as oil films on guee
surface. Because the water phase now lays stniitations on the oils ability to diffuse, we are

measuring a smaller diffusion coefficient for toit In fact this is the opposite situation to whres
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observed in the scase. When oil was the most abundant pore fluithénrock, the altered wetting
state allowed oil to contact the surface of th&knabich increased the continuity of the oil phase.
that case we observe an increase in the measufesidty. In the $; case on the other hand, the oil
films are being so restricted by the water phase We are measuring a decrease of the diffusion
coefficient for decreasing,Tvalues. However, we notice that the diffusivitythie aged core has
increased significantly more than what we see ie tion-aged cores. This could come as a
consequence of the much higher water saturati@linAccording to table 4-3 the saturation js&

and $=0.72 in S1 and 2A respectively. Because of thyhéi saturation of water in S1 the signal will

have more of the water characteristics than innthe-aged core 2A. Since water at bulk conditions

have higher diffusivity than oil it results in teggnal in fig 7-2-3.
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Figure 7-2-3:Image showing diffusion;Tcorrelation for the two marcol saturated cores. ddd 1B
from left to right.

The core saturated with marcol got a very pecudignal in the § case. With increasing diffusion
coefficient for decreasing,Values these cores don't behave quit dissimilavhtat we have found in
the previous cases, and what we expect from theryhélowever when we look at table 4-3 we
observe that the saturation in core 1A and 1B,/&0$1 and $=0.75 respectively. This means that in
core 1A the water affect the signal to a very higlgree, increasing the apparent diffusion coeficie
This could explain the high diffusivity for low,Values in core 1A. In core 1B the saturation mscat
identical to what we find in core 2A, and we woelxpect that it showed some of the same features.
When it does not this is likely because of the reataf the marcol in core 1B. In the CPMG
experiment we saw that marcol at bulk conditionsaghigh peak at low ;lvalues compared to crude
oil (fig 7-1-1). This high peak that correspondsptwe marcol, most likely have a higher diffusivity
than the heavy components of the crude oil withlamT, values. Hence this could explain the high

diffusion coefficient we observer at low Values in core 1A and 1B compared to 2A
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7.3 Internal gradient-T: correlation

Internal gradient-T: correlation - S;

The standard user interface of the Maran Ultra D¥p¥ctroscope does only allow single scans, so in
this thesis where each core sample have been stanoee than 70 times a automated script was
developed in order to have the experiments doneairtimely manner. Because of some
misunderstandings and poor quality control of awript we varyt in equation 6.3. This means that
instead of varying the echo distance in the fiosipl we varied it in the second loop, meaning et
got a decoding from internal gradients in both firet and the second half of equation 6.3. Because

this equation no longer is valid we can no longsradie the effect from internal gradients

Unfortunately this error was not detected befoteraflooding to §. Because of limited time and
because we did not want to subject the cores fothan flooding of oil it was decided that it was

sufficient to only present data frorng.S
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Internal gradient-T: correlation - Sor

When the water saturation increases in the watércae, the water displaces most of the bulk oil
leaving only droplets of oil in the interior of tha&rgest pores. In the more oil wet core some ef th
remaining oil will reside as surface films expedeg high internal gradients and fastr&laxation. In
water wet cores the oil will according to the theprimarily remain as oil droplets in the largestey

while water occupies the volume close to the serfaed the small pores.
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Figure 7-3-1:Image showing T, correlation for two brine saturated cores. R1 he teft and R2 to
the right.

In figure 7-3-1 we see the 100 per cent brine stddrreference cores. We observe that the 2D image
correspond poorly with the corresponding CPMG ptosection 7.1 having a distribution entirely
located between 0.1 and 0.01. The reason this happédecause of the nature of the NMR sequence
applied. Because of the encoding for internal gnaidi part that precedes the echo train alalues
shorter than 0.005 have died out before the adiouisiof the transverse magnetization starts.
However, since the fluid represented by these shovialues are thought to be water in small pores
and micro pores in all of our samples we beliewa this should not affect our experiment in any

negative way
In figure 7-3-1 we observe that fluid with smalvRlues are experiencing high internal gradients and

fluid with long T, values are experiencing much smaller internaligrad. This is in good accordance

with our theory in section 3.6 and with other exmpental results[64]
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Figure 7-3-3:Image showing T, correlation for the non aged core 2A with two Brrepresenting
DGy/T,ratio.

When comparing the 2D image from the water filleference cores and the core saturated with crude
oil and water at $we notice that the signal in core 2A extends frttowards long Fvalues. This
coincides well with what we saw in the standard @bkperiment in figure 7-1-2. Because this is a
two component system where one of the fluids havet imitations on the ability to contact the por
surface this inevitably leads to longes Values in the T distribution. We also recognise a distinct
shape. While the DgT, ratio is constant and strongly decreasing for tsfigivalues it flattens out
significantly at 7=0.08 second. This is indicated by the two trenddi We believe that the reason for
this behaviour is the presence of the oil phaseaBse the oil has very little contact with the pore
surface it will experience a much weaker rangentdrnal gradients. With reference to our theory in
chapter 3.6, internal gradients are dependent ®nigtance between the internal gradient centrds an
the nuclei. Even if the oil is separated from th&face by only a thin layer of water, this couldoeat

the effect from internal gradients. Since we irstbore have reached, $here is likely to be a large

volume of water separating the small droplets bfrom the surface.
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Figure 7-3-4:Image showing T, correlation for the non-aged core 2A, and the ageces S1 and

S2 from left to right respectively.

When comparing the non-aged cores to the aged e@d@sstantly recognise a difference between the

two wetting states. While the non-aged core gagaificantly shift at T=0.08, we do not see any of
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this in the two aged cores. We believe that thiseisause the altered wetting state has allowedithe

phase to contact the surface. Because the oiylikehave more contact with the surface in thesesco

we do not see the same shift in the trend for &irand only a slight shift in core S2.
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Figure 7-3-5:1mage showing ¢T, correlation for the aged core S2 including trenek

When looking at core S2 we observe that there wgeak shift in the trend lines at 0.1 seconds.
Although being weak this indicates that the oil g this core does not have as strong conneiction

the surface as we observe in core S1. This isaiatirmed by the wetting test in section 4.6 aral th

data from standard CPMG experiment explained iticged.1
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Figure 7-3-6:Image showing €T, correlation for the non-aged marcol saturated o\ and 1B

from left to right respectively.

We observe that the marcol saturated cores got mhthe same characteristics as the non-aged core
2A. The 2D image from these two core also havengéhpoint at 0.05 second indicating that the oil

are restricted from contacting the surface of thieepWe observe that because of the smallealues
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of marcol, we see that more of the signal is latatelow T, values and that the hinge point is located

at a slightly lower T value.

74



7.4 T1-T2 correlation

T1-T2 correlation - Syi

For a nucleus in a porous media there are two nagotributors to relaxation of its excited state.
Interactions between the nuclei and the surroursdthgt cause energy transfer to the surroundings,
and dephasing of phase coherence which causesieticedof the transverse magnetization. For T
only the former is contributing to the relaxatidmit in T, relaxation the dephasing of phase coherence
is both affected by the energy transfer to theaurdings and by the influence of internal gradients
Consequently if we find that our,T, plot is close to the {FT, line it means that all the water
molecules in the rock have an identicalTE ratio and that relaxation in this rock is causgalsingle
mechanism throughout the sample. Any distributibm pand T, is only due to the variation in the
local surface to volume ratio, or pore size disttikn. If the opposite situation occurs, and thelT

plot deviates significantly from the, ¥T, line, we know that the impact from internal gradgeare an
important factor in the dephasing of precessiom,irelaxation. Because these mechanisms are highly
dependent on the position of the nuclei insidegbmus body, knowledge of the/T, ration could

reveal information about the wetting state of thekr

"
=
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Figure 7-4-1:Image showing ;FT, correlation for the two brine saturated cores.

In fig 7-4-1 we see the reference cores at 100%mssturation. We immediately notice the trend in
both cores that the; 7T, ratio is close to the (T, line. If we introduce a line, (T, (fig 7-4-2) we
also acknowledge that the signal stays at the ipes#ide of the JT, line. In other words, Tis
always bigger than,I This coincides well with the theory from chapse2. Because the characteristic
time constant Tis related to the increase of magnetization irireetion and 7§ is related to the
dissipation of magnetization in the x-y-plane it uMb be impossible for the sample to reach

equilibrium before the transverse magnetizatidiliy dissipated.
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Figure 7-4-2:Image showing {FT, correlation for the two brine saturated cores waiblack line at
Ti=To.

Finally, by calculating the JIT, ratio for every increment we are able to find thean T/T, ratio, or
more precisely the slope of the/T, curve. In the reference coreg &d R our calculated FT, ratio

was 1.22 and 1.32 respectively. This is roughlytvdther researchers have found before. Kleinberg et
al conducted a large survey measuring th&;Tratio of 105 rock core samples. This survey caedis

of a large variety of lithologies and he calculadeghean T'T, ratio of 1.62[47].
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Figure 7-4-3:1mage showing 1FT, correlation for the non-aged crude oil saturatae 2A at .

While the 100% brine saturated cores got one véstindt trend line the cores at,;Ss not as

unambiguous. When looking at core 2A (fig 7-4-3) elearly see three different segments. Some of
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the signal forms a distinct trend line from 0.0@tand to 0.1 second having dTk ratio of 2.18. As
we can see this is considerately higher than wieafaund in the cores at,S1. We also notice that
the signal has a larger range on thesdale, ranging all the way from 0.001-0.5 sec@odypared to
the cores at $=1 which only got a clear signal from 0.01-0.2a@t Further we notice two other
points of interest. Very close to the=T line we find a cluster of intense signal (2), ahoke to this

another cluster marked with the number 3 whichedsffslightly in T value and strongly insT

In figure 7-4-3 we notice that the signal clustearked with the number 1 extend beyond theT}

line. This is by definition impossible, and mustkersfore be regarded as a system error. One
explanation for this behaviour is the techniqud thas used in order to construct the 2D image. This
technique limits us to a maximum of 20 data powlten calculating the 2D image which results in
some degree of inaccuracy. With this in mind weesthat some of the signal that extend across the
T,=T, line must have been produced by an error in theLaplace inversion software giving an
artificially long T, or short T value. With this in mind it is tempting to mergegment 1 and 2 in
figure 7-4-3 into one larger segment. This wouldaddition explain the slightly highi/IT, ratio we

calculated, but since this behaviour is seen ithallcores at,$we have decided not to do this.

When comparing the signal in core 2A with the sidram the 100% brine saturated cores we clearly
see that the crude filled core extends more distiely towards short Fvalues. From figure 4-3 and
4-4 we acknowledgement that even though these dsskparate cores, the only feature that differs
them significantly is the fluid saturation. Thenefove explain the long tail towards shost vialues
with the saturation state. Because most of the poltame and in particularly the interior of thedar
pores is occupied by the oil phase the water wiltdstricted from diffusing inside the pore spdadee
water films will therefore experience the pore amber than it really is, because the volume oocedpi
by the oil phase is inaccessible for the watersTasults in a higher ratio of spins with smalvalues
than would have been the case for a single flusiesy. Another explanation is that the intensitjorat
between the signal at smal} Yalues and the signal at long Vialues is different in the two cores. In
figure 7-1-2 we see that the brine filled referenoee got a high intensity peak representing tHk bu
water and a relatively low intensity tail represegtthe water in small pores. Core 2A on the other
hand got slightly higher intensity in the signalsatall T, values, and slightly lower intensity in the
signal at long 7 values. The combination of these two mechanismgides us when comparing the
2D image from the two cores. The tail for smallev@lues appears less distinct in the brine satrate
cores because the intensity of the bulk water stng. In the crude oil filled core the preseatthe

oil phase forces the water phase to experiencgleehil, rate at ;. Because the intensity of the bulk
phase is weaker and the intensity of the signaiall T, values is stronger, the tail for smaller T

values appears more distinct in this core.

77



The third segment in figure 7-4-3 is located qdigtefrom the =T, line. Having a much higher; T
value than 7 value, we know that the fluid represented by #igmal is not being relaxated by a single
surface mechanism. Since the rate is close to 10 times faster than therdte we conclude that
depahasing of precession because of internal gradmeust be a key factor. What we observe for this
segment of the signal is quite typical for the billikd. Because internal gradients are only capable
affecting the transverse magnetization the longitaldnagnetization is left almost unchecked giving
high T./T, ratio. It is likely to believe that the fluid remented by the signal in segment 3 is oil
trapped as droplets in the interior of the porecase it has virtually no contact with the pordase

the longitudinal magnetization is only slightly deased, but because of the presence of internal

gradients the transverse magnetization is disgipate

After stating that the fluid represented by segniem figure 7-4-3 is water in small pores, andttha
the fluid in segment 3 is oil at bulk conditiongs®nt 2 remains a puzzle. From the discussion in
section 7.1 and from literature[6, 34] it is liketybelieve that in a water wet sandstone the figith

the longest T relaxation rate is oil. Because our core is gtt& oil should according to our theory
from chapter 2.4 occupy all the largest pores, @agice a signal at long,values. Consequently we
have to recognise the signal as originating froedh phase, but this doesn’t explain thélTratio
close to 1. To answer this we look at the oil ptdisgibution in the porous media. Because thesmis
abundance of oil in this core, the oil phase ocesipihe interior of the largest porasd the medium
sized pores. In the medium sized pores the pres#ringernal gradients causes dissipation pbilt is

not affecting T. This is what we see in segment three. In the lmidfithe largest pores the strength of
the internal gradients are so weak that they atecapable of dephasing the phase coherence and
hence T=T,. Hence the fluid represented by segment 2 in éigivd-3 should be regarded as oil.
Furthermore we know from table 4.3 that core 2Ataim71 per cent oil. When comparing this to the
2D image we notice that the two peaks in segmearid23 combined contains 61 per cent of the total
signal intensity in the 2D image. This is 10 peantdess than what we expected and indicate thaesom

of the oil signal has been blended into the watgrad.
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Figure 7-4-4:Image showing T1-T2 correlation for a non-aged erad filled core to the left and two
aged cores filled with crude oil, S2 in the midaiel S2 to the right at,S

78



When comparing the non-aged core 2A with the aged 81 and S2 we observe much of the same
characteristics. However we observe a slight dseréa the signal associated with bulk fluid in the

aged cores compared to the non aged core. Sircéthbserved in both the aged cores we conclude
that the effect must come as a consequence oftérechwetting state. Because the oil phase goesom
contact with the surface of the pore the longitatlrelaxation rate is decreased. In the 2D image we

see this as a decrease in peak (1) and an indrepsak (2).
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Figure 7-4-5:Image showing T1-T2 correlation for a non-aged rofitled core 1A to the left, it's

-

Log Ty (s)
Log Ty (s)
Log T (s)
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sister core 1B in the middle and non-aged cruddilteld core 2A to the right.

In the cores saturated with marcol we find muchhaf same characteristics as we did in core 2A.
However we see observer that much of the signdabdated at the ;FT, line at T, values we

previously have associated with the wetting phasseKed in figure 7-4-6).
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Figure 7-4-6:Image showing T1-T2 correlation for a non-aged moéfitled core 1A and 1B from left
to right. Red circle indicates marcol at bulk comatis.

This behaviour is could be caused by the shevialues of the marcol. Because marcol got shorer T
values than crude oil the oil located in the latgesres got slightly shorter,Tvalues. This oil is

equivalent to the oil labelled “segment 2" in c@v.
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T;1-T2 correlation - S,

When the oil saturation in the cores reachgswiter will occupy the largest volume of the pdrea
water-wet media the water will cling to the surfaimecing the oil to form small droplets in the rdid

of the largest pores. In a partly oil-wet mediaelike have reasons to believe we are dealing with in

core S1 and S2 some of the oil will stay closéntofgore surface forming oil film.

1500
1000
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'§3 2 -1 0 3

Log T; (s)
Figure 7-4-7:lmage showing T1-T2 correlation for the non-agetk@A at §.
When we look at the non-aged core at residual atiiration we observer that there has been a
considerately change in/T, behaviour compared to thg;$ase. The majority of the signal at short
T, values has dissipated leaving only some weak péalsome way the 2D image starts to look like
the image produced from the core at 100% waterra@na in fig 7-4-1. This behaviour is as
anticipated. Even though the restriction causedlgdily the matrix is constant, since the water phas
now occupies the majority of the pore space th&icgsn on the water phase residing close to the
pore wall has decreased. Consequently a smallamebf water is having a shoriValue because it
no longer being trapped between the pore surfadett@ non-wetting phase. On the other hand a
larger volume of the water now has longewnalues, so the combination of these two effecteggan
apparent loss of signal decreasing towards smallalues and an increase in the signal at lopg T
values. These results are also coinciding with wiratfound in the standard CPMG experiment in

section 7.1.
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Figure 7-4-8:Image showing T1-T2 correlation for a non-aged erad filled core to the left and two

aged cores filled with crude oil, S1 in the middiel S2 to the right. Saturation,,S
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When comparing the non-aged core with the two ageds we see that in all three cores the majority
of the signal is located around 0.1 second. We sdscthat all of the cores got a tail, even thatgh
weak, for decreasing,Tvalues with a 7T, ratio of 1.80, 1.67 and 1.80 for 2A, S1 and S2
respectively. We also notice that even thoughfathe cores got the same main characteristics2Ais
and S2 that have the most in common. We see thiatthese cores got high signal intensity s0l'1
second, and that S1 got slightly lower signal isiignat the same place. Some of the signal intgnsit

seems to have shifted towards smallevdlues as explained in fig 7-4-7.
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Figure 7-4-9:Image showing T1-T2 correlation for the aged cateaSS;

Even though it is a weak trend we are able to skmvar intensity in segment 1 (fig 7-4-9) and a
higher intensity in segment 2. We believe that thislue to the wetting state of the rock. Because
some of the oil is able to contact the pore surfades a smaller Tvalue than what is seen in the
other cores and has a/T,ratio close to 1. Because the water phase occtipgesajority of the pore
space the oil feels more restriction, resulting smaller T and T value than what is seen in the water

phase.

We don’t see the same trend in S2. This could iernwhat we see in S1 is just faulty data, but it
could also mean that the alternation of the wetsitage in core S2 is not sufficient enough to poedu

any measurable result in this test. With referaiockgure 5-8 we see that S2 is slightly more water
wet than S1, according to both USBM and Amott tddtis indicates that our results from this section

are genuine, and that we are able to detect simatiges in wettability by the use of/ T, correlation.
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Figure 7-4-6:Image showing T1-T2 correlation for a non-aged noifitled core 1A and 1B to the
left and in the middle respectively, and 2A toribét.

When looking at the marcol filled cores we obseswene of the same effects that were seen in the
crude filled core in figure 7-4-7. However, in there 1B we observe one peak at@.001 second
where T>T,. Following the same thought as we did in the presisection this behaviour indicates an
oil in medium sized pores where thgid dissipated by the presence of internal gradjeartd T is not
affected in the same degree. We believe that #tietiour is explained by the slightly lowervRlues

in the marcol.
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8. Conclusion

In this work a new technique for obtaining wettdpildata has been investigated. The technique
utilizes the principles of nuclear magnetic resmeato measure internal properties of fluid and riock
order to gain information about system of differesmttabilities. This information is then compared t
a reference system in order to find qualitativeoinfation about the wetting state. To correlate our
results to traditional wettability data we haveoalssed a standard wetting test in the form of the

combined USBM/Amott test to analyse our cores.

In the standard wetting test we found that the age@ showed significant altered wetting state
compared to the non aged. All our non-aged coregegrto be strongly water-wet regardless of pore

fluid. Our aged core at the other hand had becaugally wet and was characterised as MWL.

In the NMR part of the experiments all of our expemts showed some sensitivity to the change in
wettability. Even though the NMR response fromamitl water were highly overlapping, we were able
to distinguish between the aged and the non-ages lmased on the wetting state from our CPMG
experiment. When comparing the distribution from the aged and the non-aged cosefound that
there had been a reduction in the main peak andase in intensity at shorteg ¥alues of the aged
core’s T distribution. This is described as an effect ofredped wettability state, where the altered
wetting conditions cause oil to come into contaghwhe pore surface. In our other experiments
concerning diffusion we expected to separate thiddlbased on the diffusion coefficient. This dat n
happen, but because the measured signal still iffagidn information we were able to distinguish
between the water-wet and the neutral-wet coreenNheasuring the cores gf &e saw an increase

in diffusivity in the aged cores compared to the+aged core. We have explained that this happen
because the continuity of the oil phase have bédaeased in the aged cores, hence the oil in aged
cores feel less restriction than the oil in the-aged cores. In the case qof ®e see a decrease in

diffusion that may be caused by oil trapped in §ilat the pore surface, where the diffusion is thit

In the part of the experiment concerning interraldient no information was collected g, Sut at

Sor good indicators of wettability alternation wasetded. Because the oil is behaving more like the
wetting phase we saw an indicator of changed NMjRaiin the aged cores. This was revealed as a
hinge point in the DET, curve. By the use of internal gradient cbrrelation, some indicators of the

slightly different wettabilities in the two agedres was also found.

When applying the iFT, correlation sequence we found that the alteredialdty of the aged cores
caused the oil phase to behave more like the wgeftirase. In more detail we saw an increase of olil
signal associated with the oil phase being relakbtea single surface mechanism. This indicates tha

the oil is contacting the pore surface which iadjindicator of the surface being oil wet.
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In this thesis we used two sets of non-aged c@es. saturated with Marcol/Xylene and the other
saturated with the same fluid that was used inatied cores. The idea was to investigate the impact
from the pore fluid on the measured wetting statbis however proved to be a challenge in the NMR
part of the experiment. Because the Marcol/Xyletend had a NMR response which was quite
dissimilar to the one found in the crude oil bléndecame impossible to draw any conclusions from
the samples containing Marcol. There was no wateltihg which effect was originating from the
wetting state and what came as a consequence pbthefluids. However, in the USBM/Amott test,
they showed no sign of altering the wettabilitytioé rock, indicating that having an inert oil saturg

a core at room temperature should not alter théngestate of the rock.

All in all we have showed the strength of usingcgiéezed NMR sequences to detect the alternation of
wettability due to aging in Berea sandstone. Whaly telying on the standard CPMG experiment we
only found small indications on the change in watiy, but when combining this with the three
other mechanisms some good indicators were mad@aiticular the internal gradient encoding
sequence proved powerful as a tool to detect changesttability. However, even though we were
able to find indicators of altered wettability, ghiechnique are not whiteout flaws. The use of NA4R

a probing tool for measuring effects from changedtability relies heavily on the interpretationtbé
measured data. Intricate knowledge about the mésrinartaking part in both NMR and in wettability
is necessary in order to get any results. We atbsame small attempts to find a quantitative measu
of the wettability in our cores based on the thefooyn chapter 3.9, but this attempt have not been
presented because the results did not coincide auithother results. Because this was found to be

outside the scope of this thesis we did not inges#i this any further.

From the work done in this thesis we have showedesof the strength of NMR spectroscopy as a
detector of fluid and rock properties. We have shdlat the wettability state of the rock may affect
the NMR signal to a degree where it is detectabtkethat the use of NMR in core analysis could give

valuable information, complementing other invedimamethods.

84



9. Further work

During the work on this thesis some issues havegadehat would benefit from further attention.
For a new method to be widely accepted, it neetie tiested on a large number of samples. A
weakness of the data presented here is the limiatber of sample cores tested. Testing a larger

number of heterogeneous samples would increaselihbility of the method.

If another attempt to do similar experiments ontipld pore fluids, effort should be made in order t
keep the pore fluids NMR response as similar asibles If this is not done, the difference in pore
fluid characteristics would lead to a situation vehgou can not tell if a change is due to wettapbili

changes or the difference in pore fluid.

It would also be interesting to investigate theletron of the aging process. In this thesis thegiasl
plan was to investigate the NMR response of varaaues while they were undergoing aging
procedure. This could not be achieved because ifintéion of essential hardware, but pursuing that
original idea to investigate how the wetting s@dg®elops during aging could give valuable

information about wetting as well as aging procedur
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10. Appendix

TABLE 1 — Compostion of synthetic seawater

Recipe (g / 2L) Actual (g/2L)

NaCl 49,78 49,72
CaCl,- 2H,0 3,452 3,46
MgCI’ , - 6H0 22,248 22,18
NaHCO; 0,384 0,43
Na,SO, 8,096 8,11
KCI 1,336 1,33
Tot salt 85,23 g

Water 1914,77 g

TABLE 2 - Properties of Marcol 182.

Property Test methode Min Max
Appearance Visual Clear and bright Clear and bright
Odour Absent Absent
Viscosity at 20 °C [cP] Calculated 47 53.5
Viscosity at 22 °C [cP] RHEOPLUS 67 67
Density at 20 °C [Kg/m3] 847 862
TABLE 3 — Crude characteristics

API: Test methode

S.G.: 0.9043

Sulphur (mass%): 0.52

Pour Point (°C): <-42

TAN (mg KOH/g): 2.9

Nickel (wppm): 2.5

Vanadium (wppm): 12.0

Viscosity at 22 °C [cP] RHEPLUS 71
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