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Abstract 
Wettability remains one of the critical multi-phase fluid flow parameters while characterizing an oil-
water petroleum reservoir system. Treating the reservoir to be either completely oil-wet or completely 
water-wet disguises the actual physics behind reservoir wettability. While the actual wettability is 
described at the sub-pore-scale, a field-scale oil reservoir requires wettability description at the larger 
continuum-scale in order to characterize the reservoir using macroscopic Darcy’s relation. Given this 
background, the present work has made an attempt to deduce a list of possible issues that remains 
unanswered during the up-scaling from sub-pore-scale to a larger field-scale reservoir wettability 
effects in a conventional sandstone reservoir. Then, the approach was extended to a complex fractured 
reservoir. In this case, the issues on the wettability effects associated with the low-permeable rock-
matrix; and the high-permeable fracture have been discussed in detail, before discussing the 
consideration of the reservoir wettability for the whole fractured reservoir by coupling the wettability 
effects from the fracture and the rock-matrix. It is concluded from the present studies that the 
wettability effects associated with the conventional sandstone reservoir has lot more complexities in 
the context of up-scaling the wettability physics from sub-pore-scale to a larger field-scale reservoir 
wettability. It is further concluded that the wettability effects associated with a fractured reservoir may 
have a completely contrasting wettability effects associated with the high-permeable fracture and low-
permeable rock-matrix; and it is relatively difficult to deduce a single reservoir wettability for the entire 
fractured reservoir at the field-scale. 
Keywords: Wettability; Sandstone reservoir; Fractured reservoir; Up-scaling. 

1. Introduction

The concept of wettability and the its associated forces of wetting critically influence the
spatial and temporal distribution of pore-fluid (oil and water) saturations within the three-
dimensional volumetric oil reservoir in a very complex way. Since, wettability is all about the 
preference of the solid grain surfaces that will be in contact with one of the two immiscible 
pore-fluids in an oil-water petroleum reservoir system, the balance of the forces between the 
oil-water; solid-water; and solid-oil would lead to the concept of ‘contact angle’ (θ) between 
the immiscible fluids on the solid grain surfaces. Thus, in a real field scenario, the concept of 
wettability is so complex; and for this reason, reservoir wettability is treated simply to be 
either fully oil-wet or fully water-wet. This extreme simplification disguises the actual reservoir 
physics associated with the wetting phenomena while characterizing the multi-phase fluid flow 
through a petroleum reservoir. Thus, it should be clearly understood that in an actual reservoir 
cannot be characterized either to be completely oil-wet or water-wet; but rather, it is going 
to be a condition between fully water-wet and fully oil-wet called an intermediate wetting. 
Now, the problem is that it is still difficult to characterize the so called wetting at the contin-
uum-scale, even if we treat a reservoir to be under intermediate-wet conditions. This is be-
cause, at the sub-pore-scale, an oil drop tends to form a bead on a water-wet surface, while 
the same oil drop tends to spread over the oil-wet surface under the ideal conditions, while 
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for a real field condition with an intermediate-wet surface, a partial bead is formed in accord-
ance to the interfacial tension forces between solid-oil; solid-water; and oil-water – which too 
complex to be understood at the continuum-scale. In general, a reservoir volume consists of 
a multiple mineral; and in turn, the wettability characteristics will be varying for every different 
mineral at the sub-pore-scale. There are plenty of wettability studies both in sandstone as 
well as in fractured reservoirs [1-15]. However, there is no theoretical basis behind the trans-
lation of these ‘multiple’ (varying) wettability characteristics at sub-pore-scales to the larger 
continuum-scale ‘single’ wettability – both in sandstone as well as in fractured reservoirs.  

In this context, the objective of the present manuscript is to discuss in detail the real field 
complexities associated with the translation of sub-pore-scale wettability phenomena into a 
larger field-scale reservoir wettability that will match with the macroscopic Darcy’s law. The 
present work focuses on two aspects of reservoir wettability: the one on the wettability asso-
ciated with the conventional sandstone reservoir, while the other on the wettability effects 
associated with the relatively complex fractured reservoir. It is very critical to have insights 
on the feasibility of up-scaling the sub-pore-scale wettability effects into a larger field-scale 
reservoir wettability scenario. Although, there are no earlier works that explicitly provide the 
theoretical background on its up-scaling, the present work has made an attempt to first bring-
in a list of unanswered questions for which further investigations are required. The present 
work is not only confined for the conventional sandstone reservoirs but also for the complex 
fractured reservoirs.     

2. Discussion on sandstone reservoir wettability 

The concept of wettability even in a conventional sandstone reservoir requires a lot more 
investigation associated with the translation of the wettability effects from the sub-pore-scale 
to the larger field-scale reservoir wettability. There remains a lot of unanswered questions 
during this up-scaling of wettability effects. A detailed list of possible questions that remain 
unanswered in the context of wettability physics has been deduced and listed. 

Given the fact that (a) the wettability associated with the small pores do not get altered – 
irrespective of whether the reservoir is oil-wet or water-wet; and the smaller pores are always 
filled by water-phase in both water-wet and oil-wet reservoirs (oil has to over-come a huge 
capillary force exerted by water in smaller pores in order for the oil to enter into the smaller 
pores; and it is nearly impossible for the oil to over-come such capillary forces exerted by the 
water-phase associated with the smaller pores) – upon water-flooding;  
(1) What exactly we mean by ‘larger pores’ – where, the water-phase (connate-water) gets 

wetted with the solid rock surface for a ‘water-wet reservoir’ (with predominant water in 
the middle of the pores); and the predominant oil-phase gets wetted with the solid rock 
surface for an oil-wet reservoir (with relatively smaller water in the middle of the pores)?  

(2) How big are these ‘larger pores’ with reference to those ‘smaller pores’?  
(3) Is there a ‘transition regime’ in between these two pores (smaller and larger) – corre-

sponding to the ‘fractional wet’ (where both oil and water wets the solid rock surface with 
predominant oil in the middle of the pores)?  

If so, how about the ‘wettability’ in those ‘transition regime’?  
(4) Whether the concept of either an ‘oil-wet’ reservoir or a ‘water-wet’ reservoir would re-

main the same at various spatial locations along the flow direction towards the production 
well (which consists of the vertical cross-sectional area taken along the pay-zone thick-
ness and the width of the reservoir; and that is perpendicular to the principle fluid flow 
direction)?  

(5) Whether, the wetting preference of the solid rock surface of the reservoir would remain 
the same at various spatial locations (with vertical cross-sectional-area consisting of res-
ervoir thickness and the reservoir width) along the flow direction towards the production 
well?   

(6) Why does the parameter ‘wettability’ stands distinct with reference to the rest of the 
reservoir rock/fluid parameters namely ‘connate water saturation’; residual oil satura-
tion’; ‘oil relative permeability’; ‘ water relative permeability’; and the ‘capillary pressure’? 
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How exactly the saturation history, i.e., the direction of the saturation change namely the 
‘imbibition’ [measurements taken while increasing the wetting-phase saturation] and 
‘drainage’ [measurements taken while reducing the wetting-phase saturation]   influences 
- the experimentally measured properties – on the resulting ‘capillary pressure’ and ‘rel-
ative permeability’ curves - while characterizing - the multi-phase fluid flow in a petroleum 
reservoir? 

(7) Wettability being one of the most-sensitive rock-fluid interaction parameters, how exactly 
the wettability controls (a) spatial locations, i.e., the relative positions of oil, water and 
gases between injection and production wells within the reservoir volume; and in turn, 
the relative transmissivity of each fluid phase; (b) the specific tortuous flow paths or 
direction of these reservoir fluids (individually) towards the production well; and (c) the 
individual distribution/fraction/saturation of these reservoir fluids within the reservoir vol-
ume? Will it be feasible to deduce the threshold value of the wetting fluid saturation below 
which it cannot be reduced further – upon flooding with an another immiscible fluid? 

(8) Whether the concept of ‘uniform wettability’ (where the reservoir can be explicitly classi-
fied either as an oil-wet reservoir or a water-wet reservoir – in the absence of either 
mixed-wet or fractional-wet) is feasible at all - in any reservoir - having a range of pore-
sizes that includes both smaller as well as larger pores?  

(9) When and how exactly – the equilibrium nature of the reservoir fluid system (water, oil 
and gas) gets broken – upon the injection of water during ‘pressure-maintenance’ or 
‘water-flooding’? Will the disturbance of the pore-fluid’s equilibrium remain uniform 
throughout the reservoir volume or will it vary as a function of space and time?  

(10) Which parameters ensure the continuity on the ‘hydraulic connectivity’ of the ‘non-wetting 
fluid’ that generally accommodate the middle/interior portion of the relatively larger 
pores; and that form blobs/beads/globules, which extend either over a few pores or some-
times over a larger number of pores; but, not generally, through all the pores of the 
reservoir volume? 

(11) What would be the fundamental difference - resulting from the initial reservoir wettability 
- while characterizing - the water-flooding of an oil-wet reservoir (associated with the 
drainage process) from that of a water-wet reservoir (associated with the imbibition pro-
cess)?  

(12) What are the favourable conditions that will accelerate the adsorption of polar-compounds 
along with the deposition of organic matter (on the mineral surfaces) that were originally 
present in the crude oil; and subsequently leading to the alteration of a strongly water-
wet reservoir towards a more oil-wet reservoir with time?  

(13) Isn’t true that the mineral surfaces of the concerned reservoir rock with varying surface 
chemistry and adsorption characteristics would lead to a situation, where the reservoir 
wettability will neither be purely oil-wet nor a purely water-wet reservoir?  

(14) Apart from variations in mineral surfaces, will it be justified to assume a reservoir either 
to be purely oil-wet or a pure water-wet reservoir – given the non-homogeneous nature 
of the real field reservoir? In other words, why is it so difficult to characterize a reservoir 
with a heterogeneous wettability or a fractional wettability or a Dalmation wettability or 
a spotted wettability? 

(15) How exactly a given sandstone reservoir would be identified either to be an intermediate-
wet reservoir (that privations a resilient wetting preference of the solid grains by one of 
the two immiscible fluids) or a mixed-wet reservoir (having a variety of preferences by 
the solid grain surfaces to both the immiscible fluids) – given the field-scale reservoir 
heterogeneities? 

(16) Is there a strong theory that critically rules out the relation between wettability and pore-
fluid saturations in a given sandstone reservoir? 

(17) What exactly decides the nature of a reservoir to be either fractional-wet reservoir (a 
fraction of the rock-surface remains to be strongly oil-wet, while the other fraction of the 
rock-surface remains to be strongly water-wet); or an intermediate-wet reservoir (nearly 
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all portions of the reservoir rock surface either have a marginal-preference or an equal-
preference to both oil as well as water)? 

(18) How exactly the initial-water-saturation and the production behaviour of a sandstone res-
ervoir gets influenced as a function of (a) the original reservoir wettability at the time of 
formation; and (b) the transformed wettability during, following and after oil migration 
(from the source rock to the reservoir rock)? 

(19) Does the wettability affect the quantum of oil that can be produced both at the pore-scale 
as well as at the field-scale? 

(20) In a water-wet reservoir, will it be feasible to quantify the quantum of oil that becomes 
trapped – resulting from the presence of oil in relatively larger pores (and its subsequent 
snap-off of oil)? 

(21) Will it be feasible to quantify the ‘imbibition force’ that dictates the ease with which the 
external fluid (water) can be injected and the way the injected fluid migrates through the 
water-wet reservoir? 

(22) Is there any other critical parameter that will influence the ‘wetting preference by the 
solid surface’; and in turn, the ‘wetting forces that are in equilibrium condition’ – apart 
from (a) the solid mineral surface’ (b) the chemical composition of water and oil; (c) the 
reservoir temperature and pressure; and (d) the pore fluid saturation history? 

(23) In the context of double layers in the water-phase, what are favourable conditions that 
will destabilize the water-film in order for the chemical components of the crude-oil that 
could get attached to the solid grain surfaces; and subsequently be able to alter the 
wetting tendency towards more oil-wet? How difficult will it be to track the ‘water-ad-
vancing’ and ‘water-receding’ contact angles – in these double layers? 

(24) Will it be feasible to maintain the ‘native wettability’ by the native-state cores that was 
taken with the oil-based drilling mud; (and, which is supposed to maintain the original 
connate water saturation)? 

(25) Laboratory core samples being so small with the sensitive end effects on top of having 
near cent percent sweeping efficiency (which is divergent from the field conditions), 
whether the laboratory-scale measured wettability at the core-scale could be expected to 
replicate the real field conditions?  

(26) How exactly does the wettability of an oil reservoir get associated with the actual dis-
placement of oil from the sub-pore-scale to the drainage scale of the reservoir?    

(27) How exactly wettability scales with the size of the given core sample? 
(28) How small can a core-sample be and still yield a wettability measurement that is repre-

sentative for the entire oil reservoir? 
(29) At which spatial scale, are we no longer be able to measure the ‘over-all wettability’ of 

the reservoir? 
(30) How exactly to ensure the ‘representative’ wettability conditions during the preparation 

of reservoir core plugs as the reservoir rock state keeps changing during sampling, mud 
contamination, storage and cleaning by organic solvent and water? 

(31) The ‘wettability’ characteristics of a reservoir will be varying depending on (a) the other 
physical properties of the porous media (porosity, permeability, hydraulic connectivity 
and mineralogy); (b) the chemical properties of the pore fluids; and (c) the thermo-
dynamical properties of reservoir temperature and reservoir pressure. If so, whether the 
wettability gets reversed systematically as a function of the above three properties? 

(32) Whether the strongly water-wet cleaned cores can be used for the measurement of ‘liquid 
permeability’ apart from using these cores for porosity and air permeability measure-
ments? 

(33) How exactly the concept of dynamic “pore-scale” wettability can be translated into a 
‘steady-state’, “macroscopic Darcy-based continuum-scale” reservoir rock or fluid prop-
erty? 

(34) Is there a way to correlate ‘wettability’ along with capillary and gravity forces that control 
the vertical distribution of pore-fluids in an oil reservoir; and subsequently that influences 
the migration of water-flood front? 
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(35) How does ‘the difference in wettability effects’ between ‘the laboratory and reservoir flu-
ids’ influence ‘the difference in interfacial tensions (IFT)’ between ‘the laboratory and 
reservoir fluids’ – in deducing the magnitude of the ‘capillary pressure at actual reservoir 
conditions’ – as a function of ‘capillary pressure measured in the laboratory’? 

(36) What kind of similarities in wettability characteristics (in two different reservoirs) are ex-
pected – when the “J-Function” is to be used?  

(37) How does the wettability characteristics respond to the ‘hysteresis effect’, i.e., the satu-
ration history of a reservoir (the direction in which the fluid saturation of a rock gets 
varied)? 

(38) Apart from pore size heterogeneity, whether the wettability characteristics have any in-
fluence in dictating the resulting slope of the capillary pressure curve as a function of 
wetting-phase saturation?  

(39) Whether the magnitude of J-Function for a given wetting-phase saturation would remain 
the same for various reservoir rocks (having various mean porosity, mean permeability 
and IFT values) – irrespective of the reservoir’s individual ‘wetting’ characteristics – that 
decide the magnitude of the contact angle (given the fact that every individual reservoir 
will have its own pore-size distribution; and dynamically varying in-situ wettability char-
acteristics)? 

3. Discussion on fractured reservoir wettability 

Most of the naturally fractured reservoirs are associated with carbonate reservoirs. Frac-
tured reservoirs vary significantly from a sandstone reservoir. Unlike a sandstone reservoir, 
fractured reservoirs have a range of varying pore-size distributions associated with the low-
permeable rock-matrix, while a varying high-permeable fracture aperture along the principle 
fluid flow direction [16-24]. Thus, a fractured reservoir fundamentally differs from that of a 
sandstone reservoir; and such a complex coupled fracture-matrix system is generally mod-
elled using the well-known dual-porosity approach at the scale of a single-fracture [25-34] in 
order to characterize the fractured reservoir at the larger field-scale. A fractured reservoir 
consists of two distinct continuum namely fracture and rock-matrix; and the fluid mass trans-
fer takes place at the interface between these two continua [35-44]. All the oil is stored in the 
rock-matrix; and the injection of external fluid in the form of water/chemicals/steam/microbes 
will first get into the high-permeable fracture [45-54]; and then, it will start diffusing into the 
low-permeable rock-matrix. Once, the external fluid gets into the rock-matrix, here, the con-
cept of wettability will play a crucial role within the rock-matrix; and the resultant mobility of 
the trapped oil is expected to be increased, which will drain the fluid easily from rock-matrix 
to fracture [55-61]. Once the residual oil reaches the fracture from the rock-matrix, it will mi-
grate towards the production well. Thus, the major driving force for the displacement of re-
sidual oil towards the production well requires significant advective forces [62-64], which is 
present only in high permeable fractures. 

The concept of wettability in a fractured reservoir becomes still more complex and requires 
a more fundamental understanding associated with the coupling of the wettability effects be-
tween the rock-matrix sub-pore-scale wettability effects to a relatively larger fracture-scale 
wettability. And then, there needs to be a consensus on the overall wettability on the coupled 
fracture-matrix system that will represent the wettability for the whole fractured reservoir. 
Thus, there remains a lot of unanswered questions during this coupled wettability as well as 
during the up-scaling of wettability effects from the scale of a single-fracture to a larger frac-
tured-network reservoir-scale. A detailed list of possible questions that remain unanswered in 
the context of wettability physics has been deduced and listed. 
1. How about the concept of reservoir-wettability at the larger field-scale for a fractured 

reservoir, when the injected fluid flows only through the connected network of high-per-
meable fractures – in the absence of the injected fluid getting diffused into the low-per-
meable rock-matrix? 
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2. Whether the wettability of the low-permeable rock-matrix will be sensitive enough to at-
tract the injected fluids from the fractures, if the mean fracture aperture sizes fall below 
1 micron; and if the mean fracture aperture sizes are above 1000 microns? 

3. Whether the concept of Spontaneous Imbibition (SI) will be favourable at all, if the rock-
matrix is more towards oil-wet or mixed-wet; or if the permeability of the rock-matrix is 
very low; or the thickness of mean fracture aperture remains very small? 

4. Assuming that the low-permeable rock-matrix is initially more oil-wet, whether the wet-
tability alteration alone within the rock-matrix (towards more water-wet) will yield an en-
hanced oil recovery – if the mean fracture aperture thickness remains small? 

5. To what extent, the wetting characteristics on the fracture surfaces (walls) will influence 
the resulting oil mobility – before and after the fluid mass exchange between fracture and 
rock-matrix? 

6. When the external fluid is injected into the fracture, it slowly gets diffused into the rock-
matrix. Thus, the rate at which the fluid that gets diffused into the rock-matrix may be 
varying from one matrix block to another (depending on the fluid velocity within the frac-
ture, the thickness of the mean fracture aperture, the rock-matrix porosity, the rock-
matrix diffusion coefficient and the rock-matrix tortuosity) – within the same fractured 
reservoir. If so, how to treat such a physical system, where the depth of the diffused fluid 
front keeps varying from one matrix block to another – within the same fractured reser-
voir? 

7. How exactly to deduce the relative importance of gravitational to capillary forces within 
the fracture when (a) the mean fracture aperture falls below 1 micron; and (b) the mean 
fracture aperture varies between 1 and 10 microns – that will eventually dictate the fate 
of the fluid mobility to be either co-current or counter co-current Spontaneous Imbibition 
(or a combination of both) within the low-permeable rock-matrix? 

8. What are the favourable conditions that will enhance the oil recovery by Spontaneous 
Imbibition (SI) – upon the wettability reversal of the rock-matrix from more oil-wet or 
more mixed-wet to more water-wet? 

9. Having known the fact that the imbibition of water into water-wet rock-matrix blocks will 
be significant; and that the imbibition of water into oil-wet rock-matrix blocks will be in-
significant, how exactly to delineate the various rock-matrix blocks of a given fractured 
reservoir to be either more oil-wet or water-wet rock-matrix blocks? 

10. What are the favourable conditions under which the coupled effect of ‘wettability altera-
tion’ along with the ‘buoyant force’ will play a crucial role in releasing the trapped residual 
oil – from the rock-matrix into the fracture? 

11. Will the concept of adsorption of ions on the mineral surfaces of the rock-matrix and on 
the fracture walls; and its associated translation of surfaces into more water-wet – be a 
strong function of fracture and matrix parameters – apart from the consideration of chem-
ical reactions alone? 

12. Will it be feasible to deduce the properties of viscosities, relative permeabilities and capil-
lary pressures as a function of both space and time – within the high-permeable fracture; 
and within the low-permeable rock-matrix separately and simultaneously – in order to 
characterize the wettability effects at the reservoir-scale? 

13. When exactly the concept of ‘gravity drainage’ would really favour the release of trapped 
residual oil from a fractured reservoir? (a) when the fractures are predominantly in hori-
zontal direction in such a way that both fracture and rock-matrix are arranged side by side 
on the same horizontal plane?; (b) when the fractures are predominantly in horizontal 
direction in such a way that fracture and rock-matrix are arranged one above the other in 
the vertical direction?; (c) when the fractures are predominantly in vertical direction? 

14. Will it be feasible to delineate the concept of co-current and counter-current production of 
flow associated with the low-permeable rock-matrix, when the mean fracture aperture 
sizes remain less than 1 – 10 microns? How difficult is it to capture the transitional fluid 
flow from co-current to counter-current fluid flow – where the quantum of the released oil 
is expected to be less? 
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15.  Whether the concept of wettability has any direct relevance with the residence time of 
the injected fluid between the fracture inlet and fracture outlet? 

16. As the coupled effect of fluid flow rate, mean fracture aperture size and the mean fluid 
velocity within the fracture is going to decide the residence time of the injected fluid within 
the high-permeable fracture, will it be feasible to have a control over the wettability effects 
by controlling the fluid flow rate at the injection well – from the surface level? 

17. If the fracture spacing remains small (the distance between the centres of nearly parallel 
adjacent fractures) in a fractured network reservoir, how does the boundary of the rock-
matrix will influence the wettability attributes of the low-permeable rock-matrix; and high-
permeable fracture? Mathematically, how exactly the wettability attributes of low-perme-
able rock-matrix will get influenced if the event of experiencing ‘back-diffusion’ within the 
rock-matrix – which happens when (half) matrix length or (half) fracture spacing remains 
too small so that the diffused fluid from a fracture reaches quickly the other face of the 
fracture?  

18. Given the fact that the ‘fracture density’ is a function of exposure of the concerned frac-
tured rock mass to the physical and/or chemical weathering, how exactly the concept of 
‘fracture density’ will influence the wettability characteristics of low-permeable rock-ma-
trix; and high-permeable fractures?  

19. How exactly the coupled effect of ‘capillary imbibition’ and ‘free molecular diffusion’ within 
the rock-matrix would influence the wetting characteristics of a low-permeable rock-ma-
trix? 

20. How does the ‘pressure gradient’ of the injected fluid within a given fracture length would 
influence the wettability attributes of the high-permeable fracture? 

21. Whether the concept of ‘fluid mixing’ at the fracture intersection or a fracture junction – 
in a connected network of a fractured reservoir – will anyway influence the wettability 
characteristics of either fractures or rock-matrix? 

22. How does the wettability attribute of a high-permeable fracture with spatially varying frac-
ture aperture sizes would influence the wettability attributes of a low-permeable rock-
matrix? 

23. Is there a way to figure out how sensitive the wettability attributes are (a) when the 
fractured reservoir is characterized by only a discrete network of high-permeable fractures 
in the absence of fluid mass exchange between fracture and rock-matrix (DFN Model); (b) 
when the fractured reservoir is characterized by fluid flow in both fracture and rock-matrix 
of constant block sizes [Rate-Limited dual-permeability model]; (c) when the fractured 
reservoir is characterized by fluid flow in fracture (fluid mobility by advective and disper-
sive forces) and fluid storage within the rock-matrix of constant block sizes (fluid spread 
by diffusive concentration gradient) [Rate-Limited dual-porosity model]; (d) when the 
fractured reservoir is characterized by fluid flow in fracture and fluid storage within the 
rock-matrix of variable block sizes (with varying time-scales for Spontaneous Imbibition) 
[Multi-Rate Dual-Porosity Model]? 

24. If the porosity and permeability values of fracture and rock-matrix keep varying as a 
function of space and time, whether the wettability characteristics will also be varying 
accordingly or the wettability attributes of the fractured reservoir will remain more or less 
the same irrespective of the time period? 

25. Whether the IFT of the released oil will get influenced significantly during its mobility 
through the fracture-matrix interface? If so, will it be favourable or unfavourable, once 
the fluid reaches the high-permeable fracture, after crossing through the fracture-matrix 
interface? 

26. Once the released oil enters the high-permeable fracture, to what extent the dispersive 
nature of the fluid will influence the wettability attributes of the fracture – during its trans-
portation towards production well? 

27. Will it be feasible to deduce the values of (a) oil saturation in fracture; (b) oil saturation 
in rock-matrix; (c) water saturation in fracture; and (d) water saturation in rock-matrix 
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at any given time explicitly? Whether the sum of all these saturations will become equal 
to unity as observed in a sandstone reservoir? 

28. Whether the phase-pressures (a) pressure of oil in fracture; (b) pressure of oil in rock-
matrix; (c) pressure of water in fracture; and (d) pressure water in rock-matrix; - would 
satisfy the local equilibrium conditions, i.e., the difference between wetting and non-wet-
ting phase pressures in fractures and in rock-matrix will exactly yield the respective capil-
lary pressures? 

29. Upon significant dispersion of the injected fluid concentration within the high-permeable 
fractures, will the magnitude of relative permeabilities to oil and water depend on the 
concentration of the injected fluid as well in addition to the local water-saturation – in 
deducing the oil- and water-phase mobilities within the fracture and rock-matrix (assum-
ing a constant viscosity)? 

30. Which mode of fluid transfer from fracture into the rock-matrix would favour the rock-
matrix to become more water-wet; and in turn, it would result in an enhanced release of 
trapped oil: (a) pressure-gradient between fracture and rock-matrix driving the injected 
fluid from fracture into rock-matrix; or (b) concentration-gradient between fracture and 
rock-matrix driving the injected fluid from fracture into rock-matrix? 

31. How to deduce the normalized water saturation in a coupled fracture-matrix system as a 
function of connate-water-saturation and residual-oil-saturation in order to estimate the 
phase relative permeabilities? 

32. How does wettability influence the relative permeability of the high-permeable fracture as 
a function of (a) mean fracture aperture thickness; (b) gravity; (c) capillarity and (d) 
fracture wall roughness? 

33. Advective and dispersive forces being dominant within the high-permeable fracture; and 
diffusive forces being dominant within the low-permeable rock-matrix, how exactly ad-
sorption of the injected fluid materials influence the wettability attributes in fracture and 
rock-matrix?  

34. Whether the reversal of wettability within the low-permeable rock-matrix can be expected 
to be instantaneous or will it be rate-limited? 

35. Whether the way, the thermodynamic state of the in-situ fluid gets disturbed from its 
equilibrium state – upon the entry of the injected fluid into a fractured reservoir – will 
remain the same for both fracture and rock-matrix? 

36. Will it be feasible to differentiate the reversal of wettability resulting from (a) the changes 
in the initial fluid saturation; and (b) the changes initiated from the imposed chemical 
reactions upon the entry of the externally injected fluid – in fracture and rock-matrix?  

37. Will it be feasible to assume the continuity of the fluid mass fluxes in terms of ‘capillary 
pressure’ as well in addition to the ‘concentration’ at the fracture-matrix interface? 

38. How does wettability influence the resulting recovery profiles for the cases: (a) when the 
rock-matrix is more oil-wet or mixed-wet; and (b) when the rock-matrix is more water-
wet? How different the water breakthrough will be in the above two cases?  

39. How does wettability of the rock-matrix will get influenced, if the capillary pressure within 
the fracture remains zero – resulting from the fact that the fracture is completely saturated 
with water? 

40. How sensitive the details of fracture dips (inclination/angle) associated with a network of 
fractures – in deciding the fluid flow from the low-permeable rock-matrix towards the 
high-permeable fracture - to be either counter-current Spontaneous Imbibition or the 
counter-current gravity drainage? 

41. Upon the entry of the injected fluid from fracture into rock-matrix, how to have control 
over the variation of capillary pressure resulting from (a) the increased water saturation; 
and (b) the increased adsorption of particles from the injected fluid – within the rock-
matrix? How does it influence in the successful reversal of wettability within the rock-
matrix? 

42. Which wettability attributes of low-permeable rock-matrix favours the temporal variation 
of fractional flow and total oil recovery?      
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4. Conclusions 

This work has made an attempt to project the actual complexities associated with the char-
acterization of wettability physics in describing the multi-phase fluid flow through a petroleum 
reservoir. It is clearly observed that the kind of complexities associated with a fractured res-
ervoir remains completely different from that associated with the conventional sandstone res-
ervoir. 

The following conclusions have been drawn from the present study. 
1. Focusing exclusively on the chemical nature of the injected fluid and its potential ability to 

alter the reservoir wettability characteristics will remain successful only when the reservoir 
is relatively homogeneous and isotropic, while the up-scaling of observed wettability char-
acteristics from the sub-pore-scale to a larger field-scale remains imprecise for a hetero-
geneous and anisotropic sandstone reservoir.   

2. It remains unclear whether the wettability gets reversed systematically in a sandstone 
reservoir as a function of physical properties of porous media, chemical properties of pore 
fluids and the thermo-dynamical properties of reservoir temperature and pressure as the 
wettability characteristics observed at the sub-pore-scale cannot be up-scaled convinc-
ingly to a macroscopic Darcy’s-scale; and hence, application of wettability attributes from 
the laboratory core-scale studies to a larger field-scale application deserves special atten-
tion and requires further investigation. 

3. The wettability characteristics become too complex, when the average thickness of frac-
ture aperture size falls below 1 micron, where gravity and buoyancy becomes insignificant 
with reference to capillarity, while the interplay between all these three forces becomes 
too complex for the mean fracture aperture thickness varying between 1 micron and 10 
microns while characterize the wettability physics.    

4. Wettability physics for a fractured reservoir at the scale of a single fracture can be rela-
tively well observed, when the mean fracture aperture sizes vary between 50 microns and 
500 microns, while the coupling between fracture and rock-matrix will get detached for an 
aperture size that exceeds 500 microns; and in turn, the required wettability reversal 
associated with a more oil-wet rock-matrix to more water-wet rock-matrix will remain 
difficult.  

5. The wettability characteristics of a fractured reservoir not only depends on the wettability 
attributes of the low-permeable rock-matrix but also depends on the wettability attributes 
of the high-permeable fracture, particularly, before and after the fluid mass exchange 
between fracture and rock-matrix. 

6. The wettability of a fractured reservoir will strongly depend on fracture and rock-matrix 
parameters also in addition to the complex ion-exchange, adsorption and aqueous com-
plexation processes that generally alter a reservoir from more oil-wet or mixed-wet to 
more water-wet. 

7. Since the depth of diffusion of fluid front keeps varying from one matrix block to another 
within the same reservoir, the wettability of a fractured reservoir at the field scale becomes 
very dynamic in nature.  
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