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A B S T R A C T   

This paper investigates the fines migration and transport in natural gas reservoirs as a function of porous rocks 
with fabric geological settings. So, an analytical and surface thermodynamic model was developed for high 
temperature permeable media. Two sets of core flood experiments were conducted under normal (50 ◦C) and 
high temperature (150 ◦C) fluid flow, where the major results revealed that there is an increase in the rock core 
thermal expansion of 57 (10− 6◦C− 1) and 192 (10− 6◦C− 1) at 50 ◦C and 150 ◦C. The rock core underwent a thermal 
strain to 0.36% and 0.86% under normal and higher temperature conditions. At 50 ◦C the pressure stabilized to 
20 psi and 50 psi was recorded as the peak pressure under 150 ◦C rock temperature. The fines concentration 
under higher temperature is significantly higher than the normal rock temperature and yielded maximum up to 
77.28 ppm. The rock permeability exhibited a linear and stabilized decline, but at higher temperature new 
surface energies was created in the rock core and as a result, the reservoir permeability begun to rebound. 
Microstructural images revealed that the kaolinite clay fine particle under 50 ◦C has a platelet structure and has 
multiple straining mechanism. Whereas, under higher temperature the clay fines have transcended to compac
tion over the rock surface fabrics. Exponential gas recovery of 15% and 25% was observed for both 50 ◦C and 
150 ◦C cases. In the former case, a linear growth rate to 25% was noted and then gradually it fell to 12.9%. 
While, in the latter case the gas recovery rate climbed to 33.7% and stabilized, which indicates that the gas 
recovery rate was monotonous. The experimental and analytical models have been verified using multiple linear 
regression method and the model’s outcome revealed an excellent agreement whose R2 values were found to be 
0.9997 and 0.9995.   

1. Introduction 

The world is still relying on the fossil fuels for fulfilling their energy 
needs even after global pandemic Covid-19 (Erias and Iglesias, 2022). 
Specifically, the natural gas demand is in the exponential growth and 
this stimulate the natural gas producing companies to explore and 
produce gas in enormous quantity unlike before from existing and new 
fields across the globe (Safiyari et al., 2022), and as a result, there is an 
expansion and optimization of global natural gas supply chain network 
(Sharma et al., 2021). Moreover, Karakurt and Aydin (2023), analysed 

the fossil fuels demand and supply in BRICS and MINT nations, and their 
CO2 emissions forecasting using Regression Models. Their modelling 
outcomes indicated that BRICS and MINT countries will dominate the 
world economy in fossil fuels, especially the natural gas business and 
they will be the largest emitter of CO2. Hence, there is a strong outlook 
for worldwide natural gas demand and it is essential to explore, extract, 
store, and utilize the existing and new gas reserves for meeting the 
global energy demand. Enhancing the gas production should be the 
primary criteria for energy companies and governments. But gas fields 
containing clay minerals deposits, particularly kaolinite often induce 
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reservoir formation damage that is permeability decline and plummet 
the well production (Prempeh et al., 2020; Kanimozhi et al., 2018; 
Russell et al., 2017; Zeinijahromi et al., 2012). 

Kaolinite clay is ubiquitous and bountiful in oil and gas reservoir 
rocks (Jiang, 2012). Actually, the layered silicate mineral kaolinite clay 
(Al2Si2O5(OH)4) is a family of phyllosilicates in which its solid-state 
chemistry comprises of oxygen atoms bonded with a silica tetrahedral 
sheet to an alumina octahedral sheet (Kanimozhi et al., 2021) and this 
clay occurs due to weathering and dissolution of feldspar, which is 
native to siliciclastic sedimentary rocks (Kanimozhi et al., 2019a). 
Kaolinite clay is prevalent in sandstone rocks, which is frequently prone 
to permeability deterioration (Kanimozhi et al., 2020). Although, car
bonate rocks are poor in clay minerals, but in some oil and gas carbonate 
fields kaolinite influencing reservoir triggers permeability decline due to 
higher grain density, geochemical reactions during permeating fluid 
flow, temperature, etc (Aoyagi and Chilingarian, 1972). Long back there 
were field reports of kaolinite presence in carbonate reservoirs, for 
example Bombay High oil field in India during 1981 (Rao, 1981), and 
most recently in Malaysian offshore carbonate gas field (Sazali et al., 
2020). In general fines are bounded to rock surface and are under the 
influences of four forces namely, lift (Fl), drag (Fd), electrostatic (Fe) and 
gravity (Fg). Actually, the Fe and Fg hold the clay fine particle over the 
rock surface, while, Fl and Fg detach it from the rock surface (Maha
lingam et al., 2019; Zeinijahromi et al., 2016). Generally, fines have a 
size of order 1 μm (Wang et al., 2012; Raha et al., 2007; Khilar and 
Fogler, 1998). Commonly, a fine particle over a pore surface is held by a 
torque balance criterion, as mentioned by the below equation (Yang 
et al., 2016; You et al., 2016): 

∂(φc + σs + σa)

∂t
+U

∂c
∂x

= 0 (1)  

whereσs + σa = Concentrations of attached and strained fines, U =

Darcy velocity, c = Volumteric concentration of suspended particles, t =

time,φ = Porosity and,x = Distance. 
Fig. 1 shows the schematic diagram of fines behaviour in a gas 

reservoir and Table 1 presents the mathematical conditions for fines 
attachment and detachment in the permeable media. Due to permeating 
fluid, temperature, ionic strength, and surface heterogeneity the fines 
are detached from the rock surface and transport in the porous inter
space along with the carrying fluid and in end these fines are captured in 
the pore-throat and thereby blocking the space for oil, gas, and water 
transport/recovery to the well, which overall decrease the permeability 
and surface well production (Zhou et al., 2022; Lin et al., 2021; Trauscht 
et al., 2015; Schembre and Kovscek, 2005). Furthermore, Russell et al. 
(2018a,b), conducted laboratory modelling to examine the kaolinite 
content effects on formation damage in unconsolidated sandstone rocks 
due to fines migration during low-salinity water injection. The authors 
have taken five cores for analysis with kaolinite weight percentage 
ranging from 1% to 10%. The Al2Si2O5(OH)4 along with NaCl solutions 
were sequentially injected in the cores in order to investigate the 
permeability decline. The major experimental results revealed that 
kaolinite presence has declined the rock core permeability and also, it 
was predicted that the rock mineralogy and pore-geometry play a 
considerable role triggering formation damage. Additionally, Pranesh 
et al. (2019), investigated the kaolinite fines migration in CBM reservoir 
at Neyveli Lignite Field, Cauvery Basin, Southern India. The authors 
conducted a laboratory modelling and analysis for evaluating the for
mation damage, which includes permeability decline, coal fines pro
duction, and structural collapse. Therefore, they conducted three sets of 
coreflood experiments at ambient conditions. The main results indicated 
that even at normal room temperature the lignite core has undergone a 
deterioration in permeability, structural collapse, gas recovery, and in
crease in coal fines, due to kaolinite clay migration during gas flow. 

Fig. 1. Schematic diagram of fines migration in permeable rock media with fabric rock formation during gas flow. For enlarged view of image, the reader is advised 
to see the appendix. 

Table 1 
Mathematical condition for fines attachment and detachment from the rock surface.  

Case No. Fines Concentration Fines State Fines Force 

Case 1 (Fl + Fd) > (Fg + Fe) Oversaturated Fines Start of Detachment and Migration 
Case 2 (Fl + Fd) < (Fg + Fe) Undersaturated Fines Surface Attachment Period 
Fl = Lift Force,Fd = Drag Force,Fg = Gravitational Force,and Fe = Electrostatic Force  
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Specifically, the kaolinite clay mineral fine particle structure, in this case 
it is flake (geometry) has strained the rock cleats and pore-throat, and 
causing permeability decrease. Hence, it is emphasized that all gas fields 
are prone to reservoir formation damage under the existence of kaolinite 
clay. 

On other side, there were early reporting of positive aspects of fines 
migration (mostly clay minerals-kaolinite in specific) in which fines 
assist in the recovery of oil, gas, and water by fluid flow diversion, 
subsurface strata structure and wettability alterations (Borazjani et al., 
2017; Hussain et al., 2013; Zeinijahromi et al., 2011). For instance, 
Nguyen et al. (2013), studied the fines-migration-assisted improved gas 
recovery during gas field depletion. Authors have applied the concept of 
permeability deterioration in order to reduce the production of water 
during gas field depletion. Their concept and aim are to decelerate the 
intruding the aquifer water by injection of a little volume of fresh water 
into an abandoned watered-up well. They have derived an equation for 
the immiscible compressible two-phase fluid with fines mobilization and 
capture. Those equations are transformed to the black-oil polymer 
flooding model in large scale approximation. The fresh water bank in
jection considerably improves the gas recovery and reduces the pro
duction of water, which was revealed in reservoir simulation modelling 
results. Moreover, in a recent study, Mehdizad et al. (2022) performed a 
visual inspection and analysis on the effects of clay-induced fluid flow 
diversion on oil recovery, as a mechanism of low salinity water flooding. 
The authors conducted an investigation on sandstone rocks in order to 
increase the oil recovery with help of fines migration. The results shows 
that the during low salinity water flooding the clay fines has undergone 
swelling and migration. There was a wettability alteration and fluid 
diversion phenomenon, which lead to incremental oil recovery. Ulti
mately, the authors claim that presence of clay in reservoirs is essential 
in order to enhance the oil production. 

Gas bearing reservoir rocks are of high enthalpy, which means 
having huge amount of heat contents in other words it is called a thermal 
potential (Pranesh and Ravikumar 2019). Mostly, rock enthalpy is often 
spoken and associated with geothermal rocks (High and Low Enthalpy), 

but it is also applicable to oil and gas reservoirs. During water and CO2 
injection in oil and gas reservoirs the fluids act as a heat transfer fluid, 
which liberates the heat (enthalpy) from the rock to assist in the sweep, 
transport, and recovery. But this scenario frequently causes formation 
damage. However, in this paper the reservoir gas act as a heat transfer 
fluid (HTF) and actually HTF is a gas or liquid that participate in the 
process of transferring heat to the designed medium or phase reaction. 
Its main role is to transport and store the thermal energy (Kanimozhi 
et al., 2017, 2019b; Weiguo et al., 2016; van der Stelt et al., 2015). 
Actually, HTF is a fascinating concept, which is common and popular 
energy acceleration method in mechanical and thermal engineering 
fields, but to our best of our knowledge this technique is not applied and 
almost unprecedented to the reservoir engineering community. So, this 
paper makes an audacious attempt to analyse the fines behaviour and 
improved gas recovery in porous sandstone rock with fabric geology. 

Rock fabric or fabric theory is fundamentally indicating the rock 
pattern and actually, it is an arrangement of elements such as textures, 
layers, fossils, and minerals that make up the rock (Gokhale, 2019; 
Singh, 2013; Wall, 2006; Ghosh, 1993). Geologic fabric theory describes 
the spatial and geometric configuration of rock texture which includes 
surface roughness, cleats, cracks, fissure, and fractures (Hobbs et al., 
1976). In reality, all reservoir porous rocks are fabric in nature and to be 
specific, its pore walls have fabric design (Britannica, 2022; Hills, 1963; 
Davis et al., 2011; Fossen, 2010). Its major types are primary, shape, 
crystallographic, S-fabric, L-fabric, and penetrative fabric (Twiss and 
Moores, 2007). However, in this paper the rock fabric denotes the sur
face roughness or technically speaking the rock fabric is a function of 
surface roughness. Fig. 2 presents the general rock expansion coefficient 
with respect to increasing temperature at normal and high temperature 
during gas and heat flow. This research just focuses on the shape fabric 
and penetrative fabric. Actually, the former deals with the specific rock’s 
inequant elements orientation and structures, and the latter describes 
about the grain scale that is the entire rock is composed of fabric 
(Passchier and Trouw, 2005). 

In certain research, surface roughness parameter is seen as a 

Fig. 2. Rock expansion coefficient with respect to increasing temperature. For enlarged view of image, the reader is advised to see the appendix.  
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potential influencer in fluid flow pattern, particle retention, wettability 
alteration, and fracture creation (Zhang et al., 2021; You and Lee, 2021; 
Li et al., 2021; Geistlinger et al., 2016; Argent et al., 2015). Literally, 
Huang et al. (2022) analysed the surface roughness influences on 
methane flow in shale kerogen nano-slits. Actually, the authors con
ducted numerical simulations to evaluate the velocity and mass flow 
rate of CH4 flow in nano-pores of real kerogen. Also, a new mathematical 
model was developed to quantify this phenomenon and their results 
showed that the transport phenomena is largely affected and the authors 
emphasize that it is critical and vital to understand the methane flow 
mechanism in kerogen nano pores for accurate evaluations of gas re
covery in shale formations. Obviously in cases like this there would be a 
heat dissipation and thermal diffusivity. For instance, Askari et al. 
(2018) studied the thermal conductivity in deforming isotropic and 
anisotropic granular porous media with rough grain surface. The au
thors examines that the porous materials (grain) with rough surface 
would undergo a deformation to a compressing pressure. Single fluid 
saturated porous media affects the grain conductivity, size (geometry) 
and shall deform. Moreover, the thermal conduction is largely influ
enced by surface roughness and porosity. Also, larger anisotropy appears 
when the granular porous media is at the function of surface roughness. 

Therefore, the main objective of this paper is to evaluate and quan
tify the sequential formation damage and subsequent, gas recovery in 
sandstone rock with rough pore surface during single-phase fluid flow. 
Furthermore, to investigate the kaolinite fine particle geometry and 
propose a formation damage mechanism, and also, to support and claim 
the necessity of kaolinite presence in gas reservoirs for enhanced gas 
recovery. 

2. Surface thermodynamic modelling of porous rocks: analytical 
model 

2.1. Thermodynamics of wettability 

Naik et al. (2015), studied the influence of wettability alteration on 
rate enhancement in unconventional gas reservoirs. Firstly, the authors 
analysed the water blockage problem due to the capillary end effect near 
the fracture face and vicinity of wellbore is a potential threat to gas 
production. They have proposed a solution to this problem by alteration 
in wettability which can also be applied to dewater acceleration and 
prevention in the drilling fluid leak off. Since rock surface wettability 
change to less water wet results in capillary pressure reduction and 
water blockage reduction effects. Authors have developed an analytical 
model for steady state two-phase linear and radial flows and accounting 
for contact angle dependent relative permeability and capillary pres
sure. Their model was validated with laboratory data and showed good 
agreement. Ultimately, their modelling showed that the maximum well 
productivity indexes for water and gas in an optimal contact angle is in 
the competition between capillary and viscous effects. Even, the authors 
have proposed the injection of nanoparticle for wettability modification 
in unconventional rocks and typically, after dewatering it makes the 
rock more water-wet that leads to displacement of water into tiny pores 
with subsequent increase in gas rate. But, this model on wettability 
alteration to enhance the gas production in low permeable rocks lacks 
thermodynamic explanation and relationship establishment on fines and 
fluid wettability alteration and migration. Heat accumulation and 
transfer, and enthalpy of unconventional rocks may influence the water 
blockage phenomenon. Besides, Schembre et al., 2006, investigated the 
impact of water imbibition on wettability alteration and oil recovery at 
high reservoir temperature. Primarily, their investigation assumes the 
wettability is the function of temperature and have used the DLVO 
theory to calculate colloidal stability and to interpret the lab-scale 
displacement results. Generally, forces acting between fines and rock 
surface is either attractive or repulsive and this determines the colloidal 
stability balance. When compared to electrolyte ions colloidal particles 
are assumed to be large and this allows to establish a forces of 

interaction between a fine and surface denoted as FT as a function of 
mutual separation. 

FT(h)=FA(h) + FR(h) (2)  

where, h is the ratio of distance of separation and FA and FR are 
attractive and repulsive forces as per DLVO theory. Calculations for 
attraction of particle onto a rock surface, the London van der Waals can 
be applied using the below equation (Hamaker, 1937): 

VLVA(h)= −
A
6

[
2(h + 1)

H(H + 2)
+ ln

(
H

H + 2

)]

(3)  

in the above equation A indicates the Hamaker constant. While, calcu
lation for particle repulsion from pore surface in an assumption of 
constant surface charge can be complied with an assistance from electric 
double layer repulsion, which is mathematically mentioned below: 

VDLR(h)=
εrp

4
(
φ2

01 +φ2
02

)
[(

2φ01φ02

φ2
01 + φ2

02

)]

× ln
(

1 + exp (− kh)
1 − exp (− kh)

)

− ln(1 − exp(− 2kh)) (4)  

Where ε is the dielectric constant of porous medium and φ01 and φ02 are 
the pore wall and particle surface potentials and rp is the particle radius, 
and k is length given by the Debye-Huckel reciprocal: 

k=
̅̅̅̅̅̅̅̅̅̅̅
2e2nb

ε k T

√

(5)  

nb is the bulk total ion density and authors assumed and associated all 
variables with the function of temperature. In temperature viewpoint, it 
is assumed to be repulsive and authors have successfully demonstrated 
this effect by considering fluid and particle wettability as a dominant 
factor. They performed water imbibition tests with nine diatomaceous 
reservoir rock cores and k and φ varied from 0.2 to 0.7 md and 46–65% 
respectively. Experiments conducted spontaneous counter current water 
imbibition and then followed by forced cocurrent water imbibition to 
residual oil saturation. The fluids were synthetic formation brine and 
crude oil with 34◦API. The temperature ranged from 45 to 230 ◦C at 
sufficient pressure to maintain the water. The outcome of experimen
tations indicated that wettability alteration as a function of elevated 
temperature is the key factor in fines detachment and reveals substantial 
growth in imbibition rate and oil recovery. Also, it was observed a slight 
decrease in water wet and fines release coated with crude oil exposes 
clean water wet pore surfaces. On the whole, DLVO calculations eluci
date fine particle detachment from the surface of the pore at elevated in- 
situ reservoir temperature. 

2.2. Slow mobilization of fines over rock surface 

Yang et al. (2016), analysed the detached fines slow migration over 
the rock surface in porous media. Many coreflood experiments have 
indicated that the permeability stabilization time accounts for hundreds 
of PVI and the theory of classical filtration accepts that the released fines 
particles are migrated by carrier fluid in bulk form and causing 
permeability stabilization after one PVI. Authors have given much 
importance to stabilization periods for reducing the fines mobilization 
drift near pore walls. They developed an analytical model for one 
dimensional flow along with fines discharge and straining under 
piecewise-constant velocity. Also, they proposed basic equation for flow 
of single phase particle movement in porous rock with velocity lower the 
velocity of carrier fluid. Even though, their modelling is in good 
agreement with laboratory data, it lacks analytical investigation with 
regards to wettability and surface thermodynamics. Actually, the 
intermolecular forces acting between two particles can be written as 
follows (Raman et al., 2016): 
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Fi =
∂
∂j

(
ρC2

s − P
)
∂ij + kρ ∂

∂xi

∂2

∂xj

ρ
∂xj

(6)  

where k is a constant and is related to surface tension magnitude and Fi 
the intermolecular force comprises of phase separating force that relies 
on non-ideal equation of state and force of surface tension. The model
ling can be extended with respect to surface heat and thermodynamic 
pressure distributions. Also, Oliveira et al. (2014), studied this same 
phenomenon of slow mobilization of reservoir fines in porous media and 
specifically, authors have reported from experiments that the speed of 
mobilized fines drift is considerably lower than the carrier fluid (water) 
velocity. It should be noticed that this fine drifting can be a sum of 
different particle micro motions like rolling over the surface of rock and 
sliding in the walls of the rock pores. 

2.3. Wettability influence on fines migration in porous media 

Wettability is an ability of fluid or particle to maintain contact with 
the rock surface and is generally measured by contact angle between the 
tangent drawn at the triple point between the three phases such as solid, 
liquid, gas and the substrate surface. Surface roughness has a potential 
impact on the alternation of particle wettability (Kumar and Prabhu, 
2007). The wetting behaviour of liquid on solid is sensitive to temper
ature variation as temperature influences the liquid properties and 
substrate and it is a statement that soaring temperature reduces the 
liquid viscosity and surface tension and also in reactive wetting systems 
the diffusion rate generally rises with temperature increase (Bernardin 
et al., 1997). The wettability is an interaction between rock-vapor sur
face tension, γsv and rock-liquid surface interfacial tension, γsl. The 
general measure of contact angle for liquid and solid particle is given by 
the Young’s equation (Alshakhs and Kovscek 2016): 

γlv cos θ= γsv − γsl (7)  

and an EOS for interfacial tensions can be written as (Yuan and Randall 
Lee, 2013): 

γsl = f (γlv, γsv) (8) 

Additionally, Gibb’s Thermodynamics of Wetting states that the 
interface between solid and fluid phase can be split into two parts, one 
fitting to solid and the other belonging to the fluid. Consistently, the 
interface forming work can be mentioned as the total work (ω) of 
forming solid surface in a vacuum and the forming work (ρ) of the fluid 
part of the interface. The quantity (ρ) called by Gibbs superficial tension 
of a fluid in contact with the solid. This can be treated as energy or as a 
force like the liquid surface tension (Toshev, 2006). The Gibbs 
solid-liquid adsorption equation is given by 

dω= − SsdT +(σ − ω) dA/A −
∑

i
Γidμi (9) 

However, the above solid adsorption equation didn’t account for 
solid surface roughness. But, this paper takes the role of surface 
roughness influence on natural fine particle wettability and migration 
into a consideration. To illustrate the geologic fabric theory with respect 
to fluid and particle flow in a simple way, consider Fig. 2. One dimen
sional smooth surface with ends A and B and there is a flow of water and 
heat at high velocity. We have even assumed that smooth surface has 
varying thermal conductivity and in that there is no change in the 
reduction of liquid flow velocity. This is because the smooth surface 
having no resistance to flow. For smooth surface there is a rate of change 
of surface free energy that is given by Frenkel’s approach: 

dF
dt

= 2πγ1v[cos θ − I]rovE (10) 

For rough surface is given by 

dF
dt

= 2πγ1v[cos θ − rI]rovE (11)  

in rough rock surface, with assumption of same parameters, there will be 
a reduction in fluid velocity due to high intensity surface roughness 
(linear and continuous variation in the surface). Because of rugged 
surface, there will be a high thermal conductivity and this may govern 
the slow mobilization of fluid. Now consider fine particles, which is 
transported in the suspension form and with impacts of surface rough
ness, the fines particles will be drifting and colliding in the surface 
materials. It takes more time to reach the point B. Therefore, the rock 
fabrics or surface roughness together with thermal conductivity de
termines the particle wettability and slow mobilization in porous media 
(Wu et al., 2016; Gu et al., 2016). Khanna (2014) stated that there are 
many ways of expressing surface roughness numerically, but the 
following two methods are commonly used:  

1) Centre line average (CLA) method, and  
2) Root mean square (RMS) method 

CLA is defined as the average value of the ordinates (distance be
tween two rock teeth) between the surface and mean line, measure on 
both sides of it. Mathematically it is defined as below: 

CLA=
y1 + y2 + y3……..yn

n
(12)  

where, y1, y2, …...yn are the ordinates measured on both sides of the 
mean line and n are the number of ordinates. 

The RLA is defined as the square root of the arithmetic mean of the 
squares of the ordinates, mathematically expressed as: 

RMS=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
y1 + y2 + y3……..yn

n

√

(13)  

2.4. Impact of particle wettability on slow mobilization of fines in porous 
rocks 

For modelling purpose, we assume that the grain surface structure is 
convex. So a fine particle resting on the convex grain surface have the 
following expression from capillary fall: 

h=
4σ cos θ

ρgd
(14)  

hρgd = 4σ cos θ  

cos θ= hρgd  

θ= cos− 1(hρgd) (15) 

equation (15) is the contact angle for fine particle wettability. Where 
h is height of the fine particle height that is from top axis to bottom of the 
rock surface, ρ and g are the density and gravitational force (value 9.8) 
of the particle, and d is the diameter. Since we assume fine particle is in a 
sphere shape, so these parameters will be applicable. 

If the surface roughness is taken into consideration, then by 
equating, we get 

θ=CLA  

cos− 1(hρgd)=
y1 + y2 + y3……..yn

n  

θ= cosh ρgd
[y1 + y2 + y3……..yn

n

]
(16) 

For RMS, 
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θ= cosh ρgd
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
y1 + y2 + y3……..yn

n

√

(17) 

Therefore, equation (16) or 17 can be used to find the fine particle 
wettability contact angle with respect to surface roughness. 

2.5. Heat of fine particle immersion in porous media 

Immersion of fine particles in fluid influx is generally accompanied 
by the release of heat known as heat of immersion (ΔHi). This is defined 
as the heat liberated from material surface per square centimeter of the 
particles immersed in the liquid/gas, and is related to the contact angle 
of the particles (Kanimozhi et al., 2019b; Senthil et al., 2019; Neumann 
et al., 2011). Hence, it is also possible to characterize the fine particle 
wettability through measurement of heat of immersion. But, in this 
modelling, we are considering the influence of surface roughness (R∇). 
Therefore, we must include this factor in this derivation. 

The free energy of immersion (ΔFi) of the fine particles can be 
mentioned as: 

ΔFi =R∇(γsl − γsv) (18)  

Where γsl and γsv are the rock-liquid and rock-vapor/gas surface tensions 
of the fine particles respectively. equation (18) indicates that these 
factors are functions of the rock surface roughness. 

Combining young’s equation with Equation (18) gives 

ΔFi = − R∇(γlv cos θ) (19) 

The enthalpy of immersion (ΔHi), that is, the heat of immersion at 
variable temperature and volume is related to ΔFi, given by 

ΔHi =ΔFi + R∇ + ΔS dT = ΔFi − R∇

dΔFi

dT
(20)  

where, S is the entropy, and dT is the change in pore temperature. 
Substituting equation (19) in equation (20) gives: 

ΔHi =R∇

dR∇(γlv cos θ)
dT

− R∇(γlv cos θ)

ΔHi =R∇

[
dR∇(γlv cos θ)

dT
− (γlv cos θ)

]

(21) 

Equation (21) can be written as: 

cos θ=
R∇

[
dR∇(γlv cos θ)

dT − ΔHi

]

γlv
(22) 

Equation (22) can be solved numerically to determine the contact 
angle from the heat of immersion. ΔHi can be measured using calo
rimeter. Though, the heat of immersion method consists many serious 
complications: firstly, the specific surface area of the particles with 
respect to roughness should be known. Surface roughness of rock surface 
can be measured by Taylor Hobson Surface Roughness Tester. Secondly, 
an engineer needs to ensure that experimental heat of immersion is 
indeed the heat of wetting, and that there are no contributions from the 
partial dissolution of particles. Third, the heat of wetting that is an 
enthalpy is not only related to contact angle (a quantity of free energy), 
but also to the temperature dependence of the contact angle. It is 
extremely difficult to gather details on temperature dependence of the 
contact angles without already knowing the contact angle value. Ac
cording to modified Young’s equation, dR∇(γlv cos θ)/dT in equation (22) 
can be approximated by the temperature dependence of the rock surface 

tension with regards to roughness; that is, R∇

(
dγsv
dt

)
. The value of this 

expression can vary from different rock surface fabrics, depending upon 
the field and geology. Therefore, the heat of immersion technique will 
usually only give semiquantitative and relative details. 

2.6. Slow mobilization of fines with regards to rock surface roughness 

Let us derive an analytical expression for suspension flow velocity 
with respect to surface roughness. Let us take capillary bundle porous 
geometry with mixing chambers for modelling. Considering following 
parameters for modelling: 

Let, 
H1 = Height of the fluid on the point of top ordinate in the pore 

mixing chamber. 
H2 = Height of the fluid on the bottom point of ordinate in the pore 

mixing chamber. 
H = Difference in the fluid level 
B = Width of ordinate. 
R∇ = Surface roughness either CLA or RMS Equation. 
Fluid height above the ordinate of the pore mixing chamber. 

= H1 +
H2 − H1

2
=

H1 + H2

2
(23) 

Fluid flow level at the bottom of the pore mixing chamber ordinate 

=
H1 + H2

2
− H (24) 

By applying Bernoulli’s equations (23) and (24), we get 

p1

ρg
+

V2
1

2g
=

p2

ρg
+

V2
2

2g
(25) 

Now, 

p1

ρg
=

H1 + H2

2
,
p2

ρg
=

H1 + H2

2
− H +

V2
2

2g 

And V1 is negligible, then 

H1 + H2

2
+ 0 =

H1 + H2

2
− H +

V2
2

2g 

Therefore, 

V2
2

2g
=H  

V2 =
̅̅̅̅̅̅̅̅̅
2gH

√
(26) 

Width of the ordinate = b(H2 − H1). 
Thus, the change in fluid flow from pore mixing chamber to pore 

throat would be 

Δqw =R∇ × b(H2 − H1) ×
̅̅̅̅̅̅̅̅̅
2gH

√
(27) 

The above equation can be used for change in the fluid flow in porous 
media with regards to surface roughness. Now we will include the heat 
flow factor in this problem and the fine particle will only vary if there is a 
variation in thermal conductivity of rock surface. So, at uniform heat 
conduction, the particle will only oscillate on the rugged surface. 

Now, assume that heat flow rate is given by 

Q=
KΔT
̅̅̅̅̅̅
πα

√ (28)  

Heat received by the rock surface at temperature T1 is 

Q1 =
K(T1 − Ts)

̅̅̅̅̅̅̅̅πα1
√ (29)  

Heat lost by the surface of rock at temperature T2 is 

Q2 =
K(Ts − T)

̅̅̅̅̅̅̅̅πα2
√ (30) 

We know that α = k
c. 

The fine particle will remain in the contact rough surface only at 
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constant temperature and it is demonstrated below: 

k(T1 − Ts)
̅̅̅̅̅̅̅̅πα1

√ =
k(Ts − T2)

̅̅̅̅̅̅̅̅πα2
√

Or, 

k(T1 − Ts)
̅̅̅̅̅α1

√ =
k(Ts − T2)

̅̅̅̅̅α2
√

k1(T1 − Ts)
̅̅̅̅̅
α2

√
= k(Ts − T1)

̅̅̅̅̅
α1

√

k1T1
̅̅̅̅̅
α2

√
− k1Ts

̅̅̅̅̅
α2

√
= k2Ts

̅̅̅̅̅
α1

√
− k2T2

̅̅̅̅̅
α1

√

Ts(k1
̅̅̅̅̅
α2

√
+ k2

̅̅̅̅̅
α1

√
)= k1T1

̅̅̅̅̅
α2

√
+ k2T2

̅̅̅̅̅
α1

√

Ts =

(
k1T1

/ ̅̅̅̅̅α1
√ )

+
(
k2T2

/ ̅̅̅̅̅α2
√ )

(
k1
/ ̅̅̅̅̅α1
√ )

+
(
k2
/ ̅̅̅̅̅α2
√ ) (31) 

Therefore, the above equation accounts for fine particle mechanical 
stability under isothermal regime. The fines balance equation and sink 
source of the attached/detached and strained fines is given by (Coro
nado and Diaz-Viera, 2017): 

φ
∂Cm

∂t
+(1 − φ)

∂
(
χf σa + σc

)

∂t
+∇.

[
UCm − DLf∇Cm

]
(32)  

Where σa is the attached fines concentration (mass/volume), σc is the 
clogging fines concentration that mass per unit volume. DLf = αLf U is the 
longitudinal dispersion coefficient of the mobile fines, αLf is the longi
tudinal fines dispersivity, and χf is the mass fraction of the rock which 
release fine particles. Now let us handle the problem of porous surface 
roughness thermal conductivity. Now we derive an expression for total 
heat flow through rough porous surface. The varying temperature in 
porous media is given by: 

K =K0
(
1+αt+ βt2) (33) 

Considering a steady state conduction in capillary bundle porous 
rocks with the radius r = r and the temperature varies with increasing 
roughness 

( dR∇

dt

)
, we can write the equation as below: 

Q= − KR∇

dt
dr

(34) 

Substituting the given value of K in equation (34), we get 

Q= − K0
(
1+αt+ βt2)R∇

dt
dr

(35)  

Q
R∇

× dr= = − K0
(
1+αt+ βt2)dt 

Integrating the above equation in the given range, we get 

Q
R∇

∫ r2

r1

dr = − K0

∫ t2

t1

(
1+ αt+ βt2)dt  

in the above equation it is mentioned as integral from r1 to r2 and t1 to t2, 
it indicates that radius of pore mixing chamber to capillary tube, and 
initial temperature to final temperature. 

Q
R∇

[dr]r2
r1
= − K0

[(

t + α t2

2
+ β

t3

3

)]t2

t1  

Q
R∇

(
1
r2
−

1
r1

)

=K0

[

(t2 − t1)+ α
(

t2
2 − t1

2

2

)

+
β
3
(
t2

3 − t1
3)
]

Q
R∇

(
r1 − r2

r1r2

)

= − K0

[

(t1 − t2)+
α
2
(
t1

2 − t2
2)+

β
3
(
t1

3 − t2
3)
]

Q
R∇

(
r2 − r1

r1r2

)

= − K0(t1 − t2)

[

1+
α
2
(t1 + t2)+

β
3
(
t1

2 + t1t2 + t2
2)
]

Q=
R∇r1r2

r2 − r1
× K0(t1 − t2)

[

1+
α
2
(t1 + t2)+

β
3
(
t1

2 + t1t2 + t2
2)
]

(36) 

Thus, the above expression can be applied for the heat flow over 
rough porous surface. If the thermal conductivity of the porous rough 
surface varies according to the following relation: 

K =K1 + (K2 − K1)[(t − t1) / (t2 − t1)] (37) 

Now, by substituting the above value in equation (35), we get: 

Q= − [K1 +(K2 − K1){(t − t1) / (t2 − t1)}]R∇

dt
dr  

Q.
dr
r2 = − R∇[K1 +(K2 − K1){(t − t1) / (t2 − t1)}]

dt
dr

(38) 

Integrating both sides, we get 

Q
∫ r2

r1

dr
r2 = − R∇

∫ t2

t1

[

K1 +(K2 − K1)

{
t − t1

t2 − t1

}]

dt  

− Q
[

1
r

]r2

r1

= − R∇

[

K1t +
K2 − K1

t2 − t1

{
t2

2
− t.t1

}]t2

t1  

− Q
[

1
r2
−

1
r1

]

=

− R∇

[

K1(t2 − t1)+
K2 − K1

t2 − t1

(
t2

2 − t1
2

2

)

− t1

(
K2 − K1

t2 − t1

)

(t2 − t1)

]

Q.
(r2 − r1)

r1r2
= − R∇

[

K1(t2 − t1)+
K2 − K1

2
(t2 − t1) − t1(K2 − K1)

]

= − R∇

[

K1(t2 − t1)+
K2 − K1

2
(t2 + t1 − 2t1)

]

= − R∇

[

K1(t2 − t1)+
K2 − K1

2
(t2 − t1)

]

= − R∇(t2 − t1)

[

K1 +
K2 − K1

2

]

Q=R∇(t2 − t1)

(
K1 + K2

2

)(
t1 − t2

r2 − r1

)

(39) 

This is the derived and required expression for varying thermal 
conductivity in porous surface with irregular surface roughness. 

2.7. Well production decline due to fines straining migration fabric theory 
perspective 

For modelling the well productivity decline due to fines migration in 
fabric theory viewpoint, first we need to model the temperature distri
bution in the porous media having roughness characteristics. Generally, 
fines get displaced by carrier fluid and in that some of fine particles are 
being suspended. From the angle of thermodynamics, the variation in 
porous medium heat transfer and porous surface thermal conductivity 
detaches the fine particles from the rock surface. Due to the existence of 
surface roughness it takes long time for suspension to get strained in 
pore throat. Even in the slow mobilization of fines process, well pro
ductivity decline will occur. In this modelling also, we will take the 
capillary bundle porous medium with mixing chambers standard model. 
Now, we will consider the radial conduction and axial enthalpy trans
port in the porous media, we have: 

Thermal conduction into the porous mixing chamber 
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Qr = − k(R∇.dx)
∂t
∂r

(40) 

Heat conducted out of the porous mixing chamber 

dQr+dr = − K
[

R∇ (r+ dr)dx
∂
∂x

(

t+
∂t
∂r

dr
)]

(41) 

Net heat convected out of the pore mixing chamber, 

dQconv = ρR∇ucp
∂t
∂r

dx (42) 

Considering energy balance on the porous chamber, we obtain 

(Heat conducted in)net =(Heat conducted out)net  

dQr − dQr+dr =(dQconv)net (43)  

− KR∇

∂t
∂r

−

[

− K
{

R∇(r+ dr)dx
∂
∂r
.

(

t+
∂t
∂r

dr
)}]

= ρR∇drucp
∂t
∂x

dx  

− KR∇

∂t
∂r

+K{R∇(r+ dr)}dx
[

∂t
∂r

+
∂2t
∂r2 dr

]

= ρR∇drucp
∂t
∂x

dx   

Neglecting second order terms, we get 

K
(

∂t
∂r

+ r
∂2t
∂r2

)

dx.dr= ρR∇ucp
∂t
∂r

dr (44)  

1
r

∂
∂r

(

r
∂t
∂r

)

= u
ρcp

K
∂t
∂x  

1
r

∂
∂r

(

r
∂t
∂r

)

=
u
α

∂t
∂x

(45) 

By inserting the value of maximum velocity distribution u =

umax

[
1 −
(

r
R

)2
]

in the above equation, we get: 

1
r

∂
∂r

(

r
∂t
∂r

)

=
1
α

∂t
∂x
.umax

(

1 −
r2

R2

)

(46)  

∂
∂r

(

r
∂t
∂r

)

=
umax

α .
∂t
∂x
.

(

r −
r3

R2

)

Let us consider heat flux along the porous rough surface, then 

r
∂t
∂r

=
1
α

∂t
∂x

umax

(
r2

2
−

r4

4R2

)

+ R∇ (47)  

∂t
∂r

=
1
α

∂t
∂x

umax

(
r2

2
−

r4

4R2

)

+
R∇

r 

Integrating again, we have the following expression 

t=
1
α

∂t
∂x

umax

(
r2

2
−

r4

4R2

)

+C1R∇ ln(r) + C2 (48)  

Where C1 and C2 are the constants of integration 
The boundary conditions are: 

At r= 0,
∂t
∂r

= 0  

At r=R t = ts 

Applying the above boundary conditions, we get 

C1 = 0,C2 = ts −
1
α

∂t
∂x

umax
3R2

16
(49)  

Substituting the values of C1and C2 in equation (48), we have 

t=
1
α

∂t
∂x

umax

(
r2

4
+

r4

16R2

)

+

[

ts −
1
α

∂t
∂x

umax
3R2

16

]

(50)  

now, with introduction of surface roughness in the above equation, we 
have 

ts − t=
umax

α .
∂t
∂x

[
3R2

16
−

r2

4
+

r4

16R2

]

R∇ (51) 

The above equation indicates the differences between the surface 
and porous medium temperatures which may contribute in the detach
ment of fine particles. At next, we will derive an equation for heat 
transfer coefficient that is total heat energy carried by the fluid influx. 

This can be stated as the ratio of flux of enthalpy in pore chamber to the 
mass flow product and fluid specific heat. 

Therefore, we have 

tb =

∫ R
0 ρ(R∇.dr)ucpt
∫ R

0 ρ(R∇.dr)ucp
(52) 

For an incompressible fluid influx having constant density and spe
cific heat 

tb =

∫ R
0 utR∇dr
∫ R

0 urR∇dr
(53) 

The mean mass flow velocity (u) in porous media is also known as 
bulk mean velocity can be calculated from the following definition: 

u=
1

R∇R2

∫ R

0
R∇.dr.u (54)  

u=
2
R2

∫ R

0
ur.dr (55) 

Substituting this value of u in equation (55), we get 

tb =
2

uR2

∫ R

0
utr.dr (56) 

Substituting the u value from velocity distribution and average ve
locity flow equation 

(
u= umax

2

)
and that of t from equation (56), we get 

tb =
2

uR2

∫ R

0
2u
[

1 −
r2

R2

][

ts −
umax

α .
∂t
∂x

{
3R2

16
−

r2

4
+

r4

16R2

}]

rdr (57)  

=
4
R2

∫ R

0

[

Ts

[

1 −
r2

R2

]

−
umax

α .
∂t
∂x

{
3R2r
16

−
7r2

16
+

5r5

16R2 −
r7

16R4

}

dr
]

=
4
R2

[

Ts

(

r −
r3

R2

)

−
umax

α .
∂t
∂x

{
3R2r
16

−
7r3

16
+

5r5

16R2 −
r7

16R4

}

dr
]

− KR∇

∂t
∂r

+K
(

R∇dx.
∂t
∂r

)

+K
(

R∇dx.
∂2t
∂r2 dr

)

+K(R∇drdx)
∂t
∂r

+K
(

R∇drdx.
∂2t
∂r2 dr

)

= ρ(R∇.dr)ucp
∂t
∂x

dx   
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=
4
R2

[

Ts

{

r −
r3

R2

}]R

0
−

4umax

αR2 .
∂t
∂x

[
3R2r2

32
−

7r4

64
+

5r6

96R2 −
r8

128R4

]R

0  

=
4
R2

[

Ts

{
R2

2
−

R4

4

}]R

−
4umax

αR2 .
∂t
∂x

[
3R4

32
−

7R4

64
+

5R6

96
−

R8

128

]

=
4
R2

(

Ts ×
R2

4

)

−
4umax

αR2 .
∂t
∂x

×
11
96

R4  

tb = Ts −
11
96

umax

α R2 ∂t
∂x

(58) 

Therefore, with an introduction of surface roughness the heat 
transfer coefficient can be calculated from the below expression: 

hΩ =
Q

R∇ (ts − tb)
(59) 

The rate of heat generation in porous media per unit volume with 
radius of pore chamber R is given by 

Qg = a + br2 (60)  

where, a and b are the any points on the radius of pore mixing chamber. 
The porous rock is undergoing heat transfer with a medium coefficient 
M. Now we can find the steady state temperature distribution on the 
porous surface. 

The controlling differential equation is given by 

d
dr

(

r.
dt
dr

)

+
Qg

K
.r= 0 (61) 

Substituting the value of Qg, we have 

d
dr

(

r.
dt
dr

)

+
r
K
(
a+ br2)= 0 (62) 

Integrating the above equation, we get 

r
d
dr

+
1
K

(
ar2

2
+

br4

4

)

=C1 (63)  

dt
dr

+
1
K

(
ar
2
+

br3

4

)

=
C1

r 

By integrating again, we get 

t+
1
K

[
ar2

2
+

br4

16

]

=C1 ln(r) + C2 (64)  

Where C1,C2 = constants of integration 
The boundary conditions for finding C1 and C2 are: 
At r = 0 dt

dr = 0 since C1 = 0. 
Therefore, 

dt
dr

+
1
K

(
ar
2
+

br3

4

)

= 0 (65)  

and 

t+
1
K

[
ar2

2
+

br4

16

]

=C2 (66) 

Now, (heat conducted)r=R = (heat convected)r=R. 
[

− KR∇.

(
dt
dr

)]

r=R
= [M.R∇(t − ta)]r=R (67) 

Substituting the values from equations (65) and (66) for dt
dr and t in 

the above equation for r = R, we get 

− K
[

−
1
K

(
ar
2
+

br3

4

)]

=M
[

C2 −
1
K

(
ar2

2
+

br4

16

)

− ta

]

(68) 

Therefore, 

R
2M

[

a+
bR2

2

]

=C2 −
R2

4K

[

a+
bR2

2

]

− ta (69)  

C2 = ta +
R

2M

[

a+
bR2

2

]

+
R2

4K

[

a+
bR2

2

]

(70) 

Now, substituting this value in equation (66), we obtain 

t+
R2

4K

[

a+
bR2

4

]

= ta +
R

2M

[

a+
bR2

2

]

+
R2

4K

[

a+
bR2

4

]

(71) 

Therefore, by introducing a roughness factor, we get 

t − ta =
R

2M

[

a+
bR2

4

]

+

[
aR2

4K
+

bR4

16K

]

−

[
ar2

4K
+

br4

16K

]

× R∇ (72) 

Or, 

t − ta =
R

2M

[

a+
bR2

4

]

+
aR2

4K

[

1 −
(r

R

)2
]

+
bR4

16K

[

1 −
(r

R

)4
]

× R∇ (73) 

The above equation indicates the temperature distribution due to 
heat generation within the porous medium. Finally, we can see the heat 
development in porous medium due to the presence of irregular rock 
surface roughness. Now, let two ordinates have radii r1 and r2 respec
tively. That is developing heat steadily, Qd per unit volume per unit time. 
The heat conductivity of porous media with surface roughness is given 
by: 

K =K0R∇(1+ βt) (74) 

Heat generation rate between r = r1 and r = r =

heat conducted at r = r. 

(Qd)r =QdR∇(r2 − r2
1

)
× 1  

= − K0R∇(1+ βt)× 1 ×
dt
dr

(75) 

1 in the equation indicates the unit length of the rough porous 
surface. 
(
(r2 − r2

1

r

)
Qd

2K0
dr = − (1+ βt)dt  

−

(

r −
r2

1

r

)
Qd

2K0
dr= − (1+ βt)dt (76) 

Integrating both sides, we have 
∫

(1+ βt)dt = −
Qd

2K0

∫ (

r −
r2

1

r

)

dr (77) 

Or, 

t+ β
t2

2
= −

Qd

2K0

[
r2

2
− r2

1 ln(r2)

]

+ C (78) 

Using boundary condition (for finding the constant C), at r = r, t = tw, 
we have 

C= tw +
β
2

tw
2 +

Qd

2K0

[
r2

2
− r2

1 ln(r2)

]

(79) 

Substituting the value of C in equation (78), we have 

t+
β
2

t2 = −
Qd

2K0

[
r2

2
− r2

1 ln(r2)

]

+ tw +
β
2

tw
2 +

Qd

2K0

[
r2

2
− r2

1 ln(r2)

]

(80)  

β
2

t2 + t+
Qd

2K0

[
r2

2
− r2

1 ln(r2)

]

− tw −
β
2

tw
2 −

Qd

2K0

[
r2

2
− r2

1 ln(r2)

]
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Finally, with an introduction of roughness factor R∇. 
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Therefore, the above equation expresses the heat generation within 
the porous surface with roughness factor existence. Altogether these 
factors dominate the fines migration and permeability reduction 
mechanism. Ultimately, this process will deteriorate the well produc
tivity. It should be noted that the soaring reservoir temperature have a 
significant impact on the critical retained particle concentration and 
well impedance index profile. Also, the retained particle concentration 
decreases with increasing temperature at even with minimum velocity. 
Furthermore, the well impedance (denoted as J) aggravates with rising 
temperature. Therefore, modelling demonstrates that the varying for
mation and well temperatures will lead to formation damage. In addi
tion, it can be observed from the modelling that the rock surface 
morphology plays an important role in wettability of fine particles in 
subsurface environment. 

This modelling will help us to explore the relationship between rock 

surface roughness-fluid-particle wettability and also relationship be
tween rock texture-fine particle wettability-fluid flow velocity. Thus, 
this semi-analytical modelling elucidated the importance of the role of 
geologic fabrics on fluid flow behaviour and fines drift. The developed 
surface thermodynamic analytical model indicates that the fines slow 
mobilization over porous rock surface is initially due to temperature 
distribution and rock surface roughness. Fabric theory concept was 
applied to this problem and from modelling, it was noted that rock 
texture and roughness will decline the fluid flow velocity and suspension 
flow (particle transport). Furthermore, the variation in the thermal 
conductivity of irregular rock surface roughness is capable to alter the 
wettability of fine particle. Even, a microscale surface roughness will 
change the particle wettability (Kumar and Prabhu, 2007). Totally, 
these factors contribute in the liberation and slow mobilization of fines 
in porous media. This entire analytical modelling derivation has been 
optimized and the reader is advised to see the appendix section for full 
mathematical derivation. 

3. Materials and methods 

This section presents the materials and methods that were employed 
in this investigation. Actually, two sets of coreflood flow test experi
ments were performed at the temperatures 50 ◦C (Normal Temperature, 
NT) and 150 ◦C (High Temperature, HT). 

3.1. Sample preparation 

This research work consists of six major steps such as problem 
identification, mathematical framework, sample procurement, experi
mental analysis, statistical modelling, and conclusion, and recommen
dations, which is presented as flow chart in Fig. 3. 

Fig. 4 shows the scanning election microscopic image of kaolinite 
clay surface morphology under 100 nm magnification and the clay mesh 
size is 200 (74 μm). So, a sandstone core with 36 wt% kaolinite clay 
content was taken for the tests and the core is having 10 cm diameter 
and a length of 30 cm. The sandstone core is having 28% porosity and 
permeability 200 mD. The core holder is exclusively customized for this 
coreflood test and this sandstone was procured from a wholesale mineral 
supplier. The origin of this sandstone rock is from Cauvery Basin, Tamil 
Nadu, South East India. Actually, Cauvery basin is a peri-cratonic fault 
rift basin with significant gas reserves, and the basin is highly kaolinitic 
(Mukherjee, 2015a, 2015b; Mazumder et al., 2019), which means the 
reservoir is dominated by the kaolinite clay in which the rock formation 
contains 91.04% deposits of kaolinite clay mineral (Murthy et al., 1950; Fig. 3. Research flowchart.  

Fig. 4. Surface Morphology of Kaolinite Clay Mineral under 100 nm Magnifi
cation. For enlarged view of image, the reader is advised to see the appendix. 
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Sinha and Guha, 1990) and highly susceptible to reservoir formation 
damage (permeability deterioration) and well productivity decline 
(Kanimozhi et al., 2021). 

3.2. Coreflood setup 

The coreflood experimental design and procedure was deployed and 
conducted in accordance with the methodology guided by the literatures 
Kanimozhi et al. (2020) and Pranesh et al. (2019). Fig. 5 shows a 
schematic diagram of the coreflood test setup. It can be seen from the 
figure that the sandstone core is placed in a stainless steel cylindrical 
core holder and in turn placed inside the oven. The oven is attached with 
a thermocouple and three pressure gauges (for measuring the pressure 
difference across the core). One pressure gauge is connected to the inlet 
and outlet flow lines of the core centre and another two are connected to 
the inlet and outlet flow lines of the core. One side of the core holder has 
provisions for pneumatic piston pump (for pressure exertion) and sus
pension flow. On this same side LPG cylinder is attached and overall 
these components are connected to the core oven system. Other side of 
the core oven apparatus has the provision (exit line) for effluent tank (for 
collecting the suspension-colloids). The flow lines are provided with ball 
valves and the whole core-oven thermal system is connected to the data 
acquisition system and subsequently, connected to the computer. 

3.3. Coreflood test procedure 

Following is the coreflood test procedure:  

a) Firstly, LPG cylinder is released and a mass of 25 kg gas at normal 
temperature (50 ◦C) is injected in the permeable sandstone rock core. 
Subsequently, the mobilized kaolinite clay fines-gas suspension 
(adsorbed on the fines) is collected in the effluent collector tank 
(containing cold water).  

b) The previous procedure a) is continued for higher temperature 
(150 ◦C).  

c) Then, samples in the effluent were dried and sent to microstructural 
tests for analysing the morphology and orientation of kaolinite fine 
particle that has potentially damaged the sandstone permeability 
and gas recovery, and decline as well.  

d) Furthermore, SPSS statistical modelling was performed for model 
validation. It should be noted that c) and d) steps are not part of 
coreflood experimental test and they are individually conducted in 
Field Emission Scanning Electron Microscope (FESEM) machine and 
Statistical Package for Social Science (SPSS) software. 

4. Results and discussions 

This section explores the results that were acquired in the experi
mentation. A critical analysis and serious discussions were made. Fig. 6 
shows the total enthalpy release with respect to increasing time. The 
total enthalpy is the summation of enthalpy of permeable reservoir rocks 
and transporting fluid (Kanimozhi et al., 2020). Already it was 
mentioned that enthalpy indicates the quantity of heat release or heat 
content (thermal potential). It can be seen from Fig. 4 that for both 
normal (50 ◦C) and high (150 ◦C) temperatures the total enthalpy of the 
sandstone core gradually rises in which the intensity of HT is higher. 
Actually, gas flow rate in the porous rocks increases the reservoir tem
perature and subsequently, releases the in-situ fines to transport in the 
permeable medium, as given by the following modified equations 
(Senthil et al., 2019). 

U2 =
̅̅̅̅̅
Sg

√
+ U1 (83)  

ηφR =
WR

Q1
(84) 

Where, U2 is the final velocity of gas in porous media (leaving the cappi 
llary tube to enter another mixing chamber,U2 is the initial velcoity of in 
porous media (entering the cappillary tube from mixing chamber, Sg is the 
gas saturation, ηφR is thermal efficieny of porous media with respect to 

Fig. 5. Coreflood Experimental Setup. For enlarged view of image, the reader is advised to see the appendix.  

Fig. 6. Variation of enthalpy release with respect to increasing time. For 
enlarged view of image, the reader is advised to see the appendix. 
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radiation,WR is the network done to transport the natural reservoir fines,
and,Q1 is the heat transfer to porous media.. 

Chequer and Bedrikovetsky (2019), You et al. (2014), and Schembre 
and Kovscek (2005), reported that during elevated reservoir tempera
ture the fines are detached from rock surface due to the decline of 
electrostatic and gravitational forces combined and migrate in the 
porous interspace. This phenomenon is mainly attributed to heat 
transfer (Kanimozhi et al., 2021; Pranesh and Ravikumar 2019) and 
moreover, under fines detachment there is an entropy production and 
new appearance of surface energy, which gives the space for productive 
flow of kaolinite clay mineral fines and the entropy is governed by the 
high temperature and pressure in the porous rocks (Kanimozhi et al., 
2019a). 

The mass flow rate and velocity of fluid flow in the high temperature 
reservoir produces thermal dispersion (Jiang and Ren, 2001) and in turn 
becomes a heat transfer fluid. Furthermore, heat capacity ratio in the 
porous media leads to an oscillatory flow (Di Meglio et al., 2021) of 
reservoir fluids and particles. In this context-oscillatory flow is the 
forced vibrations in the porous media due to inertial and drag forces that 
stimulates the sweep efficiency of the reservoir fluids (Rajkumar et al., 
2020; Zeinijahromi et al., 2012) and loose the momentum of fine par
ticles in porous rock (Kampel, 2007) due to collision with pore walls. 
Therefore, rock and fluid enthalpy content and release quantification are 
essential in order to estimate the mass flow rate of reservoir fluids and 
formation damage (fines migration and other phenomenon, for example 
geochemical leaching) predictions. 

Fig. 7 shows the thermal strain variation with respect to increasing 
temperature for both sandstone and limestone. As previously discussed 
about rock enthalpy that enhancing mass flow rate and velocity of 
reservoir fluids increases the reservoir temperature and consequently, 
leads to thermal stress, which in turn cause non-linear elastic de
formations (Ehlers, 2018). Generally, reservoir is subjected to stress (σ) 
and strain (ε) regardless of temperature, but in reservoir engineering 
σ and ε is the function of pressure (Zoback, 2010). It can be seen for the 
figure that the thermal strain for sandstone and limestone varies linearly 
and the sandstone rock core thermal strain were found to be higher than 
the limestone. It is obvious that under soaring temperature sandstone 
usually undergo a deformation, but carbonate rocks endure a thermo
chemical reaction (Mahalingam et al., 2019). The thermal strain during 
50 ◦C normal temperature (NT) and 150 ◦C higher temperature (HT) was 
recorded to be 0.36% and 0.86% for sandstone. While, the carbonate 
rock limestone accounts for 0.2% and 0.68% at NT and HT. Further
more, thermal strain is influenced by volumetric strain, effective stress 
coefficients, Klinkenberg effect on the gas flow permeability in sand
stone (Nolte et al., 2021). The thermal stress and strain equation as a 
function of temperature is given as below: 

σ(t) =α0.T0.E (85)  

Where, σ(t)isthethermalstress(functionof temperature), α0 isthecoefficientof 
linearexpansionT0 istheriseintemperature, andEisYoung′ sModulus.. 

Fig. 8 shows the variation of Coefficient of Thermal Expansion (CTE) 
with respect to increasing time. Actually, equation (85) presents the 
thermal stress-strain for a material as a function of increasing temper
ature. This equation could be further extended to equation (86), 
considering elastic deformation. 

σ(t) = (α.T.△L − δ)
L

× E (86)  

Where, △L is the change in the length of the rock core and δ is the coeffc 
ienct of deformation. 

However, the reservoir is subjected to tensile stress and subse
quently, leading to thermal expansion is govern by the following 
equations: 

e(t)1 =
σ1

E
− μ σ2

E
− μ σ3

E
For X – Axis (87)  

e(t)2 =
σ2

E
− μ σ3

E
− μ σ1

E
For Y – Axis (88)  

e(t)3 =
σ3

E
− μ σ1

E
− μ σ2

E
For Z – Axis (89) 

It can be seen from Fig. 8 that CTE varies linearly, also called thermal 

Fig. 7. Variation of thermal strain with respect to increasing temperature. For 
enlarged view of image, the reader is advised to see the appendix. 

Fig. 8. Variation of CTE with respect to increasing time. For enlarged view of 
image, the reader is advised to see the appendix. 

Fig. 9. Pressure variation with respect to increasing pore volume injection. For 
enlarged view of image, the reader is advised to see the appendix. 

B. Kanimozhi et al.                                                                                                                                                                                                                             



Gas Science and Engineering 115 (2023) 204993

13

linear expansion (TLE) for sandstone and limestone rock core. The TLE 
could be measured using the following equation: 

δL=L0.αt.
(
Tf − Ti

)
(90)  

Where, isthechangeinlength,L0 istheoriginallength,αt isthecoefficientof ther 
malexpansion Tf isfinaltemperatureandTi isinitialorreferencetemperature.. 

It is noted that for sandstone core the CTE at NT and HT were found 
to be 57 (10− 6◦C− 1) and 192 (10− 6◦C− 1), and for limestone it is 44 
(10− 6◦C− 1) and 156 (10− 6◦C− 1). Even in this case the thermal expansion 
coefficient for sandstone is apparently higher than the carbonate, which 
is an indication for elongated pore spaces, which enables effective 
transport of gas and particles in the porous media. Khalili et al. (2010), 
stated that coefficient of thermal expansion has no impacts on porosity 
and voids of porous media, but in a recent study it was demonstrated 
that under the state of local thermal non-equilibrium (LTNE), increase in 
bulk volumetric CTE of porous media decreases the stress and, decrease 
the pore-pressure during increase in the fluid mobility ratio, and, due to 
the LTNE effects, the solid temperature (rock) is greater than the pore 
fluid (Li et al., 2022). Exponential growth in CTE at 125 ◦C for both 
sandstone and limestone rock cores. Moreover, it was revealed in Figs. 5 
and 6 that there were no signs of stabilization, but yield strength at 

150 ◦C. Therefore, it is inferred that CTE is the positive indication that 
the fluid and particles can divert their path for improved recovery. 
Hence, the knowledge and experimental investigation is absolutely 
necessary in order to model and forecast the fines intrusion on rock 
permeability and enhanced fluid recovery. Moreover, it was revealed 
that porous materials under LTNE state, enthalpy, temperature (surface 
heat transfer), and velocity dictate the fluid saturation and mass transfer 
in porous media (Liu et al., 2022). Fig. 9 shows the variation of pressure 
with respect to increasing pore volume injection. It can be seen from the 
figure that at NT50 ◦C the pressure varies linearly and then rises to 
certain level and then it underwent a stabilization. It indicates that the 
fines have started to migrate and plugged the pore-throats. It is a usual 
and frequent phenomenon that the pressure gets to stabilize and drop 
during coreflood test, which is widely reported in the literatures (Haasan 
et al., 2022; Kanimozhi et al., 2020; Yang et al., 2019; Chequer et al., 
2018; Russell et al., 2018; Vaz et al., 2017; Kanimozhi et al., 2019a; 
Mahalingam et al., 2019). In the case of HT150 ◦C the pressure initially 
behaves as NT, but tends to an exponential rise and then increases 
steadily and it is noted that there is no sign of stabilization and even in 
the initial conditions the HT150 ◦C case was found to be higher than the 
NT. This behaviour is mainly attributed to the surface roughness of the 
pore surface, which during the gas flow in the rock or fabrics (rock teeth) 
will elevate the temperature of the porous rocks. Rough grains initiate 
the bulk compressibility of reservoir fluid and have tremendous impact 
on the rock pressure (Wang et al., 2020), and because of thermal 
stress-strain the sandstone rock core has underwent a slight deforma
tion, which is explained in Fig. 6 and due to these impacts the strain 
energy in the porous rock has been released, which subsequently 
increased the rock pressure, mathematically mentioned as below: 

εe (t)=
P
A

(

1+
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
2AER∇

P.L

√ )

(91)  

Where, εe (t)is the strain energy as a function of temperature,P is load,
A is area, L is length,E is young′ s modulus, and R∇ is surface roughness 
coefficient. Thus, surface roughness of grain and rock surface have 
serious repercussions on the porous media pressure and its network 
(Bagrezaie et al., 2022). 

Fig. 10 a) shows the variation of fines concentration with respect to 
increasing pore volume injection. Satisfactory production of kaolinite 
fines was observed in NT50 ◦C initially the fines concentration was 
recorded to be 2.2 ppm at 1 PVI and gradually rose to 18.55 ppm at 5 PVI 
and then the production was sluggish and linear and finally climbing to 
45.19 ppm at 20 PVI. Lesser fines production is a sign and for fines 
straining in the pore-throats and between the rock fabrics (teeth). 
Moreover, Borazjani and Bedrikovetsky (2017) mentioned that for small 
retained concentrations in a particular reservoir cross section, the 
retained concentrations are proportional to the mass of suspended par
ticles. Also, during single-phase flow the suspended and retained parti
cles maximum penetration distance are same and equal that ratio. It is 
observed that concentration of kaolinite fines surges at each injection 
pore volume level at HT150 ◦C. Aggressive growth in the kaolinite fines 
production was noted between 1 PVI and 5 PVI and gradually rises to 

Fig. 10. A) Fines concentration with respect to increasing pore volume injec
tion, b) Permeability variation with respect to increasing time. For enlarged 
view of image, the reader is advised to see the appendix. 

Table 2 
Physical properties of produced suspensions.  

Injection Parameter (PVI) Temperature (◦C) Fluid Phase State Electrical Conductivity (μS/cm) Thermal Conductivity (W/m − K) Zeta Potential (mV) 

5 50 Normal 138 1.2 +30 
10 50 Normal 146 1.4 +16 
15 50 Normal 159 1.5 +12 
20 50 Normal 172 1.8 +5 
5 150 Heat Transfer Fluid 196 3.4 +54 
10 150 Heat Transfer Fluid 211 4.1 +44 
15 150 Heat Transfer Fluid 228 4.6 +42 
20 150 Heat Transfer Fluid 247 5.5 +33  
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77.28 ppm at 20 PVI. This phenomenon is mainly due to production 
velocity (of both gas and particle), internal heat transfer, and surface 
heterogeneity, which overall weakens the electrostatic and gravitational 
forces and give acceleration to lift and drag forces to detach and trans
port in the permeable rock (Kanimozhi et al., 2021; Pranesh et al., 
2019). But, in this case huge amount of fines concentration production is 
evidence for more clearance space in the porous sandstone core and also, 
kaolinite fines were deposited between the rock teeth fabrics and 
thereby creating new surface energy for rapid flow of gas and particles 
towards the core end (production well in a field scenario). However, 
surface roughness promotes particle-wall collision and resulting in en
ergy dissipation (Krull et al., 2021) this statement is evident from our 
research that fines detachment causes entropy production. Fig. 10 b) 
shows the variation of permeability with respect to increasing time. 

It can be seen from Fig. 10 b) that at NT50 ◦C experienced a plummet 
and then gradually declines and finally after 75 min. This is only 
attributed to fines plugging in pore-throat phenomenon by a process 
called size exclusion mechanism (Zhang et al., 2018) in which the fine 
particle size is greater than the pore-throat size where the fines are 
captured and unable to penetrate further. Even particle and pore shape 
(geometry) play a crucial role in fines straining (Ting et al., 2021; Yang 
and Balhoff, 2017). While the NT150 ◦C case, the permeability began to 
fall and linear decline and stabilization was observed and then an 
ascending rise in the permeability was recorded. This breakthrough is 
due to new surface energy creation, where most of the kaolinite fines 
concentrations has been retained in the rock fabrics, thanks to the 
presence of surface roughness factor. New permeable spaces have been 
created or extended in the rock core and thereby, having more clearance 
space for gas flow and recovery. Moreover, it was reported that particle 
elasticity/elastic deformation also influences the reservoir profile con
trol, more specifically the permeability (Chen et al., 2023), and, it was 
inferred from the literature that clay minerals and gas phase presence is 
essential in sandstone reservoir for permeability evolution to happen 
(Al-Yaseri et al., 2017). On the whole, influences of capillarity force, 

gravity force, breakthrough in fines concentrations dominate the 
permeability profile of porous rocks (Yang and Bedrikovetsky, 2017; 
Bagudu et al., 2015). Most importantly, the clay fine particles 
arrangement-rearrangement-orientation reduce the permeability and 
provides preferred or new pathways to transport the reservoir fluids 
(Goldenberg et al., 1993). Table 2 presents the physical properties of 
produced suspensions. 

Fig. 11 shows the microscopic images of produced suspensions at 
50 ◦C (a) and 150 ◦C (b). In general, the microstructure of fine particle 
including shape, geometry, orientation, morphology, etc are quantified 
only by Field Emission Scanning Electron Microscopy (FESEM) tech
nique (Prempeh et al., 2020; Chequer and Bedrikovetsky, 2019; Pranesh 
et al., 2019; Civan, 2007; Khilar and Fogler, 1998). The received 
colloidal-suspensions in the effluent tank were dried for hours and then 
sent to FESEM analysis in order to examine the kaolinite clay fines 
structure that had potentially impeded the gas flow and destructed the 
permeability. It can be seen from Fig. 11 a) that at NT150 ◦C there is an 
observable appearance of kaolinite platelets or in other words the 
kaolinite fine particle is having a platelet geometry and apparently 
different size and orientation of kaolinite platelets (KP) were observed. 
Furthermore, even at normal reservoir rock temperature the KP 
bridging, straining, and clustering were detected. This blockage mech
anism is attributed to the slow mobilization of fines over the fabric 
surface, where there is no energy to accelerate the particles to core end 
and consequently, losing the momentum and finally getting strained and 
deposited in pore-throats, and overall damaging the permeability. In 
these cases, detached fines travel near the pore walls and the migrating 
fines drift speed is lower than the velocity of carrier/permeating fluid 
(Yang et al., 2016; Oliveira et al., 2014). Most importantly, fines 
straining in the narrow-pore throats causes a growth in linear skin factor 
(Bedrikovetsky et al., 2011). Actually, Yang et al. (2016a,b) and Oliveira 
et al. (2014) examined the slow transport of clay mineral fines in the 
reservoir rocks during fluid flow. Both examined that fines drift velocity 
is slower than the carrier fluid flow velocity and there was a significant 
damage to the permeability and well productivity. Individually, authors 
observed this phenomenon, but could not be able to give convincing 
explanation for the slow mobilization of fines in the porous rocks. Thus, 
our work has filled this research gap by providing explanations (evi
dences) through experimental demonstrations, analytical cum thermo
dynamic framework, and statistical modelling. Overall, substantiated 
the slow movement of fine particles in the porous reservoir rocks. 

It can be seen from Fig. 11 b) that there is also a clear appearance of 
kaolinite platelets at higher reservoir temperature 150 ◦C. Actually, 
Chequer et al. (2018) implied that there will be a kaolinite fines mobi
lization in sand grains that cease the flow in permeable rocks. But, in this 
case the kaolinite platelets have undergone a compaction over the sand 
grain as it is evident in the image 12 b) and also, a conspicuous emer
gence of fine grain. This is mainly attributed to the elevated rock tem
perature and fluid flow velocity. The kaolinite fines are compacted over 
the rock surface fabrics (teeth) and filled the teeth spaces and thereby 
reducing the feasibility of fines plugging and creating new pathways for 
productive flow of fluid and particles to the core end (in field cases it is 
wellbore). Literature reporting indicates typically compaction in porous 
rocks reduces the permeability and gas flow rate (Chen et al., 2020), but 
in this case we have achieved effective flow of fluid and particles with 
clay compaction. Actually, in our model compaction happens over the 
rock fabrics and not on the pore-throat regions. Thus, the microstruc
tural outcomes and analysis proved the positive aspects of kaolinites in 
fabric sandstones at higher reservoir temperatures. Hence, the retention 
coefficient is determined by the exponential relationship between the 
ratio of sand grain and clay size (Won et al., 2021). 

Fig. 12 presents the schematic diagram of possible mechanism of 
kaolinite fines (platelets) induced formation damage and improved re
covery. This mechanism and diagram were formulated based on the 
microstructural images and experimental results, where the circum
stantial evidence for kaolinite fines behaviour under NT and HT with 

Fig. 11. Microstructural image of the produced suspensions, a) 50 ◦C, b) 
150 ◦C. For enlarged view of image, the reader is advised to see the appendix. 
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surface roughness is stronger in this proposed theory. It can be viewed 
from the image 11 that the grains are equant and the actual rock matrix 
is anisotropic. So the experimental and FESEM results reveal that 
sandstone rock grains having a rough texture and in this penetrative 
fabric the particle and fluid flow behaviour are weird and abnormal. It 
can be seen from the proposed theoretical mechanism that kaolinite 
platelet fines under heat transfer fluid-gas (at 150 ◦C temperature-flow 
regime) freely and rapidly mobilize in the porous interspace. Certain 
amount of fines are strained and clustered in pore-throat and some 
retained concentration of kaolinite undergo a bridging. During soaring 
reservoir temperature kaolinite platelets will compact over rock surface 
fabrics, which creates new surface energy that is clearance space for 
fluid-particle transport. So, heat transfer fluid-gas (HTF), temperature, 
surface roughness and gas influx enhanced the rock temperature and 
created new pore spaces and permeability for efficacious mass transport 
and recovery of reservoir fluid and particles. Also, the fluid-rock inter
action, fluid-particle wettability, temperature, and flow velocity play a 
vital role in the well flow increment (Isah et al., 2022). 

Fig. 13 presents the electrostatic interaction between kaolinite 
platelets and rough sand grain during high enthalpy fluid flow at NT and 
HT. It can be seen from the figures that all four curves namely total 
interaction force (TIF), van der Waals-London force, double layer 
expansion force, born repulsion force. The overlap of these four curves 
signals that kaolinite platelets have undergo detachment, migration, re- 
attachment, straining and plugging in pore-throat and deposited be
tween the rock surface fabrics. These forces contribute in the attraction 
and repulsion of Kaolinite fines in the porous media. Moreover, kaolinite 
fines exhibit positive and negative total interaction force, which the 
fines concentration were retained and strained in the porous rocks. 
Actually, positive TIF is a repulsion force and negative TIF is attraction 
forces, which the latter phenomenon is fine particle attachment and 
reattachment over the rock surface (Xie et al., 2017). Besides, Russell 
et al. (2017), emphasized that TIF quantification and analysis is vital in 
order to investigate the kaolinite clay fines transport and retention in the 
permeable rocks during carrier fluid flow. Therefore, kaolinite fines 
behaviour in sandstone rock core has been successfully evaluated using 
DLVO theory. 

Fig. 14 presents the gas recovery with respect to increasing pore 
volume injection for NT and HT temperature regimes. It its apparent 
from Fig. 14 that under both temperature regimes of 50 ◦C and 150 ◦C 
the gas recovery rate had a slight growth ranging from 1.2% to 19.1% 
and 2.5%–24.8% from 1 PVI to 5 PVI respectively. Then the gas recovery 
rate took an exponential rise and the major reasons for this ascending 
curve is due to combination of several factors such as a temperature, 
heat transfer, surface roughness, and existence of clay fines, which was 

Fig. 12. Proposed mechanism for the occurrence kaolinite fines induced formation damage and improved recovery. For enlarged view of image, the reader is advised 
to see the appendix. 

Fig. 13. Electrostatic interaction between kaolinite platelets and fabric sand 
grain during high enthalpy fluid flow at normal (50 ◦C) and higher (150 ◦C) 
reservoir temperatures. For enlarged view of image, the reader is advised to see 
the appendix. 

Fig. 14. Gas recovery with respect to increasing pore volume injection. For 
enlarged view of image, the reader is advised to see the appendix. 
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discussed and critically analysed in the previous sections. However, the 
performance of gas recovery under HT is significantly greater than the 
NT regime. Surface roughness and thermal diffusivity of sandstone rock 
(Pranesh et al., 2019) has contributed in this growth. Most importantly, 
it was mentioned in Fig. 10 that new surface energies were created by 
kaolinites fines that had compacted over rock fabrics, which paved new 
path (for fluid-particle transport) and diverted the fluid flow. Actually, 
the modified surface energy equation is mentioned as below (Kanimozhi 
et al., 2019b): 

∇(s+ γ)= −

[
∂
∂t
(φc+ σa + σs)+R∇U

∂c
∂t

+
˙

ṁ
(

P
ρ +

v2

2
+ gz

)

+ Ẇ
]

.kB

(92)  

where, 

∇(s+γ) ischangeinentropyandsurfaceenergyinporousrocks,φciscritical  

retained concentration, σa

+ σs is concentrations of attached and strained fines  

U is theflowvelocity,R∇ issurfaceroughnesscoeffcient,ṁ is themassflowrate,

and kB is Boltzmann Constant 

Therefore, equation (91) suggest that entropy production and fines 
migration is indispensable for the simultaneous achievement of reser
voir fluid recovery and formation damage control. Afterwards, the gas 
recovery rate under NT experienced a sluggish growth and slight sta
bilization and then underwent a linear decline. This phenomenon 
mainly attributed to carrier fluid velocity and mass flow rate, in which 
the fines are carried away in the form of suspensions and strained the 
pore-throats, resulting is permeability decrease and well productivity 
loss (Zeinijahromi et al., 2012) and the permeating fluid perturbs the 
mechanical equilibrium of fines over rock surface (Nguyen et al., 2013). 
While, in the 150 ◦C temperature regime, after exponential elevation the 

gas recovery rate plateaued and showed a linear increase and constant 
stabilization. Actually, constant stabilization means the rate of gas re
covery is monotonous or in other words constant mass recovery is pro
duced irrespective to increasing pore volume injection. This case is due 
to the new velocity alteration of the carrier fluid, where it can influence 
the flow pattern and trigger fines plugging (Bedrikovetsky et al., 2012), 
but it does not mean that formation damage that is fines migration will 
never occur in high temperature conditions. Most importantly, the 
presence of rock fabrics has made a significant contribution in the 
elevation of reservoir temperature that alters the transport of 
fluid-particle flow velocity pattern in the porous sandstone rock. 

Fig. 15 shows the model validation between coefficient of thermal 
expansion and temperature (a) and gas recovery against pore volume 
injection (b). Model validation by statistical modelling is required in 
order to determine the relationship between conditional and response 
factors (Ajona et al., 2022), and it is usually established by multiple 
linear regression method (Mateus et al., 2021). Actually, in this work for 
model validation, we have deployed machine learning based regression 
modelling (Yun et al., 2022; Ao et al., 2019) to evaluate and validate our 
models (experimental and analytical models against the regression-R2) 
accuracy and reliability. Moreover, multiple linear regression technique 
examines and estimate the relationship between quantitative dependent 
and independent variables or in other words it is a statistical method 

that employ different variables to predict the response variables 
outcome (Jameel et al., 2016). Therefore, Statistical Package for Social 
Science (Pandya et al., 2011) abbreviated as SPSS for used to validate 
our models. 

Two parameters coefficient of thermal expansion (CTE) and gas re
covery against temperature and pore volume injection (PVI) was taken 
for modelling, and their average experimental outcome values was fed 
into the software for processing and analysis. The statistical-machine 
learning-regression outcomes reveals that there is an excellent and 
strong agreement between the variables (Fegade et al., 2013) and the 
plots convergence indicates that the entire model is a good fit with 
having R2 values to be 0.9997 and 0.9995, and regarding these termi
nologies a reader is advised to explore the reference Fegade et al. (2013). 
In addition, list of frequent usage regression statistical terminologies is 

Fig. 15. Model validation: a) Coefficient of Thermal Expansion Vs Temperature, b) Gas recovery Vs Pore Volume Injection. For enlarged view of image, the reader is 
advised to see the appendix. 

P
ρ is flow energy,

v2

2
is kinetic energy, gz is potential enegry, Ẇ is work done per second,
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presented in appendix II. Even Kanimozhi et al. (2021) and Pranesh et al. 
(2019), achieved R2 = 0.9 in their similar investigations. Moreover, 
related to this study, Yu et al. (2021), analysed the sandstone perme
ability under triaxial stress using multiple linear regression analysis and 
other machine learning techniques. The authors studied the perme
ability evolution in tight gas sandstone and applied modelling to esti
mate and validate the permeability and variation under triaxial stress. 
Their modelling outcomes reveals that gas bearing tight sandstone res
ervoirs under triaxial stress has significant impacts on the permeability, 
often leading to deterioration, whereas the multiple linear regression 
methods predicted (Fegade et al., 2013) that permeability increased 
with an increase of pore pressure. Therefore, the authors model accu
rately predicted the permeability change with respect to external force 
and subsequently, other machine learning methods have validated the 
author’s model. So likewise in our research investigation, by using this 
statistical technique, we have achieved our designed outcome and 
validated the model. To conclude this model can also be extended to 
onshore and offshore field cases. 

5. Conclusions 

Reservoir temperature escalation, fines migration, and productivity 
decline are a syndrome of formation damage and well impairment. 
Tackling and mitigating fines migration during soaring rock temperate is 
a great challenge to engineers and researchers. Several studies reported 
the causes and solutions for reducing the intensity of this problem and 
also, few work demonstrated the positive aspects of fines migration in 
which clay particle migration leverage the fluid production to surface. 
Hence, this paper presented a spotlight on a new sources of fines 
migration in natural gas reservoirs and insights on productivity 
enhancement and gas recovery. Overall, a simultaneous processing of 
gas recovery and formation damage control was achieved. Therefore, 
based on the experimental and modelling outcomes following conclu
sions can be established:  

• Initially, a surface thermodynamic analytical model was developed 
for mathematical analysis of fines behaviour under normal and high 
temperature during high enthalpy gas flow in porous rocks and 
subsequently, there was a high degree of enthalpy (heat) release in 
the porous media. This caused sandstone reservoir rock to undergo 
elongation and deformation, which greatly impacted the transport 
properties of fluid and particle flow in the porous rock. Specifically, 
the rock surface roughness (geological fabrics) governs the perme
ability deterioration and gas recovery.  

• Fines plugging in pore-throat area and gas flow over rock teeth 
(surface roughness) has contributed in the rock core pressure stabi
lization and escalation. Huge concentration of kaolinite fines was 
quantified at higher rock temperature. In normal temperature re
gimes most quantity of fines was carried away by permeating fluid 
and deposited in pore-throat area, but during HT flow huge mass of 
fines were deposited between the rock teeth (fabrics). Size exclusion 
mechanism of particle retention in pore-throat area has contributed 
in permeability decline at NT, but at HT an initial decline and 
breakthrough was observed and this is mainly attributed to the role 
of surface roughness in which kaolinite fines were trapped and new 
permeable spaces were evolved.  

• Microstructural examinations revealed that kaolinite was found to 
have a platelet geometry and there was an observation of KP un
dergoing bridging, straining, and clustering. While, at 150 ◦C the 
kaolinite underwent a compaction over rock fabric. Total interaction 
forces reveal that kaolinite-rock attraction and repulsion has 
occurred, which confirms that kaolinite fines triggered the perme
ability decline. Exponential growth of gas recovery was achieved at 
HT150 ◦C and then it had a linear rise with slow growth, and then it 
had a constant stabilization that is the recovery is monotonous. It is 

constant mass of gas is produced regardless of increasing injection of 
pore volume. ss  

• Multiple linear regression was applied to this experimental and 
analytical modelling for checking and validating the model accuracy 
and reliability. The modelling results showed a high agreement and 
valid, where the R2 values were found to be 0.9997 and 0.9995. 
Finally, new root cause of fines migration has been successfully 
identified, which reveals that the rock surface roughness acts as a 
central role in the detachment and re-attachment of fine particles 
between rock teeth and increasing the well productivity, thereby 
overall reducing the formation damage intensity to a considerable 
level. In our future work, we tend to perform 3D modelling of fabric 
rock surface distribution and visualization of heat transfer, gas- 
particle transport over the rough grains and rock teeth in order to 
study the formation damage and improved recovery. 

Credit author statement 

B. Kanimozhi: Experimental Setup and Work, Model Prediction, 
Calculation; P. Rajkumar: Rock Core Examination and Clay Minerals 
Characterization; S. Mahalingam: Experimental Setup and Work, and 
Supervision; S. Senthil: Experimental Setup and Work, SEM Interpreta
tion; D.S. Jayalakshmi: SEM Interpretation and Sample Physical Prop
erties Examination; H. Girija Bai: Data Evaluation, Calculation and 
Analysis; Vivek Thamizhmani: Data Evaluation, Calculation and Anal
ysis; Ramadoss Kesavakumar: Statistical Modelling and Supervision; 
Venkat Pranesh: Experimental Design, Analytical Modelling, and Wrote 
the Manuscript. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

The data that has been used is confidential. 

Acknowledgement 

This project will not be feasible without technical support and sci
entific guidance from SIST-Chennai and KCET-Virudhunagar, and their 
collaboration and MOU with DAWN-CALORIFIC company are greatly 
acknowledged. Also, especial thanks to Dr. S. Ravikumar, M.E, Ph. D, 
R&D Head at DAWN-CALORIFIC for the consultation on mass transfer 
and geomechanics in high temperature gas reservoirs. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jgsce.2023.204993. 

References 

Ajona, M., Vasanthi, P., Vijayan, D.S., 2022. Application of multiple and polynomial 
regression in the sustainable biodegradation process of crude oil. Sustain. Energy 
Technol. Assessments 54, 102797. 

Al-Yaseri, A., Zhang, Y., Ghasemiziarani, M., Sarmadivaleh, M., Lebedev, M., Roshan, H., 
Iglauer, S., 2017. Permeability evolution in sandstone due to CO2 injection. Energy 
Fuels 31, 12390–12398. 

Alshakhs, Mohammed, J., Kovscek, Anthony R., 2016. Understanding the role of brine 
ionic composition on oil recovery by assessment of wettability from colloidal forces. 
Adv. Colloid Interface Sci. 233, 126–138. 

Ao, Y., Li, H., Zhu, L., Ali, S., Yang, Z., 2019. The linear random forest algorithm and its 
advantages in machine learning assisted logging regression modeling. J. Petrol. Sci. 
Eng. 174, 776–789. 

Aoyagi, K., Chilingarian, G.V., 1972. Clay minerals in carbonate reservoir rocks and their 
significance in porosity studies. Sediment. Geol. 8, 241–249. 

B. Kanimozhi et al.                                                                                                                                                                                                                             

https://doi.org/10.1016/j.jgsce.2023.204993
https://doi.org/10.1016/j.jgsce.2023.204993
http://refhub.elsevier.com/S2949-9089(23)00121-8/sref1
http://refhub.elsevier.com/S2949-9089(23)00121-8/sref1
http://refhub.elsevier.com/S2949-9089(23)00121-8/sref1
http://refhub.elsevier.com/S2949-9089(23)00121-8/sref2
http://refhub.elsevier.com/S2949-9089(23)00121-8/sref2
http://refhub.elsevier.com/S2949-9089(23)00121-8/sref2
http://refhub.elsevier.com/S2949-9089(23)00121-8/sref3
http://refhub.elsevier.com/S2949-9089(23)00121-8/sref3
http://refhub.elsevier.com/S2949-9089(23)00121-8/sref3
http://refhub.elsevier.com/S2949-9089(23)00121-8/sref4
http://refhub.elsevier.com/S2949-9089(23)00121-8/sref4
http://refhub.elsevier.com/S2949-9089(23)00121-8/sref4
http://refhub.elsevier.com/S2949-9089(23)00121-8/sref5
http://refhub.elsevier.com/S2949-9089(23)00121-8/sref5


Gas Science and Engineering 115 (2023) 204993

18

Argent, J., Torkzaban, S., Hubbard, S., Le, H., Amirianshoja, T., Haghighi, M., 2015. 
Visualization of micro-particle retention on a heterogeneous surface using micro- 
models: influence of nanoscale surface roughness. Transport Porous Media 109, 
239–253. 

Askari, R., Hejazi, S.H., Sahimi, M., 2018. Thermal conduction in deforming isotropic 
and anisotropic granular porous media with rough grain surface. Transport Porous 
Media 124, 221–236. 

Bagrezaie, M.A., Dabir, B., Rashidi, F., 2022. A novel approach for pore-scale study of 
fines migration mechanism in porous media. J. Petrol. Sci. Eng. 216, 110761. 

Bagudu, U., McDougall, S.R., Mackay, E.J., 2015. Pore-to-Core-Scale network modelling 
of CO2 migration in porous media. Transport Porous Media 110, 41–79. 

Bedrikovetsky, P., Vaz Jr., A., Machado, F., Zeinijahromi, A., Borazjani, S., 2011. Well 
productivity decline due to fines migration and production: (Analytical model for the 
Regime of strained particles accumulation). In: SPE European Formation Damage 
Conference. Society of Petroleum Engineers, Netherlands.  

Bedrikovetsky, P., Zeinijahromi, A., Siqueira, F.D., Furtado, C.A., de Souza, A.L.S., 2012. 
Particle detachment under velocity alternation during suspension transport in 
porous media. Transport Porous Media 91, 173–197. 

Bernardin, J., Mudawar, I., Walsh, C., Franses, E., 1997. Contact angle temperature 
dependence for water droplets on practical aluminum surfaces. Int. J. Heat Mass 
Tran. 40 (5), 1017–1033. 

Borazjani, S., Bedrikovetsky, P., 2017. Exact solutions for two-phase colloidal-suspension 
transport in porous media. Appl. Math. Model. 44, 296–320. 

Borazjani, S., Behr, A., Genolet, L., Net, A., V, D., Bedrikovetsky, P., 2017. Effects of fines 
migration on low-salinity waterflooding: analytical modelling. Transport Porous 
Media 116, 213–249. 

Britannica, 2022. fabric-geology viewed 17 October 2022. https://www.britannica. 
com/science/fabric. viewed 17 October 2022.  

Chen, X., Regenauer-Lieb, K., Lv, A., Hu, M., Roshan, H., 2020. The dynamic evolution of 
permeability in compacting carbonates: phase transition and critical points. 
Transport Porous Media 135, 687–711. 

Chen, X., Li, Y., Liu, Z., Zhang, J., Trivedi, J., Li, X., 2023. Experimental and theoretical 
investigation of the migration and plugging of the particle in porous media based on 
elastic properties. Fuel 332 (Part 2), 126224. 

Chequer, L., Bedrikovetsky, P., 2019. Suspension-colloidal flow accompanied by 
detachment of oversaturated and undersaturated fines in porous media. Chem. Eng. 
Sci. 198, 16–32. 

Chequer, L., Vaz, A., Bedrikovetsky, P., 2018. Injectivity decline during low-salinity 
waterflooding due to fines migration. J. Petrol. Sci. Eng. 165, 1054–1072. 

Civan, F, 2007. Temperature effect on power for particle detachment from pore wall 
described by an Arrhenius-Type Equation", in. Transport Porous Media 67, 329–334. 

Coronado, M., Diaz-Viera, M.A., 2017. Modeling fines migration and permeability loss 
caused by low salinity in porous media. J. Petrol. Sci. Eng. 150, 355–365. 

Davis, G., Reynolds, S., Kluth, C., 2011. Structural Geology of Rocks and Regions, third 
ed. Wiley, New York. ISBN: 978-0471152316.  

Di Meglio, A., Giulio, E.D., Dragonetti, R., Massarotti, N., 2021. Analysis of heat capacity 
ratio on porous media in oscillating flow. Int. J. Heat Mass Tran. 179, 121724. 

Ehlers, W., 2018. Effective stresses in multiphasic porous media: a thermodynamic 
investigation of a fully non-linear model with compressible and incompressible 
constitutents. Geomechanics for Energy and the Environment 15, 35–46. 

Erias, A.F., Iglesias, E.M., 2022. Price and income elasticity of natural gas demand in 
Europe and the effects of lockdowns due to Covid-19. Energy Strategy Rev. 44, 
100945. 

Fegade, S.L., Tande, B.A., Cho, H., Seames, W.S., Sakodynskaya, I., Muggli, D.S., 
Kozliak, E.I., 2013. Aromatization of propylene over HZSM-5: a design of 
experiments (DOE) approach. Chem. Eng. Commun. 200, 1039–1056. 

Fossen, H., 2010. Structural Geology, first ed. Cambridge University Press, New York. 
ISBN: 978-0521516648.  

Geistlinger, H., Ataei-Dadavi, I., Vogel, H.-J., 2016. Impact of surface roughness on 
capillary trapping using 2D-micromodel visualization experiments. Transport Porous 
Media 112, 207–227. 

Ghosh, S.K., 1993. Structural Geology: Fundamentals and Modern Developments, first 
ed. Pergamon, USA. ISBN: 978-0080418780.  

Gokhale, N., 2019. Theory of Structural Geology, first ed. CBS, India. ISBN: 978- 
8123904535.  

Goldenberg, L.C., Hutcheon, I., Wardlaw, N., Melloul, A.J., 1993. Rearrangement of fine 
particles in porous media causing reduction of permeability and formation of 
preferred pathways to flow: experimental findings and a conceptual model. 
Transport Porous Media 13, 221–237. 

Gu, H., Wang, C., Gong, S., Mei, Y., Li, H., Ma, W., 2016. Investigation on contact angle 
measurement methods and wettability transition of porous surfaces. Surf. Coating. 
Technol. 292, 72–77. 

Haasan, O.H., Sultan, G.I., Sabry, M.N., Hegazi, A.A., 2022. Investigation of heat transfer 
and pressure drop in a porous media with internal heat generation. Case Stud. 
Therm. Eng. 32, 101849. 

Hamaker, H.C., 1937. The London–Van der Waals attraction between spherical particles. 
Physics 4, 1058. 

Hills, E., 1963. Elements of Structural Geology, first ed. Chapman & Hall Ltd. ISBN: 978- 
0412207501.  

Hobbs, B., Means, W., Williams, P., 1976. An Outline of Structural Geology, first ed. John 
Wiley and Sons. ISBN: 978-0471401575.  

Huang, P., Shen, L., Maggi, F., Chen, Pan, Z., 2022. Influence of surface roughness on 
methane flow in shale kerogen nano-slits. J. Nat. Gas Sci. Eng. 103, 104650. 

Hussain, F., Zeinijahromi, A., Bedrikovetsky, P., Badalyan, A., Carageorgos, T., Cinar, Y., 
2013. An experimental study of improved oil recovery through fines-assisted 
waterflooding. J. Petrol. Sci. Eng. 109, 187–197. 

Isah, A., Arif, M., Hassan, A., Mahmoud, M., Iglauer, S., 2022. Fluid-rock interactions and 
its implications on EOR: critical analysis, experimental techniques and knowledge 
gaps. Energy Rep. 8, 6355–6395. 

Jameel, A., Naser, N., Emwas, A.-H., Dooley, S., Sarathy, S.M., 2016. Predicting fuel 
ignition quality using 1H NMR spectroscopy and multiple linear regression. Energy 
Fuels 30, 9819–9835. 

Jiang, S., 2012. Clay minerals from the perspective of oil and gas exploration. In: 
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