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Abstract: In a gravel-packed sand control well with steam-soaked produc-
tion, reverse alternating displacement of steam and formation produced
fluid may tend to change the dynamics at the gravel-sand interface. To
investigate the effect of dynamic production conditions on gravel-pack
performance, a series of experiments was performed using high tempera-
ture steam displacement apparatus with parameters similar to actual well
conditions. In this research, gravel, formation sand, and screen mesh filter
were combined as a sand retention media. Steam, water, and crude oil
acted as the displacement fluid to simulate the alternating displacement
process of steam and formation fluids. Experimental results resonate with
the basic law of high temperature dissolution, adsorption blockage, and
dynamic performance of the gravel-pack with the mode of steam-water
and multicycle steam-oil displacement. The high temperature dissolution
ratio of quartz sand was tested as 10.20% at a steam temperature of 300
°C, which is too small to influence the sand retention effectiveness of the
gravel pack. Steam flow erosion and the reverse displacement by fluid lead
to gravel-sand interface migration and sand invading the gravel pack, caus-
ing its permeability to decrease. After a single alternating displacement of
steam-water, the gravel permeability drops to about 80% while the dis-
placement of steam and crude oil damages the gravel permeability to 15%
through adsorption blockage. We suggest that high temperature steam in-
jection could partly undermine permeability by oil adsorption blockage
despite the permeability recovery of 93%. Whereas the damage removing
effect of steam decreases with an increase in displacement cycles and the
oil adsorption blockage of the gravel pack, the damage removing effect of
steam is much higher than high temperature water. Our research concludes
that multicyclic steam operations could potentially destabilize the gravel-
sand interface, which needs careful consideration for optimal sand control
to maintain gravel pack integrity.

Keywords: Thermal recovery; steam-soaked production; gravel pack;
reverse alternating displacement; adsorption blockage

1. Introduction

The latest advances in production technologies, cou-
pled with the much-anticipated decline in future oil
discoveries globally, have inspired new research to facili-
tate improvements in existing recovery techniques to meet
the persistent global demand for energy. Notable chal-
lenges that continue to undermine oil producers are the
control of fines migration, particularly during production
in unconsolidated sands. The injection and cyclic injection

Yandy
Scientific ISSN: 3104-977X © The Author(s) 2025.

Press

of high-temperature steam can cause changes in the me-
chanical properties of the reservoir, resulting in variations
in the sand production patterns of thermal recovery wells
(Yanetal., 2025; Jia et al., 2024). To reduce the migration
of fine particles of loose sand into the wellbore, experi-
ments on the evaluation and optimization of efficient sand
control methods for heavy oil reservoirs were conducted
(Hu et al., 2022). One of the most effective sand control meth-
ods is gravel filling. This method of sand control acts by
reducing the near wellbore velocities of sand while
providing a graveled region of high-permeabilities around
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the liner/screen (Roostaei et al., 2018). The injection of
steam for thermal enhancement of hydrocarbon produc-
tion assists producers in reducing heavy oil viscosity (Wu
et al., 2018), while the dynamic performance of the multi-
cycle gravel pack allows an alternating production scheme
for oil and produced fluids. However, for gravel-packed
sand control wells with a steam-soaked operation, poros-
ity, permeability, and interface stability of gravel packs,
are considered as the main factors affecting sand control
(Li et al., 2012; Oyeneyin et al., 1995). The blockage of
gravel pack has a significant impact on well productivity
(Sai et al., 2022). The fluid flow rate and viscosity are key
parameters that affect the degree of blockage in the gravel
layer (Dong et al., 2019). The properties of both gravel
pack and gravel-to-sand interface can be affected by the
reverse alternating displacement of high temperature
steam and formation-produced fluid during the multi-
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(a) Steam injection

cyclic steam-soaked operation. In terms of the dynamic
performance of gravel packs, several studies have been
conducted under varying production conditions. To ad-
dress the problem of sand control medium clogging in
heavy oil sand production wells, the mechanism and law
of heavy oil-formation sand co-clogging of multiple types
of sand control media, such as cut seams, wound wires,
composite filter screens, and gravel layers under different
conditions, were revealed (Dong et al., 2024). The mech-
anism of physical plugging caused by intrusion of
formation sand was analyzed, and a permeability predic-
tion model was underscored under conventional
production conditions (Dong et al., 2011; Dong et al.,
2017; Li et al., 2013; Wang et al., 2000; Meng et al.,
2019). Then it evaluates the completion productivity of
steam stimulation and sand control in heavy oil reservoirs
(Wang et al., 2020).

Production

Formation sand

Heavy oil flow

(b) Production

Fig. 1. Heavy oil gravel packing sand control well steam injection production.

Furthermore, earlier research focusing on wettability
alteration resulting from asphaltene precipitation in crude
oils underscores even a deeper conceptualization of the in-
fluence on changing permeability of porous materials
(Gao et al., 2016; Wu et al., 2004; Buckley et al., 1998)
from which inferences can be made about gravel packs in
porous materials. Earlier studies analyzing wettability
changes in thermal recovery methods have noted a num-
ber of contrasting views on wettability and underscored its
implications for hydrocarbon recovery (Abdallah et al.,
2007; Punase et al., 2014). In unconsolidated sands, par-
ticularly quartz, temperature elevation during thermal
recovery increases residual water saturation (more water
wet) and oil-water relative permeability, while residual oil
saturation decreases with temperature (Ponelis et al.,
2015). Whereas high temperature steam could potentially
increase reservoir permeability, the high temperature ef-
fect of steam on both gravel and formation could
compromise the well integrity (Abdallah et al., 2007;
Ponelis et al., 2015; Punase et al., 2014).

Higher increases in temperature could increase the
upset of flow rate, which further aggravates the erosion of
the gravel pack and screen holding the gravel (Bhowmick
et al.,, 2018). This argument, in contrast, suggests that
gravel and formation materials could suffer dissolution
due to the collapse of chemical bonds aggregating for-
mation materials, among others. In addition, other

research emphasizes that whereas the rise in temperature
could potentially increase the net recovery factor where in
some case it has been linked to optimization using chemi-
cal additives, fracture design, follow-up processes like
carbon dioxide injection, steam flooding among others
(Alvarez et al., 2013), producers ought to create a reason-
able balance between the steam to oil ratio and oil to steam
ratio, to ensure economic recovery conditions are met
(Elias et al., 2015). Moreover, based on the physical sand
plugging mechanism, other research underscores a physi-
cochemical compound mechanism (Zhang et al., 2004).
Factors such as permeability damage caused by the
polymer and asphaltene adsorption at the surface of quartz
sand were considered. Based on the relationship between
plug permeability and time, a permeability changing
model of the gravel pack at the initial stage of production
was proposed, as well as a dynamic prediction of produc-
tion in heavy oil wells (Gao et al., 2016; Pang et al., 2013;
Si et al., 2013; Dong et al., 2016). In summary, there is a
need to extensively study the dynamic changes for gravel
packs with regard to the physical and physicochemical
sand plug. Due to the limited existing research on reverse
alternating displacement of steam and formation produced
fluid, there is a need to systematically investigate the con-
trolling parameters influencing sand control and steam-
soaked production.
In this paper,

experiments are performed to
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investigate the dynamic performance of changes in gravel-
packed under different processes of multi-cyclic steam-
soaked simulation. Plug and dynamic changes of permea-
bility at gravel pack are investigated using high
temperature dissolution, steam-water displacement, and
multi-cyclic steam-oil displacement conditions, respec-
tively, to support the determination of parameters during
sand control and the steam-soaked process.

2. Experimental Principle and Method

2.1 Purpose

The experiment is simulated using input parameters
from a heavy oil block at the Gudong area, Shengli Oil-
field. Cyclic steam-soaked and gravel-packed sand control
operations were implemented for this block. During actual
production, the well shows a dramatic decline in oil pro-
duction after the first period of production. Gas injection
pressure was maintained at a high level in the second in-
jection phase. Due to a lack of a scientific understanding
of the mechanisms/processes of reverse alternating dis-
placement of the gravel pack. Key conclusions that could
be drawn point to wrong input parameters as well as inef-
fective sand retention designs or mechanisms as
potentially significant to a clear understanding of the poor
production at the block of interest.

Dynamic changes of the properties of the gravel pack
were investigated with multi-cyclic steam-soaked simula-
tion under production conditions. These included, among
others, high temperature dissolution rate, sand intrusion
depth after displacement under different conditions, plugs
in gravels, and plug removal effect with high temperature
steam. The purpose of our research was to provide a basis
for optimizing parameters during steam soaking and sand
control operations.

In addition, owing to the adsorption effect of heavy
oil on the gravel layer, it is easy to cause blockage of the
gravel layer and a decrease in permeability. High-temper-
ature steam can reduce the viscosity of heavy oil, increase
its fluidity, and thereby decrease the adsorption effect of
heavy oil on the gravel layer. Therefore, in the experiment,
30 °C distilled water, 70 °C distilled water, and 200 °C
high-temperature steam were respectively used to unclog

the pre-clogged screen to verify the unclogging effect of
high-temperature steam on the already clogged screen
tubes.

2.2 Experimental Apparatus and Procedure

The multi-functional instrument for sand prevention
and sand blocking evaluation was used in this experiment.
The apparatus is composed of a constant-flux pump, steam
generator, sand-packed columns, a constant-heated sys-
tem, and a data acquisition system.

Both sides of the sand packed column are connected
to the advection pumps and the diversion pipe, respec-
tively, through steering throttle valves, and different fluids
can be pumped from the forward and reverse directions
according to the needs, so as to realize alternate displace-
ment. A plurality of pressure-measuring holes was
provided on the wall of the column to connect the pressure
difference sensors to measure the pressure difference at
different positions beside the column. The permeability of
the medium beside the column can be calculated using
Darcy’s law.

The schematic diagram of the experiment is shown in
Fig. 2. The sand-packed column is filled with formation
sand, gravels, and a screen mesh filter as three layers. The
diameter of the gravel pack and the formation sand pack
is equal to the inner diameter of the gravel pack column,
both are 30 mm, and the filling length is 200 mm and 100
mm, respectively. The gravel pack and the formation sand
are in direct contact without any other medium between
them. A screen filter is installed on the left side of the
gravel pack to simulate a mechanical screen. A metal
mesh is installed on the right side of the formation sand to
fix the sand layer.

This apparatus is used for testing changes in permea-
bility and visualizing the dynamic plugging process. The
parameters set in the experiment are chosen based on cer-
tain ratios of formation sand, gravels, and screen mesh
filter to fill the sand packed column at the beginning of the
experiment. The sand-packed column is displaced by
steam-water or steam-oil with regard to the purpose.

Pressure sensor

Fluid injection Fluid production
simulation simulation
Steam Formation water
Hot water | Crude oil

Screen filter Gravel pack Formation sand Clean water

Fig. 2. Diagrammatic sketch of experiment.

The general procedure of the experiment is described
as follows:

(1) Fill sand-packed columns with different ratios of
formation sand, gravel, and screen mesh layers for differ-
ent purposes. Then, connect the entire experimental setup
as required. Wrap a heating jacket around the outside of
the sand pack column to heat the entire sand pack column
to 70 °C.

(2) Use a constant-flux pump to pump distilled water

to displace the medium with a constant displacement, and
calculate the permeability of the medium beside the col-
umn as the initial permeability of the medium.

(3) Inject High temperature water or steam through
one side of the core barrel, while formation fluid is pro-
duced from the other side. Use a steam generator to inject
high temperature steam into the sand-packed columns,
simulating steam injection.

(4) Set the temperature and flow velocity of the
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displacing fluid on the basis of practical production. The
temperature of sand-packed columns is controlled from 50
°C to 250 °C by a heating jacket in a constantly heated
system.

(5) Use the constant-flux pump to pump distilled wa-
ter again to displace the gravel layer beside the column
with a constant displacement. Measure the flow rate along
with the pressure difference and calculate the relative per-
meability of the gravel pack as the final permeability.

(6) If alternate displacement is required, after com-
pleting step 5, adjust the steering throttle valves on both
sides of the sand pack column and pump the specified
fluid through the constant-flux pump to displace the
gravel layers from opposite directions.

(7) Observe the intrusion of formation sand and the
movement of the interface between adjacent layers by
pulling the formation sand, gravels, and the screen mesh
filter out.

(8) If multiple rounds of alternate displacement are
required, after completing step 5, repeat steps 3-7 to com-
pare the changes in the permeability of the gravel layer in
different flooding rounds.

Clean gravel layer

During the displacement, due to the intrusion of for-
mation sand into gravel media, the internal overflow space
of the media was reduced, and the seepage resistance in-
creased, and then the permeability of the medium
decreases. This phenomenon indicates the plugging of the
media. The dynamic permeability of the media can be cal-
culated by the tested flow rate and pressure drawdown
across the media.

High-temperature steam unblocking experiment also
uses the multi-functional instrument for sand prevention
and sand blocking evaluation as shown in Fig. 2, but the
experimental principle and method have changed, as
shown in Fig. 3. In the experiment, the pre-blocking
screen was placed between the heavy oil and formation
sand blocking zone, and clean gravel layer and gravel
layer and formation sand mixing zone were added at both
ends, respectively. Distilled water and steam with differ-
ent temperatures were used to drive the screen, and the
permeability change of the blocking zone was tested to
verify the unblocking effect of high temperature steam on
the blocked screen.

Pre-blocking screen

Heavy oil - formation sand blockage zone

Gravel layer - formation sand mixed zone

Fig. 3. Schematic diagram of the principle of high-temperature steam unblocking experiment.

(a) Heavy oil

(b) Formation water

Fig. 4. Experimental fluid.

2.3 Experimental conditions and materials

Displacing fluids include water, oil, and steam. The
oil is dehydrated crude oil that is derived from an Oilfield,
with 924.6 mPa-s of viscosity under 70 °C. Water is clas-
sified as distilled water and a 420 mg/L sodium
hydrocarbonate solution. The fluid used in the experiment
is shown in Fig. 4.

A sand layer is manually packed into the container.
The used man-made sand keeps unconsolidated with no

consolidation agent and provides the formation sand
source during the experiment. The sand was manually
compounded with natural quartz and clay minerals ac-
cording to the parameters of actual formation sand from
the Gudong oilfield. The median size of the sand is 0.11
mm, and its coefficient of uniformity is about 7. The clay
content is about 12% and the porosity is about 25%,
roughly equal to the actual reservoir porosity. The param-
eters of the used sand have been set as close as possible to
those of the actual formation sand, with an accuracy rating
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of more than 90%. The simulated formation sand used in
the experiment is shown in Fig. 5(a), and the sieving curve
of the formation sand is shown in Fig. 5(b).

(a) Formation sand sample (d50=0.15 mm)

100 Screening and analysis
90 results:
o 80 D10=0.2500 mm
S D15=0.2302 mm
Z 17 D25=0.2007 mm
g D40=0.1694 mm
2 60 D50=0.1500 mm
° 5 D70=0.1328 mm
4 D75=0.1289 mm
T D84=0.1168 mm
= D90=0.1060 mm
Z %
£ 2 Sorting coefficient: 1.2482
= Uniformity coefficient: 1.5980
10 Standard deviation: 0.7789

0
1.000 0.100 0.0100
Particle size/mm

(b) Formation sand sieving analysis data

Fig. 5. The formation sand configured for the exper-
iment.

The used gravel is directly from the actual used gravel
in an oil-field gravel-packing job, the size of which is
0.4~0.8 mm, with 0.613 mm of median size. For gravel-
packed sand control design, the optimum gravel-sand me-
dian size ratio (GSR) is recommended to be about 5-8. In
this experiment, the GSR is about 5.57. The gravel is also
packed manually into the container with slight force by
hand, which ensures the high compactness degree to sim-
ulate the actual gravel-packing in an oil well. The
experimental filling gravel is shown in Fig. 6.

' (a) Fill gravel

(b) Gravel intrusion phenomenon
Fig. 6. Samples of filling gravel for the experiment.

The target formation temperature is approximately 70
°C. Bottom hole temperature during the steam-soaked op-
eration ranges from 180 °C to 250 °C, while steam
temperature is controlled between 200 °C and 300 °C in
the experiment. The steam is generated from clean water
by an integrated steam generator, the steam flow rate and
temperature of which can be controlled and adjusted
freely by the control panel. The temperature of the heating
jacket is kept in the range of 50 °C to 70 °C. The outlet of
the sand-packed column is connected with the atmos-
phere, while the displacing pressure is less than 10 MPa.
This pressure depends on the experimental flow rate, the
number of plugs in the gravel layer, and the flow re-
sistance. After equalization of the flow velocity in typical
wells, experimental displacing flow rates of oil and steam
are 0.8 mL/min and 32.0 mL/min, respectively.

High-temperature steam unblocking experimental
displacement fluids used were distilled water, heavy oil,
and high-temperature steam. The injection temperatures
of distilled water were 30 °C and 70 °C, respectively, and
the injection temperature of high-temperature steam was
200 °C. The injection speed of the fluid is 32 mL/min for
all. The screen used in the experiment is shown in Fig. 7.

(a) Clean screen

(b) Pre-blocking the screen

Fig. 7. The screen used for the experiment.
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3. Experimental results and discussion

3.1 Results for high temperature dissolution in gravel
pack

In this section, we investigate the influence of the
gravel pack after high-temperature steam dissolution.
Firstly, we measure the initial permeability of the gravel
pack after hot water displacement. Secondly, the gravel
pack is displaced with 32.0 mL/min of steam for 12 hours
under steam temperatures of 170 °C, 200 °C, 270 °C and
300 °C respectively. After steam displacement, post-dis-
solution permeability is measured through another hot
water displacement. Fig. 8 shows the different ratios of
initial and final permeability and steam temperatures, as
well as dissolution rates (ratio of mass differences of the
gravel pack that is before and after the experiment) and
steam temperatures.

The experimental result data are shown in Table 1.

12 ¢ ) . X q 14
—e— dissolution rate of gravel packs

—&— final permeability ratio

L o

dissolution rate/%o
(=)

final permeability ratio

150 180 210 240 270 300 330

steam temperature/°C

Fig. 8. Final permeability ratio and dissolution rate vary-
ing with steam temperature.

Table 1. Samples of filling gravel for the experiment.

Experiment Steam tempera- Dissolution Flngl pene-
tration rate
number ture/°C rate/% .
ratio
81 170 2387 !
S2 200 323 1.057
S3 270 6.02 1.107
S4 300 10.20 1.195

The gravel pack can be corroded by high temperature
steam, and its permeability increases dramatically. Ac-
cording to the results shown in Fig. 8, dissolution rates
show an increase with rising steam temperature when
other displacement conditions are the same. The increas-
ing positive gradient in the dissolution rate of the gravel
pack, and the subsequently sharp gradient at temperatures
higher than 270 °C, could perhaps suggest imminent fail-
ure of the gravel pack at higher temperatures with time.
The implication of this could be that the efficiency of the
gravel pack completions to block sand production would
be compromised, since the gravel would be easily dis-
solved by hot steam. However, the dissolution rate of

10.20% at 300 °C of steam temperature, which is 4.3 times
that at 170 °C of steam temperature, is still too low to
worsen the effect of sand control. Besides, the percentage
increase in permeability is approximately 20% compared
with the permeability value before dissolution. This in-
crease can be balanced out by formation produced micro
sand particles during production (This is not considered in
the experiment), pore throat structure, and permeability,
which resulted in high temperature dissolution can be ig-
nored.

3.2 Dynamic analysis for gravel packs after steam-wa-
ter displacement

3.2.1 Single cyclic steam-water displacement

In order to investigate the sand intrusion depth in
gravel packs caused by steam-formation fluid reverse al-
ternating displacement, a steam-water system is
considered as a displacing fluid. It is worth noting that
since water is considered a formation produced fluid, it is
easy to observe through and can avoid the influence
caused by heavy oil adsorption, which is rather opaque.
Displacing temperature, steam flow rate, and water dis-
placing rate are set to 200 °C, 32 mL/min, and 8.0 mL/min,
respectively. Fig. 9 shows the changes in pressure differ-
ence and permeability with time during single cyclic
displacement (steam-water displacement).

According to the results shown in Fig. 9, the permea-
bility of the gravel pack slightly dropped to about 80% of
its initial value after a single cyclic steam-water displace-
ment. In comparison with gravel and sand interaction,
formation sand intrusion could explain the decrease in
permeability of the gravel pack attributed to sand plugging
in the gravel pores. Sparling investigated the permeability
of common-sized gravel with different silty sand and con-
cluded that gravel permeability would be seriously
lowered after mixing a small amount of silty sand (Meng
etal., 2019). Moreover, increased pressure gradient across
the gravel pack in comparison with the sand pack could
account for sand invasion and pore plugging in the gravel
pack, reducing permeability (Roostaei et al., 2018). How-
ever, research argues that the drop in permeability during
cyclic steam injection should not be unexpected since the
production rate is expected to decline following each cy-
cle. This was underscored by some research (Alvarez et
al., 2013), which notes that despite the ability of steam to
create additional structures in the formation, improving
fluid flow, this change in permeability is short-lived as the
well pressure subsequently falls along the cycles. This
phenomenon resonates well with our research, as indi-
cated in Fig. 9, evidenced by the decline in overall
permeability at the end of the first cycle. The overall de-
cline in the displacement pressure could also be attributed
to the heat losses to the formation fluids during displace-
ment. Moreover, at the beginning of steam injection, the
pressure of inlet of sand sand-packed column fluctuates
wildly since the gravel at the inlet side is impulsed by high
temperature steam, which finally stabilizes as the gravels
rearranges to a stable structure.
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Fig. 9. Pressure drop and permeability varying with time under single cycle steam-water displacement.
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(c) movement of the interface between gravel packs and the

sand layer

Fig. 10. Interchanging pattern of gravel interface after single cycle steam-water displacement.

Fig. 10 illustrates the characteristics of the gravel-
pack and sand layer after single cyclic steam water dis-
placement. The gravel was impulse by steam during the
injection, and the sand layer is therefore wrapped with
gravels. Besides this, intrusion depth in the sand layer by
quartz sand is approximately 2.2 cm at the interface be-
tween sand and gravel pack under steam impulsion,
whereas a depth of 0.5~0.8 cm was recorded under reverse

alternating water displacement. The much larger intrusion
depth of the gravels in the sand layer at the interface of the
gravel and sand layer could indicate the high magnitude
of the initial displacement due to the steam layer in com-
parison with water. The result indicates that steam-fluid
alternating displacement makes the interface between
sand and gravel pack so unstable that there is sand-to-
gravel and gravel-to-sand invasion in steam-soaked wells.
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3.2.2 Multi-cycle steam-water alternating displacement
Fig. 11 shows the relationship between the permea-
bility of the gravel pack and displacing pressure difference
under multi-cyclic steam-water alternating displacement.
Symbol A denotes the stages for measuring the permea-
bility of gravel pack by water. Symbol B and C denote
steam displacement and water displacement, respectively.
The subscripts (1, 2, 3) mean the different cycles of dis-
placement. According to the results shown in Fig. 11, the
decreasing percentage of permeability of the gravel pack
after the first cycle is similar to that after single cyclic dis-
placement, reaching 20~25%. Decreasing percentages of
permeability of gravel pack after the second and third cy-
cles are 22% and 27%, with no clear changes compared

Stage |

.Al

025 } B,:steam

C:water

displacement pressure difference/MPa

Stage 2

B,:steam

with those after the first cycle. The result demonstrates
that the permeability of gravel pack dropped due to sand
intrusion caused by steam-water alternating displacement
at the first cycle. This resonates with the latest research
(Roostaei et al., 2018), which argues that the resulting
sand invasion could be attributed to initial instabilities of
the gravel/sand interface during cyclic steam operations.
Moreover, the interface of sand and gravel pack has be-
come stable after the first displacing cycle without strong
dissolution and reaction between water and quartz sand.

The strong intrusion phenomenon of the gravel layer
is shown in Fig. 12 (a) and (b), and the reverse intrusion
of the formation sand into the gravel layer is shown in Fig.
12 (c).

1 40

pressure difference
= = =measured permeability
1 35

Stage 3
30

1

i
Cyiwater Byisteam [Cyrwateri Ag ] s

1 20

1 15

permeability/pum?

1 10

0 300 600 900 1200

1500

. ;

1800 2100 2400 2700 3000

displacement time/min

Fig. 11. Pressure drop and permeability varying with time under multi-cycle steam-water displacement.

(a) Gravel intrusion

(b) Gravel intrusion

(c) Formation sand intrusion

Fig. 12. The phenomenon of mutual intrusion between gravel layers and stratum sand.

Results from Fig. 12 confirm the increasing variation
of pressure and permeability following successive multi-
cyclic steam-water displacements. The injection cycle
repetitions over the life of the well thus ensure that well
permeability and flow pressure are revitalized by a contin-
uous supply of steady steam-water cycles (Filimonov et
al., 2018). Maintaining an adequate supply of steam after
each cycle ensures that well permeability declines result-
ing from the plugging effect of both gravel and sand are
reversibly minimized. However, the permeability of the
well, despite the steady supply of steam-water displace-
ment, still continuously falls over time.

3.3 Results for multi-cyclic steam-oil alternating dis-
placement

To investigate further the impact of displacement on
plug at gravel pack, multi-cyclic steam-oil alternating dis-
placement is investigated. Initially, a sand-packed column
is filled with compacted gravels to form a gravel pack with
known permeability. The heating jacket is then adjusted to
the experimental temperature and kept for 2 hours. Next,
distilled water is injected into the sand-packed column as
it comes to a stable state and measuring the initial perme-
ability of the gravel pack. Displacement using 200 °C
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steam is continued for 10 hours. This is followed by dis-
placing the oil with constant-flux pump for 4 hours, which
is held at a stable pressure. Finally, the permeability of the
gravel pack after every single cycle is measured. The steps
above are repeated and continued for the next cycle of dis-
placement. Fig. 13 and Fig. 14 illustrate pressure drop and
gravel permeability variation with time under multi-cyclic
steam-crude oil displacement.

In Fig. 13 and Fig. 14, symbol A denotes permeability
measurement for gravel pack, symbol B denotes steam
displacement step, and symbol C denotes reverse dis-
placement, while subscripts (1, 2, 3) refer to different
cycles for displacement. According to Fig. 14, the perme-
ability of the gravel pack after finishing the first cycle of
reverse displacement (15% of the initial permeability) is
lower than that after steam-water reverse displacement
(80% of the initial permeability), which means steam-oil
displacement causes more severe damage to the permea-
bility of the gravel pack than steam-water displacement.
Whereas a number of researchers agree with the notion
that gravel packing could significantly enhance sand con-
trol during thermal recovery of heavy oils, some
contrasting views presented in underscore the fact that cy-
clic steam injection could synthesize oil wetness (Punase
et al., 2014). Oil adsorption in the pore sites at the gravel
pack could account for this experimental result. It con-
cludes that due to inconsistencies in various research on
wettability studies, and given the significance of wettabil-
ity analysis within the context of cyclic steam simulation,
perhaps our experimental investigation, as evidenced in
Fig. 14 and 15, underscores a more practical view to ex-
plaining this notion. It is imperative to suggest that the

450 Stage 1

fraction of oil lost within the gravel pores is evidently mo-
bile, referred to as “dead o0il”, and leads to a decline of the
effective permeability of gravel packs. Fig. 15 compares
pictures of prime clean gravel, oil-plugged gravel, and
steam flashed gravel. Oil adsorbed at the surface and pore
space of gravels can lead to oil reduction in practical pro-
duction. And the effective permeability of gravels is far
lower than that of cleaned gravels on the ground. Accord-
ing to the results shown in Fig. 13 and Fig. 14 in the
second cycle, permeability recovery reaches 93% of the
initial permeability after the second cycle of steam dis-
placement. High temperature steam has a positive impact
on oil mobility and therefore removes plugs in gravels
caused by oil adsorption. Reversely displacing the oil
again and then implementing the third cycle of steam dis-
placement, permeability recovery is maintained at
approximately 85% of the initial permeability. As a result,
a conclusion can be drawn that high temperature steam has
a positive effect on plug removal in gravels, while the ef-
ficiency drops with increasing number of displacing
cycles. Latest research (Wu et al., 2019) investigating
thermal recovery of the Jinlou oilfield in China remarks
that after applying cyclic steam stimulation to the B125
Block of the Henan Oilfield, oilfield recovery became
poor after some time, which prompted the alternative use
of hot water flooding since 1996. The explanation for the
decline in production was attributed to steam channeling
and premature plugging caused during cyclic steam simu-
lation with time (Wu et al., 2018). This resonates well with
our current research pointing to the decline in permeabil-
ity recovery of the reservoir over time.
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Our research suggests that the declining permeability
of gravel indicates an increase in the plugging effect,
higher heat losses to the understrata, overburden, and
lower viscosity of steam, as can be compared to water
lowering the hydrocarbon yield. Besides, pressure-out in
the local plug area of gravels causes dramatic fluctuations
at the beginning of steam injection during plug removal
operations. Later, the thermal effect displacing pressure
remains gradually at a stable state. Therefore, we suggest
a stepwise increase of the volume of gas injection and
maintaining steam dryness during the second cycle of
steam injection, as it makes the well bottom full of high
temperature steam, and better for plug removal efficiency.
Key industry data reveals the need to design appropriate
steam-to-oil ratios that deliver economic viability of the
production method adopted. Typical steam-to-oil ratios of
3:1-4:1 have been suggested to offer an economic value
given the sensitivity of the multicyclic steam-assisted
method (Alvarez et al., 2013). The sensitivity of the cyclic
steam operation implies that operators strive to maintain
the steam-to-oil ratio lower than the oil-to-steam ratio.

According to the present study (Alvarez et al., 2013), de-
veloping an optimum steam injection rate is key to
assuring high average oil production and, as such, postu-
lates that a steam to oil ratio of about 1 would ascertain
the recovery of the expected 20% of crude oil in low per-
meability reservoirs. We suggest that operators establish
the adequate values for SOR/OSR for a given field context
that assures that the displacement is neither too high to af-
fect the gravel to sand interface nor too little to provide
the required displacement, but rather high enough to en-
sure an economic recovery is attained.

Fig. 15 compares pictures of prime clean gravel, oil-
plugged gravel, and steam flashed gravel. It is obvious that
the surface of steam-plugged gravel is far less clean than
flashed gravel with a small amount of absorbent. As a re-
sult, the plug removal effect is good if considering the size
effect of the core barrel. However, steam channeling is
common in practical plug removal operations, and there-
fore, the plug removal effect sometimes is better at the
gravels surrounding the screen pipe and worse at the grav-
els in other positions.

(a) Prime cleaned gravel

(b) Oil plugged gravel

(c) Steam flashed gravel

Fig. 15. Comparison of prime cleaned gravel, oil-plugged gravel, and steam flashed gravel.

3.4 Result for high-temperature steam unblocking ex-
periment

The experiment obtained the permeability variation
curves of the blocked screen under different conditions by
injecting distilled water at different temperatures and
high-temperature steam, as shown in Fig. 16.

It was found through the permeability change curve
that the unblocking capacity of 200 °C high-temperature
steam was significantly higher than that of the other two
fluids. Due to the existence of mechanical particle block-
age, the permeability after unblocking is relatively low.
The compactness of the gravel filling should be enhanced
to prevent formation sand from invading the screen pipe
and blocking it as much as possible. During the initial
stage of steam injection, high temperature and high dry-
ness should be maintained.

After the experiment, remove the sieve to observe the
unclogging situation. The changes of the pre-blocking

screen before the comparison experiment are shown in Fig.

17.

It was found through comparison that after the un-
blocking effect of the three fluids, the surface of the screen
was significantly cleaner than before unblocking, but
there was still a small amount of formation sand blockage.
The unblocking capacity of 200 °C high-temperature
steam is significantly higher than that of the other two flu-
ids. However, high-temperature hot steam alone cannot

completely unblock the blockage. Therefore, the compact-
ness of gravel filling should be increased to avoid the
phenomenon of formation sand invading the screen pipe
and blocking it as much as possible.

4. Discussion and suggestion

Latest research suggests that other conditions, includ-
ing non-uniform inflow of formation fluids into the gravel
completions, could aggravate gravel dissolution and or
erosion attributed to fluidization of the gravel (Bhowmick
et al., 2018), among other reasons. It is worth noting that
injection of highly pressured steam is associated with in-
creased elevation of the flow velocity of the fluid across
the gravel pack, creating weaker zones. Field applications
of such a phenomenon imply the need to maintain the flow
velocity below the critical values, which necessitates the
application of computational fluid modelling to further an-
alyze the effects of high velocity rates for certain gravel
pack configurations. The sharper increase in the permea-
bility gradient, particularly at 270 °C as compared to
gradients at lower temperatures, could be indicative of an
elevated increase in voids resulting from erosion of gravel
widening pore throats. It is imperative that steam temper-
atures are maintained at sufficient levels during injection
to mitigate not only dissolving the gravel but also the for-
mation and reservoir sands, since very hot steam could
potentially weaken the wellbore and surrounding for-
mation integrity.
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(a) Pre-blocking the screen

(b) Unblocking the screen

Fig. 17. The changes of the pre-blocking screen before the comparison experiment.

The research investigated the gravel filling perfor-
mance in steam-driven operations and revealed the severe
instability of the gravel-sand interface in steam-driven op-
erations based on two-phase flow (Roostaei et al., 2018).
Analysis of results following the study reveals that,
whereas the pressure gradient across the 20/40 gravel was
always less than that of the sand pack, results from a 20/40
gravel pack reveal a lower initial pressure gradient across
the gravel/sand interface, with respect to the sand pack.
Moreover, later phases witness a higher gravel/sand pres-
sure gradient. Fines migration into the gravel pack was
attributed to the abnormal increase of gravel/sand inter-
face pressure gradient since the 20/40 gravel pack blocked
effective sand migration. Thus, any changes in the stabil-
ity of the gravel/sand interfaces have direct implications
on the sand migration and pore plugging of the gravel
pack, affecting permeability. Latest research suggests that
modifying the gravel completions through a two-stage
process could significantly limit sand blockage in gravel
packs in highly silty reservoirs (Meng et al., 2019). This
is especially true during the injection of steam, where
loose parts of sand/gravel layers are more easily intruded
by gravel/sand cyclically. Research argues that whereas
the expected recovery from cyclic steam operations is be-
tween 20~25% of the original oil in place, this could

perhaps suggest the preference of other thermal recovery
methods, including steam flooding and SAGD (Alvarez et
al., 2013).

Our research suggests that the stability of the gravel-
sand boundary in the gravel pack significantly affects the
efficiency of the sand pack to minimize sand production.
By providing adequate control to parameters such as
steam temperature, injection rate, among others, it is pos-
sible to maintain a stable operating gravel pack to achieve
maximum crude production at the expected 20~25% re-
covery rate. Otherwise, the cyclic effects arising from
multicyclic steam-oil and water injection proposed for the
revitalization of permeability have the potential to not
only facilitate the erosion of the gravel pack but also cause
damage to the screen, which further undermines the sand
control system. The application of multicyclic steam re-
duces the plugging effect that could be associated with
plugging of gravel pores, both by the sand and dead oil.

Although the present experimental study provides
valuable insights into the dynamic behavior of gravel-
packed sand control wells under multi-cyclic steam-
soaked operations, several limitations should be acknowl-
edged. First, the experiments were conducted under
controlled laboratory conditions with a single gravel-sand
configuration and limited temperature and flow rate
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ranges, which may not fully represent the complex ther-
mal-mechanical interactions in actual field environments.
Second, the scale effect between laboratory cores and field
gravel packs could introduce deviations in the permeabil-
ity variation trends. Third, chemical and geomechanical
effects such as thermal stress-induced fracturing and min-
eral alteration were not considered in the current setup.

To enhance the generalizability and applicability of
the results, future research could focus on multi-case ex-
perimental  validation under different reservoir
characteristics and steam injection parameters. Further-
more, integrating numerical simulations (e.g., coupled
thermal-hydraulic—mechanical models) could provide a
deeper quantitative understanding of gravel-sand interface
stability and permeability evolution. Such combined ex-
perimental-numerical approaches would allow the
development of predictive tools for optimizing gravel
pack design and steam injection strategies in diverse field
scenarios.

5. Conclusions

In the production of steam-soaked wells, multi-cyclic
reverse alternating displacement high temperature steam-
formation fluid makes the interface between sand and
gravel pack so unstable that there is invasion from both
materials. This implies that gravel invades the weak parts
of the sand, while sand, on the other hand, invades the
gravel during alternating reverse cycles. The high temper-
ature dissolution ratio of quartz sand was tested as 10.20%
with a steam temperature of 300 °C, which is very small
and almost has no influence on its sand retention effec-
tiveness. Thus, oil producers ought to focus on
establishing cyclic steam design parameters that ensure
that the steam temperature is not too high to destabilize
the gravel-sand interface but rather high enough to ensure
economic production is realized.

The permeability of gravel packs slightly dropped to
about 80% of its initial value after a single cyclic steam-
water alternating displacement, as it leads to compaction
and intrusion of sand grains in the gravels. Since the inva-
sion of sand grains and the plugging effect of sand in the
gravel pores compromise the efficiency of the gravel pack,
proper design of the gravel pack could increase the sand
control reliability to achieve high pack efficiency
(Roostaei et al., 2018). However, the displacement of
steam and crude oil damages the gravel permeability to
15%, the mechanism of which is mainly adsorption plug-
ging of oil in gravel pores. This effect could even be
elevated by the gravel pack design, where either a coarse
or fine gravel pack may allow invasion and/or accumula-
tion of formation sand into the gravel pack, resulting in
more elevated plugging. It is worth asserting, therefore,
that steam and crude oil displacement create far more dis-
turbing damage to gravel permeability compared to steam
and water displacement. This suggests that compaction
could be less damaging in comparison with adsorption
with respect to water or crude oil in a steam-heated oper-
ation.

High temperature steam has a positive impact on im-
proving oil mobility and therefore removes plugs in
gravels caused by oil adsorption, and the permeability re-
covery is about 93%. However, the damage removal effect

decreases obviously as the displacement cycle increases.
Besides, steam has a better plug removal effect than high
temperature water, as evidenced. Our research postulates
the significance of determining parameters and applicable
factors for gravel pack sand control with its application in
steam-soaked processes. Improving the compactness of
the gravel pack could substantially facilitate the optimiza-
tion of parameters during steam-soaked and sand control
operations, as it maintains interface stability. We suggest
that by stepwise increasing the volume of gas injection
during practical production, keeping steam dryness during
the second cycle of steam injection is vital. Dry steam
maintains the well bottom full of high temperature steam
and better for plug removal efficiency. Besides, gravel-
packed steam-soaked sand control is also suggested to
gradually increase production by avoiding intrusion of
formation-produced sand during a blowout. Our research
is limited to one experimental case study, and as such, ad-
ditional future case studies applying this principle would
facilitate further validation within similar field conditions.
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