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The object of research in this study is viscoelastic
systems used as spacer systems in well casing during
drilling. Polymer network-metal ion systems display
distinctive properties, facilitating effective well cover-
age through their normal stresses.

The primary problem addressed in this research
was optimizing viscoelastic system composition for
well casing. Researchers sought the ideal sodium
dichromate concentration to maximize viscosity in
polyacrylamide-based spacer fluids. This optimiza-
tion is crucial for enhancing casing cementing quality,
especially in challenging geological conditions.

Utilizing a precise HAAKE MARS III rheometer,
various tests, including shear, oscillatory, frequency,
creep, and recovery tests, were performed to assess
viscoelastic system rheology. Obtained results of opti-
mal deformation interval for a solution with sodium
bichromate is 40 Pa and aluminum sulfate, the yield
strength was equal to 110 Pa.

This research optimized cross-linker concen-
tration, increasing spacer system viscosity. This
enhancement improves well cementing efficiency and
allows for operation in challenging geological con-
ditions. The precise rheometer unveiled previously
unexplored rheological characteristics.

The optimized viscoelastic spacer fluid is invalu-
able in well casing, especially in challenging geolog-
ical settings. This research guides the design of pro-
cess fluids, enhancing casing cementing quality, and
improving drilling efficiency and safety. Engineers
and researchers can leverage the rheological data for
informed decisions and better field performance
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acteristics

u] =,

Received date 08.09.2023
Accepted date 27.11.2023
Published date 22.12.2023

1. Introduction

When constructing wells with complex profiles and sig-
nificant deviations from the vertical, critical problems arise
related to ensuring effective cementing of casing pipes [1].
These problems are made worse by the difficulty of cleaning
the wellbore and the need to ensure that the drilling fluid
is completely displaced by the cement mixture. Due to the
unsatisfactory rheological properties of the spacer systems
used, which provide an unsuitable flow profile and flow re-
gime in the annulus, their effectiveness is often limited [2].

Studies have shown that viscoelastic systems capable
of generating normal stresses are one of the most effective
buffer systems for cementing, since they are able to displace
drilling fluid even from pinched zones [3,4]. However, it
remains a challenge to design the compositions of these sys-
tems without detailed knowledge of their behaviour under
various loads. Moreover, it is important to consider that
materials with a yield point begin to flow when exposed to
external forces exceeding the forces of their internal struc-
ture, while below the yield point, they exhibit the properties
of an elastic body. In this regard, the study of the internal
structure and rheological properties is an extremely urgent
task, which directly affects the successful implementation

of drilling.
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To create viscoelastic systems (VES), polymers are used,
which are actively used in various industries, including drilling.
It is important to note that the production of polymer materials
continues to grow every year, which is accompanied by an in-
crease in the variety of types of polymers and an improvement
in their characteristics. This is due to the unique performance
properties of polymer materials, which can be specially adapted
to the specific purposes and requirements of the project. The
complex rheological properties of polymeric materials have a
significant effect on their behavior under operating conditions
and correct and physically substantiated assessments of these
properties provide reliable modes of operation of the samples
used. The variety of types of viscoelastic spacer system compo-
sitions also determines the variety of their properties, the study
of which is undoubtedly the most important task, because it is
they who determine the scope and features of their use.

Considering the foregoing, it is important to emphasize
the need to continue and expand experimental studies of the
rheological properties of viscoelastic fluids.

2. Literature review and problem statement

High-quality cementing of wells depends on many factors,
including proper displacement of drilling fluids. Therefore, the




role of spacer fluids is crucial, as are other fluids used in well
construction. Undoubtedly, the main task of spacer fluids is to
ensure maximum cleaning of the annular space from drilling
fluids [5]. Despite other requirements, the main requirement
for a spacer fluid is usually its density, which should be higher
than that of the drilling fluid but lower than the density of the
cement slurry [6].

Analysis of the nature of research work on the improve-
ment of spacer fluids shows that it is multi-vector, which are
aimed at solving existing problems in the primary cementing
of wells |7, 8]. For instance, some researchers suggest to
solve problems associated with loss of circulation during well
cementing proposes to create spacer fluids that minimize
the occurrence of this problem by reducing permeability [9].
Although in some works, more optimal approaches to the
solution are reflected. For example, the use of effective ce-
ment materials such as dry polyelectrolyte, which reduces
fluid loss of the fluid itself, which in turn reduces the risk of
problems with loss of circulation and, most importantly, re-
ducing fluid loss of the cement fluid prevents contamination
of the bottomhole formation zone [10]. However, there are
spacers based on biodegradable polymer that do not reduce
the initial capacity-filtration properties of the bottomhole
zone, and which simultaneously solve the problem of loss of
circulation, and some of them are well used in HTHP (high
temperature high pressure) conditions [11, 12].

Many researchers consider the strength of the cement
bond with the casing, the compatibility of the spacer fluid
with the drilling fluid, and insufficient wetting inversion as
the main requirements for spacer fluids [13, 14]. Also, in the
work [15], to increase the efficiency of flushing, it is suggested
to increase the contact time of the spacer fluid with the cas-
ing. The authors of this work determined the optimal contact
time to be 6 minutes, during which the efficiency of removing
the clay crust reaches 63 %. Some researchers [8] propose
spacer fluids that contribute to simultaneous solidification
with packer fluids. In the work [16], the authors suggest using
water-based spacer fluids containing glycol, hematite, surfac-
tants, and quartz sand for wells with high pressure and high
temperature. However, the authors emphasize the importance
of low viscosity. Summarizing the aforementioned works, it
should be noted that these works do not take into account the
rheological characteristics of spacer fluids.

It should be noted that many studies are aimed at ob-
taining multi-functional spacer fluids. One of the directions
of improvement of spacer fluids come from the point of view
of temperature and the required rheology. For instance, some
of researchers work on unconventional spacers for long hori-
zontal wells which operating in HPHT. In addition, authors
emphasize incompatibility of non-aqueous drilling fluids
with aqueous based cement slurry [17]. In [18], the authors
developed spacer fluids with low density for cementing oper-
ation in wells with low temperature on offshore conditions.
However, authors [19] suggest water based high density
spacers which are necessary to ensure hydrostatic equilibri-
um in the wellbore formation system.

Let assume that the solution shows excellent performance
in all technological properties, but has temperature limitations,
which do not allow to use it in wells with high temperatures
and, accordingly, with HTHP [20]. Depending on the injection
rate, well profile, casing location, and fluid rheology, prelim-
inary flushing before well cementing can be carried out in
turbulent or laminar modes, which also depend on the rheology
of the spacer. Therefore, the study and subsequent regulation of

the rheology of spacers is highly relevant [21, 22]. During the
construction of wells with a compound section and large devia-
tions from the vertical, serious problems arise when cementing
casing strings, associated primarily with cleaning the wellbore
and ensuring the most complete displacement of the drilling
fluid with a cement slurry.

Spacer fluids used for this purpose are not always effective
due to unsatisfactory rheological properties that do not provide
the required flow profile and flow regime of the spacer fluid in
the annulus [23]. The experience of well construction has shown
that one of the most effective spacer fluids are viscoelastic sys-
tems with normal stresses, which make it possible to displace
drilling fluid even from pinched zones during cementing [24].
At the same time, it is difficult to design compositions without
knowing their behavior under various loads. Substances with a
yield point begin to flow when external forces exceed the forces
of the internal structure. Below the yield point, substances
exhibit the properties of an elastic body.

In general, like other process fluids, spacer fluids impose
requirements on characteristics such as density, low fluid
loss, which are aimed at preserving the original parameters
of the well wall, preventing loss of circulation and accidents.
However, all the requirements presented are related to the
rheological characteristics of the solution. Rheological prop-
erties are associated with the influence of various stresses
and the state of the elastic body, which in turn is of interest
for obtaining new characteristics that make it possible to
correctly design the composition of the spacer fluids.

3. The aim and objectives of the study

The aim of the study is identifying new characteristics
viscoelastic systems and determines their applicability in the
context of improving well casing processes.

To achieve this aim, the following objectives are accom-
plished:

— to examine the impact of different cross-linkers added
to PAM solutions, analyzing their effects on the linear vis-
coelastic properties;

— to determine the yield limits of the investigated solutions
and categorize their rheological behavior as either viscous or
viscoelastic through creep and recovery curve analysis.

4. Materials and methods

The object of this research is viscoelastic systems uti-
lized as spacer mechanisms within well casings during the
drilling process.

In this work let’s present the results of experiments in
which it is possible to investigate the effect of the concentra-
tion of metal ions for the viscoelastic properties of the system,
with specific ratios of polyvalent chromium metal and PAM.

The rheological characteristics of viscoelastic systems
were obtained using a modern high-precision rheometer
HAAKE MARS III by the plane-plane method (Fig. 1),
where the shear stress is determined as:

F
T= 7T )
and the deformation as:
S
Y= e 2



Fig. 1. Model of two planes, shear test

Authors studied samples of two solutions based on
polyacrylamide (PAM). Solution No. 1 — 4.5 % PAM with
the addition of 0.5 % Al, (SO4)3 and solution No. 2 — 4.5 %
PAM and 1 % sodium dichromate. On this equipment, the
rheological characteristics of these systems were obtained
using the main types of tests, such as shear test, oscillatory
and frequency test, creep test and recovery. In this work,
the effect of the concentration of dichromate Na;CryO7 on
the viscous properties of the spacer based on polyacrylamide
FlodrillPAM 1040 and FlodrillPAM 705 was investigated
by the method of the shear test. Flodrill PAM 1040 is a
high-molecular-weight anionic acrylic polymer with low
hygroscopicity, existing as a water-soluble powdered prod-
uct. It facilitates the flocculation of excavated rock and is
intended for stabilizing collapsing shales, controlling solu-
tion viscosity, and water loss. Flodrill PAM 705 is a sodium
polyacrylate with a medium molecular weight, appearing as
a light-yellow powdered substance, highly soluble in water
and exhibiting minimal hygroscopicity. It demonstrates sig-
nificant lubricating abilities. Notably, it is ineffective in the
presence of Caj and Mg; ions.

The preparation procedure for the solution involved sev-
eral key steps, which are as follows:

— warming the service water to a temperature ranging
between 60 °C and 80 °C;

— adding the metal salt gradually while maintaining cone
tinuous stirring at low speeds;

— introducing the PAM slowly and subsequently engaga
ing in vigorous mixing at high speeds;

— allowing the spacer fluid to settle undisturbed for a
duration of 30 minutes.

The rheological characteristics of viscoelastic spacer
fluid compositions were investigated at the following con-
centrations of NayCryO7 in relation to PAM 1:1; 3:4; 1:2; 1:4;
1:6; 1:8; 1:16 using a modern high-precision HAAKE MARS
IIT rheometer using the plane-plane method at a temperature
of 25 °C. The volume of water did not change and remained
150 ml. Shear rates were chosen in accordance with the
tubular space (500 s) and annular space (227 s™') models,
which occur when cementing real wells.

5. Results of experimental investigation of viscoelastic
systems rheological characteristics

5. 1. Investigation of influence of various cross-links
ing agents incorporated into polyacrylamide solutions
the linear viscoelastic characteristics

The rheological characteristics of viscoelastic spacer
fluid compositions were investigated at the following con-
centrations of NayCryO7 in relation to PAM 1:1; 3:4; 1:2;
1:4; 1:6; 1:8; 1:16 using a modern high-precision HAAKE
MARS III rheometer using the plane-plane method at a

temperature of 25 °C. The volume of water did not change
and remained 150 ml. Shear rates were chosen in accordance
with the tubular space (500 s) and annular space (227 s)
models, which occur when cementing real wells. When as-
sessing the role of the concentration of polyvalent metals, it
was established that in order to obtain a gel structure with
the required strength and toughness, it is necessary to take
into account the valence of the metal. The greater the valen-
cy of the metal, the less amount of this additive must be used.
However, at high concentrations of the additive, especially in
polyvalent metals, the polymer quickly coagulates.

So, PAM is polycondensate, its network structure be-
comes more complete, which in turn gives water molecules
little room for assimilation [3]. Subsequently, the polymer
precipitated out in the form of beads.

The assessment of the role of sodium dichromate on the
viscosity of the viscoelastic spacer fluid compositions is
shown in Fig. 2.

Analysis of the Fig. 3 shows that at the ratio NayCryO7:
PAM (1:8), the viscosity of the spacer liquid is optimal [3].

Results of oscillatory tests of solutions based on poly-
acrylamid with two types of crosslinker, namely sodi-
um dichromate NayCryO7 (Fig.3) and aluminum sulfate
Aly(SOy); (Fig. 4).

When examining a sample in oscillation mode, the first
test is always an amplitude sweep test, because this test allows
to determine the range of linear viscoelasticity (LVErange).
Knowing this information, it can be determined the range
of deformation values in which the structure of the test sam-
ple does not collapse under the action of deformation. From
Fig. 3, in the amplitude sweep in the LVE range, the plots of
the accumulation and loss moduli run parallel to the X axis,
thus it can be obtained a voltage of 40 Pa for the sample of
the composition based on polyacrylamid with the addition of
sodium dichromate. This means that for this sample the limit
yield is 40 Pa, this characterizes the stress at which defora
mations continue to grow without increasing the load. After
passing this limit, irreversible plastic deformations begin to
occur in the solution. In addition, flow points are observed in
Fig. 2 — these are values at G'=G”. At ®=0.1 Hz — 1,=140Pa,
o=1Hz — 1=190Pa, ®=10 Hz — 17=300 Pa.

From Fig. 4 in the amplitude sweep in the LVE range
for a sample of the composition based on polyacrylamide
with the addition of aluminum sulfate, the yield stress is
110 Pa, which characterizes the stress at which deformae
tions continue to grow without increasing the load. In addi-
tion, in Fig. 4, one point of the flow is observed in the same
coordinates — these are the values at G’=G” at ®=0.1 Hz
TF:305 Pa.

During oscillatory measurements, the LVE range was de-
termined and the frequency sweep of the samples under study
was constructed (Fig. 5, 6). Most oscillatory measurements are
carried out in the controlled shear deformation (CSD) mode.
Oscillatory measurements provide unique information about
the rheological characteristics of the sample, due to the possi-
bility of separating elastic and viscous components. The elastic
modulus (storage modulus) G’ characterizes the accumulated
deformation energy in the system and reflects the character-
istics of the sample as a solid (elastic component). The value of
the viscous modulus (loss modulus) G” determines the energy
dissipation and is responsible for the behavior of the sample
as a liquid (viscous component). The measurement of these
two parameters is most often of interest to researchers when
conducting an oscillation test. The long-term storage stability



of dispersions is evaluated at low frequencies, thus the poly-
acrylamide solution with dichromate is quite stable. Frequency
sweep mode is used to study the behavior of samples at differ-
ent exposure times. The setting of high frequency oscillations
corresponds to a short exposure time, and a low frequency — to
along exposure. The shape of the curves G’ and G” gives infors
mation about the internal structure of the sample.

From the graphs for both solutions G’>G”, which
shows of the gel-like structure of the viscoelastic body,
and the elastic properties are better for the solution
with the crosslinker of aluminum sulfate Aly(SOy)s,
since the value of the storage modulus (elastic mod-
ulus) is higher than that of a solution with sodium
dichromate.
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Oscillatory measurements can also be used to obtain the
value of the complex dynamic viscosity n* which reflects
the total resistance to dynamic shear. The dependence of the
complex viscosity of the studied samples on the shear rate is
shown in Fig. 7.

In the region of low shear, the viscosity value in a poly-
acrylamide solution with Aly(SOy)3 practically does not
change (Cox-Merz rule), which is not observed in solution
with bichromate. All this shows a certain stability at rest [19].
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Fig. 7. Frequency curve of the complex viscosity of the investigated solutions
based on polyacrylamide with the addition of aluminum sulfate Al,(SOy)3

5. 2. Investigation spacer systems rheological ree
sponse by analyzing creep and recovery curves

By the method of creep and voltage recovery, a new param-
eter is introduced for the studied viscoelastic systems — the
“response time” of the system. Under the influence of constant
shear stress 1y — the yield point applied to the upper plane of the
sample; the latter is twisted. The angle of this twisting is deter-
mined by the modulus of elasticity. The stress and the resulting

R?=0,9489

® In*| in Pa*s Na bichromate

strain are linearly related: doubling the stress leads to a dou-
bling of the strain. When twisted, such a rubber sample behaves
like a metal spring that expands or contracts under load. The
deformation persists as long as the stress is applied, and when
the load is removed, it disappears completely and instantly. The
deformation energy resiliently stored in a spring or in a rubber
sample can be returned 100 % when the load is removed.

The dependence of the load (deformation) on the time of
solution No. 1 is schematically shown in Fig. 8.

By the nature of the behavior, this is a
viscous reaction. Put the case that the solu-
tion is poured from a vessel onto the surface
of a table. It forms a puddle that spreads until
it becomes as thin as the surface tension will
allow. The kinetic energy of the solution flow-
ing down to the surface of the table and the
gravity of the layers force the solution to flow.
When this energy is completely expended, it
will stop flowing. Lacking elasticity, this solu-
tion will not flow back. The energy that set
the solution in motion was completely trans-
formed into heat; energy cannot be restored.
The recovery phase is a straight line. Fig. 9
shows the dependence of creep and recovery of
solution No. 2 and it is typical for a viscoelastic
fluid. Judging by the reaction to the applied
stress (110 Pa), viscoelastic fluids, which can
be considered as dispersions of macromolecules with spring-like
segments in high-viscosity oil, are characterized by a behavior
that lies somewhere between a purely elastic or purely viscous
body. The curve of the dependence of deformation on time
first increases rapidly, and then its slope gradually decreases.
Subsequently, this curve asymptotically turns into a straight
line with a constant slope, which indicates a completely viscous
reaction to the applied stress.
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Fig. 8. Dependence of creep and recovery of polyacrylamide solution with sodium dichromate
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If a sample, which is a viscoelastic (viscoelastic) solid, is
subjected to stress below the yield point, and the deforma-
tion eventually asymptotically reaches a constant value, and
the deformation curve will be parallel to the time axis. When
measuring the creep of a viscoelastic fluid under the action
of an applied stress, the transient processes are estimated
as a whole, while the individual contributions of the elastic
and viscous components cannot be clearly established. This
is the advantage of the next phase — recovery after stress
relief, which makes it possible to estimate the percentage of
viscous and elastic components in the total deformation of
the sample. The recovery phase, like the creep phase, is very
time dependent.

6. Discussion of the experimental investigation of
viscoelastic systems rheological characteristics

The effect of sodium dichromate on the viscosity of
viscoelastic spacer fluid compositions was assessed. The
analysis indicated that at a NayCryO7: PAM ratio of 1:8,
the viscosity of the spacer liquid reached its optimum level,
signifying the importance of this specific concentration
ratio (Fig. 3).

As shown by the results of oscillatory tests of solutions.
The obtained ranges of linear viscoelasticity showed that
the optimal deformation interval for a solution with sodium
bichromate is 40 Pa (Fig. 4). However, when using a solution
with the addition of aluminum sulfate, the yield strength
was equal to 110 Pa (Fig. 5). Curves of creep and recovery
of the investigated samples showed that solution No. 1 has
a viscous reaction, and solution No. 2 has a viscous-elastic
reaction(Fig. 8, 9).

In general, these studies have shown that when a visco-
elastic fluid moves, the concentration of the metal ion and
its valence affect its structural properties. By means of these
characteristics of the tests carried out, it is possible to deter-
mine the type of reaction of solutions.

The obtained new characteristics of viscoelastic fluids
make it possible to design compositions of more efficient
spacers and improve the quality of well anchoring.

The limitations of this study may be the temperature,
since according to the methodology presented in the section

1. It has been found that when a visv
coelastic system moves, the concentration
of a metal ion affects its structural prop-
erties. In the range of ratios of polyvalent
chromium metal and PAM in a ratio of
1:8-1:16, the maximum value of the viscous properties of
the test solution has been observed. When various cross
linkers are added to the PAM solution, the LVE range
changes. For solution No. 1, LVE range is limited to 40—
45 Pa and points of three flow points are observed — these
are values at G=G”: at ®=0.1 Hz — 17=140 Pa, o=1 Hz —
77=190 Pa, =10 Hz — 17=300 Pa. For solution No. 2,
LVE range is limited by the limiting stress of 110 Pa
and one flow point is observed at G’=G”: ®=0.1 Hz —
17=305 Pa.

2. The yield limits of the investigated solutions based on
PAM with the addition of 0.5 % Aly(SO4)3 — 110 Paand 1 %
sodium dichromate — 40 Pa have been obtained. Curves of
creep and recovery of the investigated samples showed that
solution No. 1 has a viscous reaction, and solution No. 2 has
a viscous-elastic reaction.
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