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Abstract

Polyacrylamide (PAM) and partially hydrolysed polyacrylamide (HPAM) are the most used water soluble polymers in Enhanced Oil Recovery (EOR) applications
because they represent a powerful means of increasing the viscosity of injection water and most importantly, improving mobility ratio. However, they exhibit
limited stability in harsh reservoir conditions of elevated temperature and high salinity, which is a serious technical challenge. This paper describes a correlation
analysis of the gradient of PAM hydrolysis and viscosity as a function of time, temperature (within the range of 25 to 93°C) and salinity, to determine the safe
maximum temperature point (SMTP) during improved and enhanced oil recovery (IOR/EOR) applications. The results indicate that different saline solutions
such as NaCl, CaCl, and NaHCO, contains different SMTPs. At 5% NaCl, the SMTP was about 71°C, while for a combined saline solution containing 9% NaCl
and 1% CaCl, the SMTP was 78°C while it was 65°C for 3% NaCl and 1% NaHCO,. However, the results indicate that a saline solution containing chemical
properties of alkaline/acid behaviour, such as NaHCO,, hydrolysed more rapidly due to its lower SMTP value. Accordingly, this report provides insights into the
chemistry behind PAM degradation and can help in predicting the maximum safe temperature point of polyacrylamide operations in the presence of brine at any

ageing time of interest during chemical IOR/EOR techniques.
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Introduction

Oil is found in underground porous sandstone or carbonate rock and
its recovery takes place in three phases. The first phase is primary
oil recovery, where the energy within the reservoir is utilised to
displace the oil from the reservoir to the wellbore and up to the surface
production facilities.! The second phase is secondary oil recovery is
when water or gas is injected into the reservoir to maintain its pressure
and to displace the oil to the wellbore, up to the surface facilities.
Once secondary oil recovery is exhausted, it is likely that 60-80% of
the oil remains in the reservoir because only 20—40% of potential oil
extracted during the primary and secondary oil recovery phases.? The
application of the EOR, or tertiary phase, is the next option, providing
the opportunity to extract up to 30% of the original oil in place (OOIP)
and to help meet growing global demand for continuous supply of oil
in future.

The EOR process includes thermal recovery, gas injection and
chemical injection. Chemical injection or chemical flooding is a
major component of EOR and classified as polymer, surfactant
or alkaline flooding. Each chemical EOR method has advantages
but polymers are the most commonly utilised, most mature, most
environmental friendly and least expensive.>* Polymer EOR materials
are polyacrylamides (PAMs) or Xanthan gum, and polyacrylamide
and partially hydrolysed polyacrylamide (HPAM) are the most
used water soluble polymers in EOR applications because they

represent a powerful means of increasing the viscosity of injection
water and, most importantly, improving mobility ratio and reducing
water production and hence sweep efficiency is increased. However,
these materials exhibit limited stability in harsh reservoir conditions
of elevated temperature and salinity, and this poses a particularly
demanding technical challenge.>*

Polymer selection depends on the temperature and salinity of the
reservoir and care must be taking to ensure that the polymer does not
degrade as it moves through the reservoir. One possible solution is to
prevent or mitigate against ionic interaction with thermally hydrolysed
PAM as to maintain a safe maximum temperature.'’-?!

Studies have claimed that gels produced with polyacrylamide used
for the treatment of reservoirs with temperatures below 75°C."#
However, in hotter reservoirs the acrylamide groups of the polymers
become hydrolysed to carboxylate groups, which can cause excess
cross-links with divalent cations such as Ca?* and Mg?*, which are
often present in the environment.'®23-2* At elevated temperature an
increase in carboxylation could occur, resulting in significant changes
in the properties of the PAM solution, such as rheological behaviour,
reduced viscosity and altered phase behaviour.

Elevated temperature is defined in this paper as a temperature above
the safe maximum reservoir temperature, at which a particular
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polymer gel solution becomes unstable. Safe maximum temperatures
for various water soluble polymers are categorised as low, high or
ultra-high,? as indicated in Figure 1 which represents in plot (a) the
low and moderate safe temperature range up to 100°C, in plot (b) the
high safe temperature range between 100-150°C, and in plot (c) ultra-
high safe temperatures of above 150°C.
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Several ideas has been develop by researchers to avoid or minimize
the degradation caused by dissolved oxygen, elevated temperatures
and high salinity. These includes: (a) addition of oxygen scavengers
such as methanol (CH,OH) or thiourea to minimize oxygen
degradation,**>?° (b) The operation of HPAM at elevated temperatures
in the absence of oxygen and divalent cations,” (c) a pre-flush with
fresh water to reduce high salinity* and (d) a hardness limit in brines
for various temperatures, for example at 2,000 mg/1 for 75°C, 500 mg/1
for 88°C, 270 mg/1 for 96°C, and less than 20 mg/l for temperatures
up 204°C." Moreover, in line with the aforementioned ideas, other
types of polymer or combined polymers have been developed.
Examples are the acrylamide copolymer N-polyvinyl pyrrolidone
(N-VP), 2-acrylamide-2-methyl-propane  sulfonate ~(AMPS),*
polyacrylamides of hexamethylenetetramine (HMTA), hydroquinone
(HQ) or terephtalaldehyde, terphtalic acid with hydroquinone, and
polyacrylamide and t-butyl acrylate ester (PAtBA) cross-linked with
polyethyleneimine (PET).?2%-32

Polyacrylamide and t-butyl acrylate ester (PAtBA) cross-linked with
polyethyleneimine (PEI) as an organic cross-link has proved stable
at a maximum safe temperature range of about 80°C to 177°C.3!33
According to Vasquez,** when PAtBA is cross-linked with derivatized
(d-PEI), it replaces the normal PEI resulting in an excellent gelation
time of about 192-206°C. This implies that PAtBA cross-linked

with derivatized (d)-PEI has the broadest temperature range for
applicability and provides excellent permeability reduction with a
good deep penetration of gel into the pore matrix. Xanthan gum is
a biopolymer that has similar problems to those of polyacrylamide
(PAM). However, it can operate effectively within a range of 75-
80°C.% At this temperature range, they hydrolyse in the presence of
divalent cations such as Ca?>" and Mg?" and the hydrolysed polymers
precipitate, leading to a change in the gel’s molecular structure or
solution viscosity and this affects its stability over time, 8130

Moreover, because polymer (polyacrylamide) selection is based on the
temperature and salinity of the reservoir, it is of primary importance
in terms of effectiveness in application and operation to ensure that
when a PAM solution is injected into the reservoir it will remain
effective and stable under reservoir conditions (temperature and
salinity) over a long period of time. This means that polyacrylamide
stability in different temperature and salinity conditions becomes
important, because these conditions can lead to the degradation of
PAM solutions when injected into a reservoir. Therefore, it becomes
paramount to develop a clear understanding of the chemistry behind
the mechanisms that affect PAM performance and to find a correlation
to determine SMTP in saline solution.

Mechanisms of PAM degradation

Harsh reservoir conditions (high temperature and salinity) result
in PAM instability.'®!7? However, to stabilise PAM in oilfield
applications, an understanding is required of the chemistry behind
the factors that affect its performance, such as alkalinity, elevated
temperature, high salinity and presence of divalent cations and
dissolved oxygen.'”**" Consequently, these conditions cause PAM
to be open to anionic functionality that interacts with monovalent
or multivalent cations, which in turn results in the loss in molecular
weight of PAM or reduced solution viscosity.

Effect of hydrolysis and elevated temperature

Polyacrylamide (PAM) is a synthetic water-soluble polymer and is
electrically neutral in its pure state.’” PAM hydrolyses when mixed
with an alkaline solution such as sodium hydroxide (NaOH) or when
subjected to elevated temperatures, and its amide groups are converted
into carboxylate groups,'>*” as shown in Figure 2. A carboxylate group
carries a negative charge and represents a reactive site, promoting
ionic interaction or cross-linking with molecules such as monovalent
and divalent cations.

{cx—cn ] + | Naon _ Elevated Temperature -[—cu.flc'*-- ] ["”-‘ ‘CH}
I - c=0
= =]
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Figure 2 Hydrolysis of PAM in presence of alkaline solution (NaOH).

The polyacrylamide structure is composed of a carbon—carbon
backbone hung with amide groups. It reacts with water to form
carboxylic acid with a structural formula of R-COOH at elevated
temperatures, while the amide group hydrolyses to form carboxylate
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groups. An elevated temperature acts as an initiator by providing the
activation energy to promote the hydrolysis of the amide groups into
carboxylate groups. The mechanism of chemical transformation is in
Figure 3.

P ]
[CHZ— Hoe } HHO—= {”CHZ H } {C’HZ ¢ "
n ™ c—o
—o c—o0
\ I} H
NH, H
+ e
Elevated temperature [ CHpH } [CHz_‘]:H ]m H
.
= ° c=—o0
NH, L

Figure 3 Effect of elevated temperature in hydrolysing PAM from amide
group to carboxylate.

In a further step, the carboxylic group converted into a carboxylate
group (RCOO) through the loss of a proton (H"), as shown in equation
1.

R-COOH—>R-COO™ +H* (1)

The carboxylate group is now free to undergo interaction with
monovalent (NaCl) and multivalent ions, especially CaCl, and MgCl,,
as shown in Figure 3.

Effect of water salinity (divalent cations)

Water salinity is a measure of the total dissolved ions, such as Na*, K,
Ca?" and Mg?, carried by water that naturally exist within the pores
of a reservoir sedimentary rock. When water containing monovalent
(NaCl) and multivalent ions (predominantly CaCl, and MgCl)
interact with PAM at elevated temperature in the reservoir, the amide
group (CONH,) hydrolyses and results in the formation of carboxylate
(RCOO) ions. The subsequent interaction of carboxylate ions with the
divalent Ca®* and Mg? cations, leads to a sharp reduction in viscosity
of polyacrylamide (PAM) solution. However, the exact chemistry is
in Figure 4. Nevertheless, the degree of hydrolysis at which PAM will
separate from the solution depends directly on the concentration of
divalent cations and is inversely proportional to temperature.
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Figure 4 Effect of Ca2* on hydrolysed acrylamide based polymer with
(carboxylate group).

Effect of elevated temperature and divalent cation level on
polymer gel

Elevated temperatures and the presence of divalent cations (Ca®" and
Mg?") effects during applications of water-soluble polymer (PAM) for
improved secondary recovery or enhanced oil recovery may results in
polymer syneresis and precipitation.

Polymer syneresis

Polymer syneresis is a phenomenon where the polymer gel structure
collapses, expelling water and in turn resulting in the contraction or
shrinkage of the volume of the gel."*!3% According to Albonico and
Lockhart,'"” it is reasonable to expect that severe syneresis could result
in a reduction of 90% or more of the original gel volume, and this
could have a significant impact on the performance of a gel within
porous reservoir rock. However, the percentage of syneresis could
be determined in laboratory by calculating the difference between
the weights of a sealed vial containing polymer gel before placed in
the oven and the weight of a vial in which syneresis has occurred,
the differences are divided by the initial weight of the sealed vial
containing polymer gel multiplied by one-hundred.

There are two ways in which syneresis may occur: (1) excessive cross-
linking;?*3! and (2) at elevated temperatures or in conditions of high
salinity.® Excessive cross-linking, occurs during the transformation of
polymer solution into gel via a chemical cross-linker. In this process,
the cross-linker freely bonds the reactive groups to the polymer
chains, and the effective molecular weight of the polymer increases.
Consequently, if too much cross-linker is present in the vicinity, cross-
linking may continue beyond the point of gelation, the polymer starts
to contract in volume, and water is expelled.?

Karimi et al.** demonstrated how excess cross-linker could lead to
syneresis in an experiment using four different weight ratios of
polymer to cross-linker with a polymer concentration of 11,000 ppm
and at a temperature of 80°C. The polymer-to-cross-linker weight
ratios were 10 to 20; no syneresis occurred after 150 days but with a
ratio of 40 to 60, syneresis occurred and increased. It became obvious
that once the cross-linker concentration exceeds a certain value, the
rate of syneresis starts to increase.

Meanwhile at an elevated temperature and in conditions of high
salinity, syneresis could occur when the polyacrylamide solution
with high salinity is place in an oven over an extended period. The
polyacrylamide solution experiences hydrolysis and the acrylamide
groups on the polymer backbone converted into acrylate, further
interaction with divalent cations leads to the syneresis of the polymer
gel. According to Karimi et al.** experimental report, syneresis
occurred when polyacrylamide (PAM) was placed in an oven for 6
months at temperatures of 80 and 100°C, but did not occurred when
it was placed in the oven at 30 or 60°C. The temperature increase
from 30 and 60°C to 80 and 100°C respectively resulted in syneresis,
with some degree of reduction in gel volume. This implies that, as the
temperature increases, the percentage of syneresis increases. Karimi
et al.** also showed that salinity has an effect on syneresis by adding
NaCl, MgCl, and NaHCO,, however, reductions in the volume of the
polymer gel was observe.

Polymer precipitation

Polymer precipitation is the result of interaction between divalent
cations and the carboxylate groups within the hydrolysed polymer.*!
This interaction implies that, as the percentage of carboxylate groups
increases, solubility decreases. However, if this happens to excess, it
will eventually amount to precipitation and the polymer solution will
not transform into polymer gel.'#2!314! For instance, Muller et al.,'
stated that the viscosity of highly hydrolysed PAM sharply decreases
when small quantities of CaCl, added. The decrease is sharper with
divalent cations than with monovalent salts but precipitation could
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occur in combined salts.
Chemical degradation

Chemical degradation of polymer gel is caused by many factors such
as; high reservoir temperatures and oxygen contamination by free
radical generation.**-¢ According to Shupe,** chemical degradation of
PAM maybe caused by oxygen, which in turn could create a reaction
with metals or metal ions. In the oxidization process, oxygen is a
major means to accelerate the metal-induced degradation and more
importance is the reaction that occurs between oxygen and ferrous
ions to form radicals as shown in equation 2 and 3, which subsequently
reacts with the polymer molecule to initiate a degradation chain
reaction.™

Fe* +0,>Fe™ +0, 2)
0, +R-H—>RO +OH~ 3)

For instance, the oxidization of Fe** to Fe’* produces a free radical
O. Then the highly reactive oxygen-anion radical O- may become
attached to the polymer chain to produce peroxide and break the
backbone. Oxidization could also proceed via the free radical
mechanism.” According to Fenton,* this mechanism occurs via a
solution of hydrogen peroxide and an iron catalyst, and is used to
oxidize contaminants or wastewater. The chemical reaction creates
two different oxygen-radical species, H" + OH-, with water as the
by-product in the case of PAM. The active intermediate HO* in
equations 4 to 7 can react with ferrous iron, hydrogen peroxide or
other components contained in the reaction mixture. As shown in
equation 2, iron (II) oxidized by hydrogen peroxide to become iron
(I1I), forming a hydroxyl radical and a hydroxide ion in the process.
The iron (III) is then reduced back to iron (II) by another molecule of
hydrogen peroxide forming a hydroperoxyl radical and a proton, the
step by step reaction are shown in equations 5 to 8 and it proposed by
Haber and Weiss.*

Fe* +H,0,—Fe* +OH ™ +HO" )
HO' +H,0,~H,0+HO," (5)
HO," +H,0,—0,+H,0+HO" 6)
HO" +Fe** —>Fe** +OH™ %)

Results and discussion

Based on the above discussion and previously published data on
the properties of PAM, the following sections attempt to deduce
correlations between temperature and saline concentration and the
degree of hydrolysis and thus the viscosity of PAM solutions.

Correlation of temperature on the degree of hydrolysis
(DH) of PAM

According to Borling et al.’’ the proportion of amides group that
maybe converted to carboxylate could called degree of hydrolysis
(DH). When the value of DH varies from 0 to 60%, the polymer in this
form is referred to as a partially hydrolysed polyacrylamide (HPAM).
Ward' explained that the loss the viscosity of solution in formation
water or brine is the major problem encountered in the use of HPAM
for improved oil recovery, due to the presence of monovalent ions and

multivalent cations at elevated temperatures.

The effect of elevated temperatures on the degree of hydrolysis
(DH) of PAM was analysed in three different oilfield brines: (5%
NaCl), (9% NaCl and 1% CaCl,) (3% NaCl and 1% NaHCO,)">">
to ascertain suitable safe maximum temperature (SMTP) of PAM in
EOR application. Figure 5 shows the relationship between degree of
hydrolysis (percentage) and ageing time (days) for PAM solutions at
temperatures ranging from 25 to 93°C in the presence of 5% NaCl
(Figure 5a), 9% NaCl and 1% CaCl, (Figure 5b) and 3% NaCl and 1%
NaHCO, (Figure 5¢). The plots show two regimes, the first of which
represents the linear and the second the non-linear curve. The degree
of hydrolysis seems to be sensitive to temperature change, where
an increase in temperature results in a higher degree of hydrolysis.
Moreover, an increase in degree hydrolysis observed when there was
salts additive into the polymer solution. For all cases in the first regime,
degree of hydrolysis (0H) appears to exhibit a linear relationship with
time as shown in equation 8:

_ Oy (8)
y=5-F

Oy . . . L
Where 6—” is the gradient of degree of hydrolysis against time.
t
However, for all cases in the second regime, degree of hydrolysis

(0H) shows an increase in form of exponential decay with time as in
equation 9.

y=0H ¢~ )

Where OH is the intercept at the degree of hydrolysis, & is the
. o
gradient or slope.
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Figure 5(a) Effect of temperature on hydrolysis of PAM in the presence
of 5% NaCl."® The curve for each temperature can be divided into two
regions, the first representing the linear and second the non-linear curve.
The plot at the top of the figure is related to the first region from which
the gradient was determined.

Comparing results from three different studies,'®'*** it can be
concluded that, as the temperature increases, the gradient DH of PAM
for both regimes increases and hence the stability of the polymer is
reduced. Furthermore, the higher the temperature, the more rapidly
the DH of PAM increases in the presence of divalent ions (CaCl,)
and monovalent salts (NaCl) and the ageing times also reduced. For
instance, as shown in Figure 5b for the second regime, it is clear
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that the percentage DH of PAM increased by 12-38% after 578 days
ageing time at temperatures of 50, 60 and 70°C, while at 90°C the
percentage DH increased to 58% with a lower ageing time of 154
days. This implies that, at higher temperature such as 90°C, the more
hydrolyzed the PAM becomes and the ageing time is reduced. This is
also applicable to the first regime with a linear relationship, where at
higher temperature the ageing time is less, and at lower temperature,
the ageing time is longer.
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Figure 5(b) Effect of temperature on hydrolysis of PAM in the presence
of 9% NaCl -1% CaCl,."” The curve for each temperature could be divided
into linear and non-linear regions.The plot at the top of the figure is related
to the first region from which the gradient was determined.
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Figure 5(c) Effect of temperature on hydrolysis of PAM in the presence of
3% NaCl -1% NaHCO,.** The curve for each temperature can be divided
into linear and non-linear regions and the plot at the top refers to the linear
region from which the gradient was determined.

To gain a better understanding of the SMTP for the hydrolysis of
PAM in the presence of saline solution, the next step involves plotting
the gradient change in hydrolysis against temperature. The results as
presented in Figure 6, showing a sudden shift from a slow to a high
rate of hydrolysis at a certain temperature. This temperature could
be defined as the safe maximum temperature point (SMTP), which
varies as the ambient solution changes. In the presence of 9% NaCl
and 1% CaCl,, this (SMTP) shift was observe at 74°C, while for
5% NaCl and 3% NaCl and 1% NaHCO, solutions it is observed at
about 71°C and 65°C respectively. Based on this, it is clear that the

hydrolysis of PAM varies with salinity and hence so does its stability.
The abnormally low temperature of 65°C observed for 3% NaCl and
1% NaHCO, combined salts could be because of increased alkalinity
of this solution, which suppresses the SMTP.

L] m9% Nacl & 1% CaCl2
® 5% Nacl

03

0.6 3% NaCL +1% NaCHO3

Gradient (@H/dt)

" BH/BT (5 % NaCl )= 0.0041e2 2577+

02 BH/BT (9% Nacl + 1% CaClz}= 0.0005&°9%77

BH/BT (3 % NacCl + 1% NaCHO; ) = 0.14497 214

igmpggmm?pc 80 30 100 110

Figure 6 Graphical determination of safe maximum temperature point
(SMTP) from the gradient dH/dt (degree of hydrolysis with ageing time)
against temperature for PAM solution in the presence of 5% NaCl, 9% NaCl
and 1% CaCl,,and 3% NaCl and 1% NaHCO,.

Correlation of temperature with the viscosity of PAM

The viscosity of a polymer solution varies widely with temperature.
It is obvious that a change in the viscosity of a polymer solution with
temperature is associated with concurrent change in the volume of the
polymer. This is because, as temperature increases, the hydrolysed
polymer solution and become open to anionic charge attached to the
polymer backbone. According to Bill Meyer Jr.* the temperature
dependence of viscosity maybe found to follow the simple exponential
relationship in the Arrhenius equation, as stated in equation 10.

—(EIRT)
e

u =4 (10)
Where u is viscosity in mPa.s, E is the activation energy for viscous
flow, A is a constant, R is gas constant, and T is temperature.

From the Arrhenius equation, the viscosity of the polymer solution (
4 ) depends directly on the ratio of the activated energy (E) of the
viscous flow of the polymer solution to temperature. This implies
that the viscosity of PAM, its longevity (ageing time) and the thermal
stability of the polymer solution depend on reservoir temperature.

The effect of temperature on the viscosity of PAM against ageing
times as seem in Figure 7a for the solution of 9% NaCl and 1% CaCl,
at 30 rev/min. At 50°C, the reduction in viscosity seem to be linear
against time at a lower rate, while at the higher temperatures of 70 and
90°C a drastic shift in behaviour is seen where viscosity decreases at
a much higher rate.

This shift in the polymer’s viscosity is seen in Figure 7b by plotting
the absolute values of viscosity gradients extracted from Figure 7a.
Figure 7b, which was used to obtain the safe maximum temperature
point (SMTP) for the application of a polymer in a saline solution, in
a similar approach to that obtained from the gradient of the degree
of hydrolysis. It is worth mentioning that the SMTP obtained from
viscosity data is similar to that obtained from hydrolysis data for
the same saline solution, which shows the accuracy of the proposed
method in determining the polymer SMTP for a specific saline
solution.
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As reported by Stahl and Schulz,® the polymer solutions used in
an oilfield are non-Newtonian fluids. As shear rate is a function of
viscosity, any changes in mechanical degradation, which may occur
in pipes, through chokes, valves or pumps above certain velocity or
pressure levels, can influence the solution’s properties. Accordingly,
at a low shear rate, the polymer fluid behaves as a Newtonian fluid
and thus the viscosity does not vary with shear rate. However, as the
shear rate increases the polymer molecules deform and their viscosity
decreases. Such a situation, where the viscosity of the polymer
solution decreases with increasing shear rate is termed shear thinning.
The effect of shear thinning on SMTP as investigated through fitting
data measured for a saline solution of 9% NaCl and 1% CaCl, at 60
and 12 revolutions per minute (rpm) (which are two and five times
lower that the speed for the data presented in Figure 7). This data
is shown in Figure 8. As temperature increases, viscosity decreases,
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and hence ageing time decreases. It is also worth mentioning that,
following a decrease in the rotational speed (rev/min) of the device,
a decrease in shear rate impacts on the viscosity results, especially
at lower temperatures, where higher rotational speed increases, the
viscosity in contrast to the lower rotational speed shows the normal
and expected trend.

The absolute values of viscosity gradient for the data presented in
Figures 7a and 8, and as plotted in Figure 9, act as a function of
temperature. The estimated SMTP values for these solutions at 30,
12 and 60 rev/min are 74, 78 and 63°C respectively in the presence of
9% NaCl and 1% CaCl,. Comparing these results, it is apparent that
the SMTP of 60°C for the higher shear rate decreased to about 25°C,
which indicates that the polymer becomes unstable with a shorter
ageing time at higher shear rates.
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Figure 7 (a) Effect of temperature on viscosity of PAM against ageing time and (b) absolute viscosity gradient of 9% NaCl and 1% CaCl, at 30 rev/min."”

12

10 ¥ (S0 5C)m 00000 + 9,52

5w
s
P
il 8
3 o
F
E
. Y70 *C) = 0,04 40 + .41 50 oL
i #T0oC
«@0oC
4
i ¥ (B0 *C) = 40.2318x + B.88
2
@a
o

100 00 400 S00 600

Ageing Tims (days)

0

Viscoaily (mPa.S)

12
| e . ¥ (507 C) = -0.002x + 11.403
*’?t______‘-———.._,_,_
10w == ]
¥ (60 °C) = 0.0057x + 11.025
. . ®500C
+60 oC
8700
- -
= (T0C) W -0.0145: + 11.005 Bt

300 400
Ageing Time (Days)

500 @00 TOO

Figure 8 Effect of temperature on viscosity of PAM against ageing times for 9% NaCl + 1% CaCl, for: (a) 60 rev/min;and (b) 12 rev/min."”
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Figure 9 Absolute viscosity gradient against temperature for the graphical
evaluation of safe maximum temperature point (SMTP) in the presence of
9% NaCl and 1% CaCl, at 12, 30,and 60 rev/min.The higher the shear rate,
the lower the SMTP value.

Conclusion

Based on the results obtained from the SMTP correlation analysis, the
following conclusions were drawn:

(1) Different saline solutions like NaCl, CaCl, and NaHCO, have
different SMTPs.

(2) At 5% NacCl, the SMTP was about 71°C, whereas for a combined
saline solution containing 9% NaCl and 1% CaCl,, the SMTP was
78°C while it was 65°C for 3% NaCl and 1% NaHCO,

(3) A saline solution that has the chemical properties of alkaline/
acid behavior, like (NaHCO,), hydrolyzed faster due to its lower
SMTP value.

(4) SMTP obtained from viscosity data is similar to that of hydrolysis
data for same saline solution.

(5) Understanding the precise chemistry behind the mechanism of
PAM degradation and mitigation could facilitate higher SMTPs
during PAM applications.
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