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A B S T R A C T   

This paper studies the rheology and annular flow of a smart lost circulation material (LCM) at 160 ◦C, using a 
high-temperature flow loop. The smart LCM is a shape memory polymer (SMP) that activates at high temper-
atures, and its particle size increases to seal fractures in geothermal formations. SMP was mixed with the base 
fluid in two different concentrations, 1.0 and 3.0 wt%, to study rheology, wellbore hydraulics, activation process, 
and settling behavior under different testing conditions. 

The results of this study showed that the SMP could be activated at high temperatures. An increase of 
80–100% in the particle size was observed at 160 ◦C. The mud samples showed a high shear-thinning behavior at 
the two concentrations with a Power-law flow index (n) ranging between 0.025 and 0.101. No additional fric-
tional pressure losses were observed when SMP was added to the base fluid. SMP particles showed an excellent 
suspension at 1.0 wt% while, at 3.0 wt%, a bed was formed at a low flow rate and without pipe rotation. 
Increasing the drill pipe rotational speed or flow rate effectively removed the bed and homogeneously dispersed 
the SMP particles, ensuring a better sealing efficiency. SMP particle dispersion in inclined wells was better than 
in horizontal wells. Moreover, the findings of this study help optimize the lost circulation treatment by 
considering a wide range of operating parameters that can further be extended to different systems and 
geometries.   

1. Introduction 

Drilling operations in geothermal reservoirs constitute 40–60% of 
the total cost of geothermal projects, significantly impacting the feasi-
bility of geothermal developments (Bavadiya et al., 2019). The increase 
in drilling cost is attributed to the extended drilling time due to the high 
downhole temperature, depth, and nature of geothermal formations 
(Chemwotei, 2011; Finger and Blankenship, 2010; Kiran and Salehi, 
2020; Kruszewski and Wittig, 2018; Olasolo et al., 2016). The high 
temperature presents formidable challenges to the drilling operations, 
such as drilling fluid and cement degradation, casing and cement sheath 
damage, and failure of downhole tools (Shadravan and Amani, 2012; 
Teodoriu, 2015; Vivas et al., 2020; Wu et al., 2020). The hardness and 
abrasiveness of geothermal formations prolong the drilling time, wear 
the drill bit and shorten its life, and increase the vibrations of downhole 
tools (Baujard et al., 2017; Bavadiya et al., 2017; Finger and Blanken-
ship, 2010; Miyazaki et al., 2019). Moreover, the complex network of 
natural fractures and narrow mud windows existing in most geothermal 

reservoirs present many issues to the drilling operation, such as well 
integrity, loss circulation, and well control problems (Finger and Blan-
kenship, 2010; Kiran and Salehi, 2020; Magzoub et al., 2021; Mohamed 
et al., 2021a; Shadravan and Amani, 2012; Vollmar et al., 2013). 

Lost circulation is one of the problematic events encountered during 
drilling operations (Alkinani et al., 2019). More than 10% of the 
nonproductive time was spent on curing lost circulation while drilling in 
the Gulf of Mexico between 1993 and 2003. In the United States, the cost 
of lost circulation treatments varies between 10 and 20% of the total 
geothermal well cost (Lavrov, 2016). Moreover, severe or complete lost 
circulation may cause a loss in well control, leading to a loss in lives and 
resources (Magzoub et al., 2021). Lost circulation is more challenging in 
geothermal wells than oil and gas wells. Several factors contribute to the 
lost circulation in geothermal wells, such as high downhole tempera-
ture, large natural fractures, and low fracture gradients (Lavrov, 2016; 
Magzoub et al., 2020; Ravi et al., 2006; Tare et al., 2001). Low fracture 
gradients narrow the mud window that is defined as the operational gap 
between pore pressure and fracture pressure (Salehi and Nygaard, 
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2011). Narrow mud windows make the pressure control more chal-
lenging and increase the possibility of lost circulation events and the 
number of casings, which, in turn, increase the drilling cost and 
non-production time (NPT) (Magzoub et al., 2020). 

Generally, preventing the losses in the first place is more effective 
than treating lost circulation (Alsaba, 2015; Magzoub et al., 2020). This 
can be attained by optimizing drilling fluid formulations, maintain good 
hole cleaning, and controlling the drilling parameters to optimize 
wellbore hydraulics. The prior knowledge of downhole conditions and 
formation stresses and using advanced drilling technologies help miti-
gate the consequences of lost circulation during drilling operations 
(Magzoub et al., 2020). However, lost circulation events in the case of a 
narrow mud window are common because downhole pressure man-
agement is difficult. In such cases, drilling engineers and rig crews 
should be prepared to treat the losses promptly to avoid further com-
plications. This technique is called the corrective method, in which the 
mud circulation is regained after losses take place (Alsaba, 2015). 
Several remedy actions can be taken to treat the losses based on the loss 
type: seepage, severe, or total loss. These techniques can be classified 
into three main categories: using lost circulation materials (LCMs), LCM 
pills, and cement squeeze (Wagle et al., 2018). 

Various types of lost circulation materials are used to cure fluid losses 
in geothermal wells. LCMs are mixed with the drilling muds in different 
concentrations, depending on the loss severity and downhole condi-
tions. Selecting and optimizing the LCM mud formulation is a significant 
factor in ensuring better treatment results in the field. Mohamed et al. 
summarized the common lost circulation materials used in drilling op-
erations (Mohamed et al., 2021a). Based on the particle shape, LCMs can 
be classified into three main categories: granular materials, flakey ma-
terials, and fibers. Many laboratory studies were carried out to evaluate 
the performance of common LCMs under various testing conditions 
(Akhtarmanesh et al., 2016; Alsaba, 2015; Alsaba et al., 2014; Ezea-
kacha et al., 2017a, 2017b; Javeri et al., 2011; Lee and Taleghani, 2020; 
Loeppke et al., 1990; Magzoub et al., 2021; Mansure, 2002). Despite the 
advancements in LCMs and drilling technologies, more research is still 
required to overcome the limitations of current lost circulation mate-
rials. Sealing complex fracture networks, plugging downhole tools, and 
formation damage induced by LCMs create serious problems to loss 
treatments (Magzoub et al., 2021; Mansour et al., 2017). To mitigate the 
problems, more advanced lost circulation materials were introduced to 
cure losses under critical downhole conditions, where most conven-
tional LCMs fail. Blends of LCMs, encapsulated pills, nanoparticles 
(NPs), and shape memory polymers (SMPs) are good examples of these 
smart LCMs. 

One of the recent advancements in the lost circulation material is 
shape memory polymers (SMPs). They are smart materials that can be 
programmed to have a temporary deformed shape or size under certain 
conditions then return to their original form once triggered with an 
external stimulus (Huang et al., 2005; Lakhera et al., 2012; Meng and Li, 
2013). Different mechanisms can trigger shape memory polymers, such 
as applying light, heat, electricity, moisture, pH, solvent, enzyme, and 
magnetic field (Fan and Li, 2018; Liu et al., 2009; Mather et al., 2009). 
Thermal energy is the most common stimulus used with shape memory 
polymer (Lakhera et al., 2012). The SMP programming cycle starts with 
heating the polymer to a specific temperature (programming tempera-
ture) then deforming its shape by applying external load. Afterward, the 
polymer is cooled to a temperature lower than the glass transition 
temperature while the load is still exerted. After removing the load, the 
deformed shape will be maintained (Fig. 1a). Once the SMP is exposed to 
a temperature equal to or greater than the programming (activation) 
temperature, the stored energy will be released to recover the original 
shape and size, as shown in Fig. 1b (Lakhera et al., 2012; Mather et al., 
2009; Yakacki et al., 2007). In addition to this feature, SMPs are inex-
pensive, easy to process, highly elastic, and have good structural 
versatility (Liu et al., 2009). These features give SMPs the potential to 
resolve the loss circulation issues. Since activation can be accurately 

controlled, the risk of plugging downhole drilling tools such as 
measurement-while-drilling (MWD) and logging tools can be 
minimized. 

Recently, Mansour et al. introduced a novel expandable LCM mate-
rial to seal fractures and cure fluid losses. Their LCM material is based on 
a shape memory polymer that can be activated by a temperature of 
70 ◦C. Their method showed promising findings where activated SMP 
efficiently sealed slot and tapered discs with a high sealing pressure and 
very low fluid loss. Moreover, the expandable SMP can release a stress of 
13 MPa that will help strengthen the wellbore by increasing the hoop 
stresses around the wellbore (Mansour et al., 2017). Their evaluation 
was performed only at static conditions using permeability plugging 
apparatus (PPA), which is not a good representation of the filtration 
process. Later, they expanded their study to evaluate the SMP perfor-
mance under dynamic conditions. They demonstrated that the SMP 
worked much better once mixed with fiber (Mansour et al., 2018). 
However, the ultimate temperature is limited by SMP melting temper-
ature (120 ◦C), which is low compared to geothermal formations. 

Another study was performed by Magzoub et al., where a new shape 
memory polymer was evaluated at a high temperature (149 ◦C) for 
geothermal drilling applications. To simulate the actual case, they tested 
the shape memory polymer on artificial aluminum discs and real cy-
lindrical granite cores using a novel flow loop that simulates the sealing 
efficiency at dynamic conditions. Their method and new apparatus are 
well described in their published work (Magzoub et al., 2021). Their 
analysis showed that SMP could be an excellent candidate to seal large 
fractures in geothermal formations with additional wellbore strength-
ening features. They also confirmed the findings of Mansour et al. that 
combining SMP with fiber provides better sealing efficiency. 

For a successful application, many parameters should be considered 
before treating the lost circulation. These parameters include formation 
type, lithology, and mud properties such as pH, alkalinity, rheological 
properties, and LCM type and concentration. Optimizing the mud 
formulation is as vital as selecting the LCM to ensure successful treat-
ments (Magzoub et al., 2021). For instance, rheological properties play a 
crucial role in loss prevention and treatment. Rheological properties 
significantly impact wellbore hydraulics and fluid capability to trans-
port LCM particles. Loss prevention is primarily achieved by controlling 
wellbore hydraulics, particularly the equivalent circulating density 
(ECD). The uncontrolled increase in ECD may induce fractures in the 
drilled formation when it exceeds the fracturing pressure, increasing the 
fluid losses and complicating the drilling operation (Wastu et al., 2019). 
Moreover, the sealing efficiency is highly impacted by LCM dispersion 
into the mud. The previous studies on SMP focused only on evaluating 
the sealing efficiency of SMP on a small laboratory scale without 
studying the SMP transportation and its impact on fluid rheology and 
hydraulics. Therefore, this work aims to study SMP transportation and 
evaluate its effect on mud rheology and wellbore hydraulics at high 
temperatures using a large-scale flow loop. Additionally, a wide range of 
operating parameters was considered in this work, such as flow rate, 

Fig. 1. Programming and activation cycles of thermoset shape mem-
ory polymer. 
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inclination, and pipe rotational speed, to optimize the lost circulation 
treatment. In the following sections, the material and method used to 
conduct this study are described. The findings and observations are then 
discussed, and finally, the main conclusions of this study are 
summarized. 

2. Materials and methods 

2.1. Materials 

Several 0.04-m3 (10.5-gallon) fluid samples were prepared in the 
laboratory to conduct this study. Fresh tap water was used as the base 
fluid, while THERMA-VIS was added to provide the required viscosity to 
suspend and carry the LCM particles. THERMA-VIS is a commercial 
additive obtained from a service company. It is a synthetic hectorite clay 
developed to activate and build viscosity at a high temperature, above 
149 ◦C (Mohamed et al., 2021a, 2021b, 2021b). It has a specific gravity 
of 1.0 and thermal stability of up to 370 ◦C (Baroid, 2012). THERMA-VIS 
was used with the base fluid due to its high thermal resistance and clear 
appearance, allowing flow visualization. A smart LCM was evaluated to 
investigate its effect on mud rheology and wellbore hydraulics. The 
smart LCM is a thermoset shape memory polymer (SMP) programmed to 
activate downhole at temperatures above 149 ◦C. Once the SMP is 
thermally activated, the particle size increases to gain its original shape 
and size, which helps seal the large fractures in geothermal formations. 
The used SMP has a density of 950 kg/m3 (59.3 lb/ft3) and a particle size 
ranging between 840 and 2360 μm. 

The particle size distribution of the shape memory polymer was 
obtained using dry sieve analysis due to the limitation of the particle size 
analyzer, which cannot measure particles larger than 2000 μm to ensure 
more accurate results that even large particles are included. A sample of 
200 g was sieved using a sieve shaker that consists of various sieve trays 
ranging between 53 and 2360 μm. Most SMP particles were larger than 
500 μm, where 84.9 wt% of SMP particles ranged between 840 and 
2360 μm and 5.9 wt% of the particles were greater than 2360 μm. As 
shown in Fig. 2, SMP exhibited a median particle size (D50) of about 
1400 μm. 

2.2. Methods 

2.2.1. Flow loop experiments 
A high-temperature flow loop (Fig. 3) was built to study the effect of 

SMP concentration on rheology, wellbore hydraulics, and SMP settling 
behavior. The flow loop consists of five main sections; i) A heating 
system is added to the setup to heat the mud to the desired temperature. 
An oil pump circulates the heating oil through an electric heater, then to 
a coil inside the mud tank, where the heat transfer occurs before the 
relatively cold oil returns to the oil tank. The heating oil is circulated 
inside the mud tank through a heating coil to avoid mud contamination. 
ii) Circulation system that consists mainly of two pumps to circulate the 
oil and mud. iii) 10-feet horizontal pipe viscometer to study the 

rheological behavior and wellbore hydraulics. iv) The main test section 
consists of a 10-feet long concentric annulus (2.067′′ × 1′′) with two 
viewports and a motor to rotate the inner pipe. The viewports are 
installed to visualize the annular flow of SMP mud. The test section 
position can be adjusted to different inclination angles to simulate 
horizontal and inclined wells. The inclination is changed by lifting the 
outlet side using an overhead crane, while safety pins are added to the 
setup to secure the test section at the desired inclination angle. v) Data 
acquisition and control system is used to obtain and record the mea-
surement data and controls the setup components. This system consists 
of a computer, data acquisition (DAQ) card, variable frequency drives 
(VFD), temperature and pressure sensors, and a flow meter. 

For every experiment, a 0.04-m3 (10.5-gallon) fluid sample was 
prepared in the mud tank. The rheological behavior of the fluid was 
studied at different temperatures, 21–160 ◦C. The pressure drops across 
the pipe viscometer and flow rates were recorded using a data acquisi-
tion system. This data is then analyzed to determine the rheological 
properties of the mud samples. The flow loop is developed to study the 
annular flow of SMP muds at a wide range of parameters such as tem-
perature, SMP concentration, inclination angle, flow rate, and drill pipe 
rotational speed. The visualization data acquired by the high-speed 
camera is processed and used to investigate the transport efficiency, 
settling behavior, and SMP activation process. SMP is added to the base 
fluid at a high temperature (149 ◦C) after the viscosifier activates and 
builds enough viscosity to suspend the SMP particles. The experiment is 
started when the desired fluid temperature reaches the testing temper-
ature. Table 1 describes the experimental parameters used in flow loop 
experiments. 

2.2.2. Rheological analysis calculations 
The pressure drops and flow rate data obtained from the flow loop 

are analyzed to determine the rheology model that describes the base 
mud and SMP mud. The following procedure is followed to obtain the 

Fig. 2. The particle size distribution of shape memory polymer used in this study.  

Fig. 3. High-temperature flow loop used in this study.  
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corrected flow curve for each fluid sample:  

i. The flow rate (Q) and differential pressure (ΔP) data, obtained from 
the flow meter and pipe viscometer, are converted from gallon per 
minute (gpm) and inch water (in H2O) to cubic meter per second 
(m3/s) and pascal (Pa).  

ii. Q and ΔP data are converted to wall shear stress (τw) and nominal 
Newtonian wall shear rate (γ̇nom) using the viscometer diameter (D =
0.02286 m) and length (L = 0.9144 m) by applying Eqs (1) and (2). 

τw =
DΔP
4 L

(1)  

γ̇nom =
8V
D

(2)   

iii. τw and γ̇nom data are plotted in a logarithmic scale and fitted with a 
straight line to check for the Power-law model’s applicability. The 
consistency (K) and flow index (n) are obtained from the curve 
fitting. K corresponds to the intercept with the y-axis, while n is the 
slope of the straight line.  
iv. Fluid properties and n data are used to plot the laminar flow limit 

line and check the laminar flow for all the data points. The points 
laying on or to the right of the laminar flow limit line correspond 
to the turbulent flow. The turbulent flow data must be excluded 
from the analysis. Equation (3) is used to plot the laminar flow 
limit line for power-law fluids (Alderman and Pugh, 2004). To 
validate the results, another method is used to check for laminar 
flow by calculating Fanning friction factor (f) and the generalized 
Reynolds number (Re) for laminar and turbulent flow data, as 
shown in Equations (4)–(6). After plotting the Fanning friction 
factor against the generalized Reynolds number in a log-log scale, 
the transition from laminar to turbulent is detected when the 
points deviate from the straight line. 

τc =
ρD2

8

⎡

⎢
⎢
⎣

n
404

(
1+3n

4n

)

(n + 2)

(

n+2
n+1

)

⎤

⎥
⎥
⎦

[
8V
D

]2

(3)  

f =
τw

1 /2 ρv2
(4)  

Re=
8ρv2

Kγ̇n
w

(5)  

where, 

γ̇w =
3n + 1

4n
γ̇nom (6)    

v. The calculations do not consider the correction for the end effect 
because the pipe viscometer was designed to account for the end 
effect. The measurements are taken after 1.2 m from the inlet and 

before 0.9 m from the outlet of the pipe viscometer. Therefore, 
the measured data will not be affected by the two ends.  

vi. After excluding the turbulent data, τw is plotted against γ̇nom in a 
logarithmic scale. The curve is fitted, and the correct K and n are 
obtained from the curve fitting as discussed in step (iii). K and n 
are used to construct the flow curve for each fluid sample by 
calculating the shear stress (τ) at different shear rates (γ̇) using the 
Power-law model (Equation (7)). The flow curve is constructed 
for shear rate values ranging from 0.1 to 1000 1/s. 

τ=Kγ̇n (7)  

vii. K and n are used to calculate the apparent viscosity at different shear 
rates to compare the performance of different fluid samples. Apparent 
viscosity is calculated using Equation (8). 

μa =Kγ̇n− 1 (8)  

3. Results, observations, and discussions 

3.1. Rheology experiments 

3.1.1. Effect of temperature on the base fluid 
First, the rheological properties of the base fluid were measured at 

different temperatures (21, 93, and 160 ◦C) to study its performance and 
then investigate the effect of SMP on its rheological behavior. Following 
the procedure illustrated in steps from i to vii, the flow curve of the base 
fluid at different temperatures was construed in Fig. 4a. It was observed 
from the flow curve that the base fluid is a non-Newtonian fluid with 
shear-thinning behavior at all testing temperatures. The thinning degree 
varied with temperature because the used viscosifier (synthetic hectorite 
clay) is engineered to activate and build viscosity with high shear- 
thinning behavior at high temperatures (Mohamed et al., 2021a, 
2021b, 2021b). The power-law model can describe the base fluid 
behavior with a correlation parameter (R2) and root-mean-square error 
(RMSE) of 0.88–0.93 and 0.04–0.12, respectively. The power-law model 
is a simple and suitable model to describe shear-thinning fluids 
(Mohamed et al., 2021a; Wu, 2016). Casson and Herschel–Bulkley 
models were also considered in the rheological analysis. The Casson 
model yielded a correlation parameter of around 0.86, which is slightly 
lower than the power-law model. Because the base drilling fluid 
exhibited a low yield stress (τ0) value of about 0.18 Pa, no significant 
change in the rheological behavior of the drilling fluid was observed. A 
slight improvement in the flow curve was noticed with an R2 of 
0.882–0.931. Therefore, the drilling fluid can be well described by both 
power-law and Herschel–Bulkley models. 

As shown in Fig. 4a, the degree of thinning increases with temper-
ature, which can be proven from the flow index values (n). The base 
fluid showed a flow index of 0.454, 0.168, and 0.101 at 21, 93, and 
160 ◦C, respectively. However, higher viscosities were observed at high 
temperatures due to the thermally induced activation of the synthetic 
hectorite clay, improving the mud capacity of carrying/suspending the 
LCM and drilled cuttings (Baroid, 2012; Mohamed et al., 2021b). The 
drop in the apparent viscosity with the increase in shear rate also 
confirmed the high shear-thinning behavior of the base fluid, Fig. 4b. 
This high shear-thinning performance is favorable in drilling operations 
because it makes the frictional pressure drops less sensitive to the 
change in flow rate. Therefore, less frictional pressure drops would 
result during mud circulation through bit nozzles and tubular systems 
than other fluid systems with shear-thickening behavior or a lower de-
gree of shear-thinning. 

3.1.2. Effect of shape memory polymer (SMP) 
The shape memory polymer was added to the base fluid in two 

concentrations, 1.0 and 3.0 wt%. The rheology data were analyzed for 
each fluid sample using the procedure discussed earlier. τw and γ̇nom data 
of the SMP mud samples yielded a straight line in a logarithmic scale 

Table 1 
Experimental parameters for flow loop experiments.  

Parameter Range 

SMP concentration 0, 1.0, and 3.0 wt% 
Temperature 21–160 ◦C 
Pressure 689.5 KPa (100 psi) 
Inclination angle (from vertical) 90◦ , 67.5◦, and 45◦

Flow rate 6.3 × 10− 5-1.26 × 10− 3 m3/s (1–20 gpm) 
Pipe rotational speed 0, 75, and 150 RPM  

A. Mohamed et al.                                                                                                                                                                                                                              
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with an R-squared and RMSE ranging between 0.93-0.97 and 
0.007–0.01, respectively. Similar to the base fluid, SMP mud exhibited 
low yield stress values (≈0.2 Pa); therefore, the flow behavior of SMP 
mud can be well described by both Power-law and Herschel–Bulkley 
models. K and n values were obtained from the curve fitting and used to 
construct the corrected flow curves at 160 ◦C after excluding the tur-
bulent flow points. A high shear-thinning behavior (n < 1) was observed 
with SMP mud at both concentrations, as shown in Fig. 5a. The flow 
index (n) decreased from 0.101 to 0.061 and 0.025 as SMP concentra-
tion increased from 0 to 1.0 and 3.0 wt%, respectively, presenting a 
slightly higher thinning degree than the base fluid. The apparent vis-
cosity is calculated from the pipe viscometer data measured at 160 ◦C. 
The viscosity profile confirmed the shear-thinning behavior of all mud 
samples, where the apparent viscosity decreased with the shear rate, as 
shown in Fig. 5b. However, a slightly lower apparent viscosity resulted 
in SMP mud at high shear rates. The decrease in apparent viscosity can 
be attributed to the presence of SMP particles in the suspension that 
increased the shearing on the base fluid. The increased viscosity at low 
shear rates prevailing in the annulus would yield a better hole cleaning, 
while the lower viscosity at high shear rates present in the drill pipe 
would minimize the pumping pressure; thus, no increase in ECD will 
result (Caenn et al., 2017). The pressure drop profile also confirmed the 
high shear-thinning behavior of SMP mud at 160 ◦C (Fig. 6a). In the 
laminar flow regime, 1.0 wt% SMP reduced frictional pressure drops 
with around 120 Pa while the mud sample containing 3.0 wt% SMP 
showed a similar performance to the base fluid. The friction factor is 
presented in Fig. 6b as a function of the generalized Reynolds number. 
The flow regime changed from laminar to turbulent flow when the 
generalized Reynolds number reached around 4000. A slight reduction 
in the frictional pressure drops was observed with 3.0 wt% SMP in the 
turbulent flow regime. This reduction can help avoid the increase in ECD 
that may complicate the lost circulation treatment and cause additional 
losses if it exceeds the fracture pressure of the drilled formation. 

3.2. Shape memory polymer activation 

The shape memory polymer was used in this study as a smart lost 
circulation material programmed to activate at a high temperature 
(above 149 ◦C). The activation process was studied by visualizing the 
annular flow through two viewports with the aid of a high-speed cam-
era. The experiments were performed at 21 ◦C and 160 ◦C to detect the 
change in SMP particles with temperature. The captured videos were 
processed and analyzed using frame-by-frame image processing tech-
niques with the aid of commercial image processing software. Fig. 7 
shows the activation process of SMP particles with temperature. In this 
part, SMP was added to the base fluid in 1.0 wt% to spot the particles 
easily. Initially, SMP particles have an irregular shape with a particle 
size ranging from 840 to 2360 μm (0.84–2.36 mm). At low temperature 
(21 ◦C), most SMP particles were ranging from 1 to 2 mm (Fig. 7a), while 
a significant increase in the SMP particle size was observed at high 
temperature (160 ◦C). The SMP particle size reached up to 3–5 mm with 
some small particles (Fig. 7b). The activation of thermoset shape 
memory polymers was addressed in previous studies by visualizing the 
change in particle size before and after heating (Mansour et al., 2018, 
2019), infrared laser light (Leng et al., 2010), or by tracking the change 
in energy (stresses and strains) during the programming and activation 
processes (Fan and Li, 2018; Li and Xu, 2011). However, the increase in 
particle size observed in this study confirmed the thermally induced 
activation of the shape memory polymer at high temperatures within the 
mud system, considering the effect of other mud additives and mud 
circulation. This particular reason makes the results of this study more 
representative of actual field operations, while previous studies 
considered only the temperature effect in the absence of other effects. 

Based on these observations, the shape memory polymer can be 
programmed to activate at a specific temperature after reaching the 
targeted formation to seal large fractures with minimal risk of plugging 
downhole equipment, such as MWD and logging tools. As reported in 
previous studies, these size variations would be more efficient in 
bridging and sealing fractures (Alsaba, 2015; Alsaba et al., 2017; 

Fig. 4. Effect of temperature on the base fluid’s performance: a) flow curve, and b) apparent viscosity.  

Fig. 5. Effect of SMP concentration on rheological properties at 160 ◦C: a) flow curve, and b) apparent viscosity.  
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Ezeakacha et al., 2017b; Magzoub et al., 2020; Whitfill, 2008). Large 
particles are required to form the bridge on the fracture, while small 
particles help create the seal matrix and plug the space between large 
particles and the fracture wall (Magzoub et al., 2021). 

3.3. Effect of test variables on SMP dispersion 

In this section, a series of experiments were performed to study the 
parameters affecting the SMP particles dispersion in the annulus at a 
high temperature, 160 ◦C. The experimental parameters considered in 
this part are SMP concentration, pipe rotational speed, flow rate, and 
inclination angle. The ranges of experimental parameters were 
described in Table 1. The visualization data was processed and analyzed 
to detect solid particles settlement and identify the optimum parameters 
for better SMP dispersion, thus, better sealing efficiency. The shape 
memory polymer was added to the base fluid in two concentrations, 1.0 
and 3.0 wt%. First, the impact of pipe rotational speed and flow rate was 

evaluated at the horizontal angle, representing the worst case. The 
inclination angle effect was then studied on both concentrations. 

3.3.1. Effect of flow rate 
At 1.0 wt%, the SMP particles were homogeneously distributed in the 

annulus at a low flow rate of 0.00013 m3/s (2 gpm). This flow rate 
corresponds to an average annular velocity of 0.083 m/s (16.33 ft/min). 
As shown in Fig. 8, no settlement was observed with SMP particles at this 
low annular velocity, and the pipe rotation was unnecessary while 
circulating 1.0 wt% SMP mud. This behavior was also observed at higher 
flow rates because the increased annular velocity dispersed the particles 
and subsequently improved mud carrying capacity (Werner, 2018). 
Therefore, increasing the flow rate with low SMP concentrations is not 
required. The increased flow rate would add more frictional pressure 
drops and consequently increase the ECD. The uncontrolled increase in 
ECD may induce fractures in the drilled formation when it exceeds the 
fracturing pressure, increasing the fluid losses and complicating the 
drilling operation (Wastu et al., 2019). 

3.3.2. Effects of SMP concentration and pipe rotation 
When the SMP concentration was increased from 1% to 3% by 

weight at a low flow rate, 0.00013 m3/s (2 gpm), moving and stationary 
beds were formed in the horizontal annulus. The bed thickness was high, 
covering almost 40% of the cross-sectional area of the annulus, as shown 
in Fig. 9a. These deposited particles can reduce the sealing efficiency of 
the SMP and cause pipe sticking and difficulties in the casing and liner 
placement (Boyou et al., 2019). However, increasing the flow rate to 
0.00032 m3/s (5 gpm) helped erode the beds and significantly improved 
the carrying capacity of the fluid and the dispersion of SMP particles 
(Fig. 9d). Similarly, the pipe rotation was very effective in agitating and 
eroding the bed, enhancing the SMP particles dispersion, especially at 
low flow rates (Fig. 9b and c). Increasing the pipe rotational speed to 75 
RPM was adequate to prevent bed formation, as shown in Fig. 9b. 
Therefore, an adequate level of annular velocity or pipe rotational speed 
should be maintained in horizontal wells to ensure the dispersion of SMP 
and maintain the sealing efficiency of the mud containing 3.0 wt% SMP. 

Fig. 6. Effect of SMP concentration on frictional pressure drops at 160 ◦C.  

Fig. 7. Effect of temperature on SMP particles: a) 21 ◦C, and b) 160 ◦C. A clear 
increase in particle size is seen at the temperature of 160 ◦C. 

Fig. 8. Effect of pipe rotational speed on SMP particles dispersion at the horizontal angle, 1.0 wt% concentration, and low flow rate: 0.000126 m3/s (2 gpm)- 160 ◦C.  
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3.3.3. Effect of inclination 
Fig. 10 compares the SMP mud performance at various concentra-

tions (1.0 and 3.0 wt%) and inclination angles (90◦, 67.5◦, and 45◦ from 
vertical). At 1.0 wt% SMP concentration, the inclination angle had no 
impact on SMP particle dispersion. SMP particles were homogeneously 
distributed in the annular space at all inclination angles, as shown in 
Fig. 10a-c. On the other hand, when the concentration was increased to 
3.0 wt% and without pipe rotation, the SMP mud performed better at 
lower inclination angles (from vertical) in terms of transport efficiency 
and particle dispersion. A high thickness bed was formed at a horizontal 
angle (Fig. 10d). While, under the same pipe rotation and flow rate 
conditions, the SMP particles were asymmetrically suspended at a 67.5◦

inclination angle and symmetrically suspended at a 45◦ inclination angle 
from vertical (Fig. 10e and f). Therefore, the SMP transportation in 
horizontal wells is more critical and challenging than inclined and 
vertical wells because, in horizontal wells, the vertical component of 
fluid velocity acting on SMP particles is equal to zero. Thus, solid par-
ticles tend to settle down easily with the limited hydrodynamic force 
that opposes the gravitational force and prevents deposition (Czuprat 
et al., 2020). Deposited SMP particles form unconsolidated beds in 
which the particles travel by rolling (Mahmoud et al., 2020). The 
settling behavior is a complex phenomenon, and many parameters 
should be considered to understand it well, including the shape, size, 
and density of solid particles. Fig. 11 summarizes the effect of test pa-
rameters on the SMP dispersion to determine the optimum conditions 
for SMP transport at the two concentrations. 

The results of this study were obtained using a large-scale laboratory 
setup with dimensions smaller than actual field dimensions; therefore, 
as future work, a computational fluid dynamic study will be performed 

to upscale the experimental results to other systems with different ge-
ometries and sizes to optimize the operating parameters of the lost cir-
culation treatment such as pipe rotational speed and flow rate. 

4. Conclusions 

An experimental study was conducted using a large-scale flow loop 
to evaluate the effect of shape memory polymer on rheology and well-
bore hydraulics at high-temperature conditions. Viewports were 
installed on the test section to visualize the flow with the aid of a high- 
speed camera to study the transport efficiency and SMP distribution 
under a wide range of test parameters. The experiments were conducted 
by varying SMP concentrations, inclination angle, pipe rotational speed, 
and flow rate. Based on the results, the following conclusions can be 
drawn: 

• The base fluid used in this study to carry and suspend the SMP par-
ticles is a non-Newtonian fluid with a strong shear-thinning behavior 
that fits the Power-law model. The viscosifier used with the base 
fluid is a synthetic hectorite clay that activates and builds viscosity at 
high temperatures. The viscosity increases with temperature to reach 
the maximum viscosity at around 150 ◦C due to the thermally 
induced activation.  

• Adding the smart lost circulation materials, with a concentration up 
to 3.0 wt%, increased the degree of shear-thinning. The Power law 
model could well describe all SMP mud samples. The viscosity profile 
of SMP mud was similar to that of the base fluid. SMP mud exhibited 
a slightly lower apparent viscosity due to the presence of SMP par-
ticles in the suspension. 

Fig. 9. Effect of pipe rotational speed and flow rate/annular velocity on SMP particles dispersion at the horizontal angle, and 3.0 wt% concentration- 160 ◦C.  

Fig. 10. Effect of inclination angle and concentration on SMP particles dispersion at low flow rate: 0.000126 m3/s (2 gpm), without pipe rotation- 160 ◦C.  
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• The SMP particle size increased from 1 to 2 to 3–5 mm when the 
temperature increased from room temperature (21 ◦C) to 160 ◦C, 
proving the induced activation of SMP at high temperatures (above 
149 ◦C). The increase in particle size confirmed that SMP has the 
potential to efficiently seal large fractures and treat lost circulation 
with minimal risk of plugging downhole tools. However, further 
research should be conducted to evaluate the sealing efficiency of the 
shape memory polymer at diverse conditions in the existence of 
fractured mediums.  

• The SMP dispersion was studied by visualizing the annular flow 
under different experimental parameters such as SMP concentration, 
pipe rotation, flow rate, and inclination angle. The transport effi-
ciency varied significantly with these parameters. It was observed 
that, at low concentration (1.0 wt%), SMP particles were transported 
efficiently without forming a stationary or moving bed at all testing 
conditions. Thus, transporting SMP with 1.0 wt% is not problematic, 
and increasing the pipe rotational speed and/or flow rate was not 
required.  

• At 3.0 wt% concentration, the SMP mud performed better in inclined 
configurations while a bed was formed in the horizontal test section. 
The flow rate and pipe rotation improved the transport efficiency of 
SMP mud significantly. Maintaining a minimum annular velocity of 
0.207 m/s (40.81 ft/min) or a minimum pipe rotational speed of 75 
RPM was required in horizontal inclination to ensure better disper-
sion of SMP particles. 

Credit author statement 

Abdelmjeed Mohamed: Methodology, Formal analysis, Investiga-
tion, Data curation, Writing – original draft, Writing – review & editing, 
Visualization. Saeed Salehi: Conceptualization, Methodology, Re-
sources, Data curation, Writing – review & editing, Supervision, Project 
administration, Funding acquisition. Ramadan Ahmed: Conceptuali-
zation, Methodology, Resources, Data curation, Writing – review & 
editing, Supervision, Project administration. Guoqiang Li: Conceptu-
alization, Resources, Writing – review & editing, Funding acquisition. 

Declaration of competing interest 

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

Acknowledgment 

The authors would like to acknowledge the U.S. Department of En-
ergy Office of Energy Efficiency and Renewable Energy (EERE) under 
the Geothermal Program Office Award Number DE-EE0008602 for 
funding this research.  

Nomenclature 

Acronyms 
DAQ data acquisition 
ECD equivalent circulating density 
LCM lost circulation material 
MWD measurement-while-drilling 
NPs nanoparticles 
NPT non-productive time 
PPT permeability plugging test 
RMSE root-mean-square error 
SMP shape memory polymer 
VFD variable frequency drive  

Symbols 
v : average velocity 
γ̇nom : nominal wall shear rate, 1/s 
μa : apparent viscosity, mPa.s or cP 

Fig. 11. Effect of inclination angle, flow rate, and pipe rotation on SMP particles transport at 160 ◦C.  
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τc : critical wall shear stress, Pa 
τw : wall shear stress, Pa 
D diameter, m 
gpm gallon per minute 
K consistency, Pa.sn or equivalent cP 
L: length, m 
n flow index, dimensionless 
Q flow rate, m3/s 
Re Reynold’s number, dimensionless 
V velocity, m/s 
γ : Shear rate, 1/s 
ΔP frictional pressure drops, Pa 
μ : viscosity, Pa.s 
ρ : density, kg/m3 

τ : shear stress, Pa 
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