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Abstract: Reducing energy consumption during drilling operations is beneficial to both the environment and
economy. Frictional drag reducers (FDR) are widely used to reduce the energy loss caused by turbulent flow.
FDR plays an important role in flow lines as they can reduce the frictional pressure drop effectively, and benefit
the selection of circulating fluid and pump. However, several factors can influence the performance of FDR,
including fluid additives and incorporated solids, such as drill solids. Thus, the main objective of this paper is to
study the influence of low gravity solids (LGS) on the performance of the FDR. This paper is mainly based on
experimental study. The experimental work contains two parts: rtheology characterization and flow loop tests.
Rheology characterization tests were performed to calculate the flow consistency index (K) and flow behavior
index (n). Flow loop experiments were conducted for two geometry (0.457 inch and 0.797 inch diameter).
Xanthan gum was used as a fractional drag reducer. Bentonite and quartz sand were added as low gravity solids.
Three designed water-based mud systems are tested for drag reduction efficiency of Xanthan gum. Flow rate of
the mud varied from 3 gpm to 16 gpm. Concentration of Xanthan ranged from 0.1 lbm/bbl to 0.6 lbm/bbl. Low
weight solids were added with weight percentage of 0.5%, 1%, 2% and 2.5%. The result shows that xanthan
gum is an efficient drag reducer for adequate reasons. Firstly, even at al low concentration, xanthan gum shows
high resistance to degradation. Secondly, the maximum drag reduction with xanthan gum is up to 70.54% with a
concentration of 0.6 lbm/bbl. However, the existence of different low gravity solids influence the efficiency of
xanthan gum in different styles. Experiment results indicate that the higher the weight percentage of bentonite,
the lower the drag reduction effectiveness. While with the increasing concentration of quartz sand, the drag
reduction does not show an intense change. This study intents to give an instructive guidance on usage of
frictional drag reducers in drilling mud system design. Removal of low gravity solids from the mud is difficult,
which pose a danger to the drilling fluid. By understanding the effectiveness of FDR, we can reduce energy
consumption when irremovable low gravity solids exist. FDR can be used for modifying the mud contents to
develop a lower pressure gradient under turbulent flow condition. In the same scenario, adding FDR can

suppress turbulent at a constant pressure gradient but with a higher flow rate.
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1. Introduction

Reducing energy consumption during drilling operations is beneficial to both the environment and the
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economy. Therefore, frictional drag reducers have been utilized widely in the field. Reduction in drag will
benefit the process of drilling, cementing, as well as enhance oil recovery [1-4]. However, several factors can
influence the effectiveness of frictional drag reducers, including fluid additives and incorporated solids such as
low gravity solids.

Despite the important, beneficial role of frictional drag reducers, very little work has been done to
investigate the potential effect of low gravity solids on drag reducers. Determining the influence of low-gravity
drill solids on the performance of drag reducers is anticipated to yield a number of important advantages related
to conventional and horizontal drilling. Performing controlled experiments to study the extent to which various
fluid additives and incorporated LGS affect the performance of the friction drag reduction will enable us to
optimize the drilling process and save money in the long run.

The aim of the study is to investigate the drag reduction effectiveness of xanthan gum when different
concentration of low gravity solid are added to the flow. The goal of these experiments is to measure the
frictional pressure drop in the test sections at different concentrations of LGS, and all the experiments are
carried out using fresh water to eliminate the effect of other substances. Xanthan gum has been selected as the
polymer to be used as the frictional drag reducer. We have tested xanthan gum solution at different pipe sizes in
the Dynamic Testing Facility and analyzed the data. The concentration of 0.4lbm/bbl, which appears to be the
concentration at which maximum drag reduction achieved for xanthan gum solution has been selected for clay
contamination tests. Two kinds of low gravity solids, i.e., bentonite (as a chemically active LGS) and quartz
sand (as an inert LGS), were selected to be added to the 0.4 lbm/bbl xanthan gum solution. The flow loop
experiments were conducted for different weight percentages of low gravity solids at the same temperature. For
each weight percentage, the solutions were pumped through two different diameter pipes in order to study the
pipe diameter influence on drag reduction. The effect of weight percentage of the low gravity solid additives, the
effect of flow rate, and the effect of pipe diameter on the performance of frictional drag reduction were analyzed.

Generally, the Prandtl-Karman coordinate (1/ \/]—” versus Re\/f) which is shown in Figure 1 is used to
present the drag reduction data since Prandtl-Karman law for Newtonian turbulent pipe flow is a straight line in
these coordinates in a semi-logarithmic diagram. For Newtonian turbulent pipe flow, the usual Blasius law is

shown in equation (1), where f'is the friction factor and Re is the Reynolds number.
} =4.0log,o( Re /I | - 4.0 (1
i

The approximate relation for the regime with drag reduction is shown in equation (2), where 0 is the slope

increment, the difference between polymer solution and solvent slopes on the Prandtl-Karman coordinates.

L @0+ 0)log o[ Re /T ) - dlog s (Re \/7), @)
Vf

Maximum Drag
Reduction(MDR)

Asymptote

Laminar

SE

Blasius Law

Onset

Reﬁ

Figure 1. Prandtl-Karman coordinates.
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If the friction drag for pipe flows is plotted in Prandtl-Karman coordinates (Figure 1), the point at which the
solution line departure from the Prandtl-Karman law (or Blasius law) can determined as the onset of drag
reduction [5-8].

The theoretical interpretation of the onset of the drag reduction is called time criterion [9,10]. The criterion
may be split into several parts. First, drag reduction occurs when the polymer relaxation time is longer than the

Hs
2°

pu[
to return to a coiled configuration [11]. The ratio of the polymer time scale to the flow time scale of the near-

time scale of the near-wall turbulence, i.e. 7, > where Tis the average time it takes for a stretched polymer

wall turbulence, defined as the wall-shear Weissenberg number. Under most circumstances, the onset of drag
reduction is when the Weissenberg number equals one. Second, whenever this condition is satisfied, the polymer
molecules become substantially stretched. This is called the coil-stretch transition. In this extended state, the
elongational viscosity increases by a factor of the order of ten thousand (e.g. Metzner & Metzner [12]). Third,
this phenomenal increase in elongational viscosity manifests preferentially near the wall because the extensional
strain rates are the highest there. Finally, it is supposed that the increased elongational viscosity suppresses
turbulent fluctuations, increases the buffer layer thickness and reduces wall friction. Lumley [9], for instance,
produced detailed arguments to show that these considerations are plausible (see, also, Virk et al. [10]). The
explanations of detailed onset of drag reduction can be divided into two groups, elastic effect [11—17], and
viscous effect [18, 19]. These two theories are fundamentally different. However, both have merits when
compared to the experimental data.

The onset of the drag reduction can be affected by multiple factors such as polymer concentration, molecular
weight, random coil size and solvent viscosity. Wall shear stress and polymer random-coil size are respectively
the flow and polymeric parameters most relevant to on-set. The presence of high polymer concentration can
induce the early occurrence of turbulent flow. Hansen et al. [18] and Forame et al. [19] experimentally found
that the early turbulent flow can occur with dilute polymer fluids in large diameter pipes. Samanta et al. [20]
experimentally showed that with a moderate concentration of polymer, the chaotic flow will start at the
Reynolds number below that which is needed for turbulent flow. Instead of relating the early occurrence of
turbulent flow solely to the Toms phenomena as Hansen et al. [10] and Forame et al. [21] did, Samanta et al.
[22] suggested that the elastic instability induced by the polymer is the essential reason why the early turbulent
flow occurs.

In the petroleum industry, drag reduction agents are widely used, and have been added to the fluid during the
processes of oil well fracturing operations, enhanced oil recovery, pipeline transportation of crude oil and
refining petroleum products [23—36]. The use of drag reducing additives helps drilling fluids develop a lower
pressure gradient at a constant flow rate under turbulent flow conditions. At a constant pressure gradient, a
treated mud will flow faster than an untreated mud because turbulence is suppressed. Adding a drag reducer to a
drilling fluid can reduce the high pump pressure loss due to hydraulic friction. The inclusion of drag reducer in
completion and workover brines can smooth the operation and reduce energy consumption. Drag reducers can
reduce the energy consumption in long distance transportation, which is one of the most energy consuming
sectors faced by the oil and gas industry. The turbulence inside the transported fluid makes the fluid particles
move in a chaotic manner which redirects the pumping energy to multiple directions, and causes high skin
fraction. Drag is the pressure head losses inside a pipe that cause the flow rate to decrease. To overcome the
decreasing flow rate, more pumping stations are installed along the pipeline to supply energy and uphold the
desired flow rate. The addition of drag reducers will reduce the number of the pumps or pumping stations
needed during transportation. Pipelines are also used to transport solid products in the petroleum industry [37
=51].

2. Experimental Work
2.1. Flow loop

Flow loop experiments were conducted on a flow loop system called the Dynamic Testing Facility (DTF).

The DTF is an indoor facility that contained several flow loops, Figures 2 and 3 show the schematic of the DTF
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facility. The section we used was a relatively small-scale flow loop, the flow was driven by a 125-psi Moyno
progressive cavity pump. The Moyno progressive cavity pump have the advantage of minimizing the influence
of the pump on the polymer. Volumetric flow rate was measured by a Micro Motion flow meter and temperature

was monitored by sensors located in various location.
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Figure 2. Schematic of the Dynamic Testing Facility.
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Figure 3. Schematic representation of the Dynamic Testing Facility.

2.2. Test Matrix

Experiments can be divided into three groups:

(1) The first group used the solution of fresh water and xanthan gum;

(2) The second group used the solution of fresh water, xanthan gum and bentonite;

(3) The third group used the solution of fresh water, xanthan gum and quartz sand.

The flow loop experiments were firstly conducted with different concentrations of xanthan gum and fresh
water solutions. After that, based on the results obtained from the xanthan gum experiments, two kinds of low
gravity solids were added to the xanthan gum solution. The concentration of the xanthan gum solution stayed
constant, and low gravity solids were added with respectively different weight percentages. The two kinds of
low gravity solids were decided to be bentonite and quartz sand (170-350 micron), the former one is chemically

active, and the second one is inert. Test matrices for these three groups of experiments are given in the following
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Table 1 to Table 3.

Table 1. Test matrix for xanthan gum experiments.

Pipe Diameter (inch) 0.457

Concent. (Ibm/bbl) 0.1 0.2 0.3 0.4 0.5 0.6
Flow Rate (gpm) 3—-l6gpm 3-l6gpm  3-16gpm 3—-16gpm 3—-16gpm 3—-16gpm

Pipe Diameter (inch) 0.797
Concent. (Ibm/bbl) 0.1 0.2 0.3 0.4 0.5 0.6

Flow Rate (gpm) 3-19gpm 3-19gpm  3-19gpm 3-19gpm 3-19gpm 3-19gpm

Temp ('F) 71+0.5

As Tables 2 and 3 show, when adding different concentrations of LGS, the concentrations of xanthan gum
were all 0.4lbm/bbl. It was because after conducting experiments with polymer solution. We found that, in the
appropriate flow rate range, the optimum concentration of xanthan gum is 0.4 lbm/bbl. In order to ensure the
consistency of the results, the temperature of the fluid has been maintained at 71 (plus or minus 0.5) degrees

Fahrenheit during the experiments.

Table 2. Test matrix for quartz sand and xanthan gum experiments.

Pipe Diameter (inch) 0.457
%Quartz Sand Weight Percentage 0.5 1 2 2.5
Flow Rate (gpm) 3—-16gpm 3-16gpm 3—-16gpm 3-16gpm
Pipe Diameter (inch) 0.797
%Quartz Sand Weight Percentage 0.5 1 2 2.5
Flow Rate (gpm) 3-19gpm 3-19gpm 3-19gpm 3—-19gpm
Temp ('F) 71+0.5
Xanthan Gum Concentration (Ibm/bbl) 0.4

Table 3. Test matrix for bentonite and xanthan gum experiments.

Pipe Diameter (inch) 0.457
%Bentonite Weight Percentage 0.5 1 1.5 2 2.5 3
Flow Rate (gpm) 3—-16gpm 3-16gpm 3-16gpm 3-16gpm 3-16gpm 3—-16gpm
Pipe Diameter (inch) 0.797
%Bentonite Weight Percentage 0.5 1 1.5 2 2.5 3
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Cont.

Flow Rate (gpm) 3-19gpm  3-19gpm 3-19gpm 3-19gpm 3-19gpm 3-19gpm

Temp ('F) 71+£0.5

Xanthan Gum Concentration

(Ibm/bbl) 04

3. Results and Discussion
3.1. Xanthan Gum Experiments
3.1.1. Xanthan gum experiment results

In xanthan gum experiments, 6 different concentration of xanthan gum solutions have been tested in two
different size pipes, Figure 4 shows the pressure drop gradient over the test section versus flow rate in the 0.457-
inch diameter pipe, and Figure 5 shows the pressure drop gradient over the test section versus flow rate in the

0.797-inch diameter pipe.

Flow Rate{m?is)

0 0002 00004 00006  0.0008 0,001 0.0012
16 —
-
14

£ . 30000 E
g 12 . =
a & 25000 =
= 1 - g
£ .
£ . . 20000 B
o 08 - ] &
= [ ] a
5 ® 15000 2
&8 06 ] [ ] [=]
g ] E
2 04 a 10000 3
[}

] -3
& g2 ’ sp00 T

L]
0 0
0 5 10 15 20
Flow Rate(gpm)
& 0 1lbmibbl »0.21bmibbl 0.3 bmibbl
® 0. 4lbmibbl = 0.5lbmibbl 0.6bmibbl

Figure 4. Tested pressure drop gradient versus flow rate in 0.457-inch diameter pipe with xanthan gum.
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Figure 5. Tested pressure drop gradient versus flow rate in 0.797-inch diameter pipe with xanthan gum.

As Figures 4 and 5 indicate, in 0.457-inch diameter pipe and 0.7970inch diameter pipe, the pressure drop
gradients were observed to have similar behaviors. As the concentration of xanthan gum increasing, the
influence of flow rate on pressure drop gradient reduces, for example, in 0.457-inch diameter pipe, the

difference between the pressure drop gradients at 3 gpm and 16 gpm with 0.11bm/bbl xanthan gum solution is
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1.38 psi/ft, but the difference for 0.6lbm/bbl xanthan gum solution is 0.74 psi/ft. Also, the gaps between the
pressure drop gradient for different concentrations at a certain flow rate are gradually decreasing. Which means,

the pressure drop gradients stop to change with different concentration after a certain concentration.

3.1.2. Xanthan gum experiment discussions

The drag reduction values were calculated and plotted in Figures 6 and 7. Figure 6 shows the drag reduction
versus flow rate in 0.457-inch diameter pipe. As the figure directly shows, at the flow rate of 3 gpm, the drag
reduction effect with 0.61bm/bbl.
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Figure 6. Drag reduction versus flow rate in 0.457-inch diameter pipe with xanthan gum.

Xanthan gum concentration is the lowest among all. However, at the flow rate of 16 gpm, the drag reduction
effect is the highest. For the 0.11bm/bbl xanthan gum solution, the situation is the opposite. This implies that for
higher concentration polymer solutions, the drag reduction effect is more sensitive to the flow rate. The
concentration of xanthan gum will also affect the gap between drag reduction for a certain flow rate. For
example, at the flow rate of 15 gpm, the gap between drag reduction with xanthan gum concentration of 0.11bm/
bbl and 0.21bm/bbl is 9.2%, and the gap between 0.31bm/bbl and 0.4lbm/bbl is 2.49%, i.e., with the increasing
concentration, the gap becomes smaller. In 0.457-inch diameter pipe, the maximum drag reduction occurs at the

flow rate of 16 gpm, the maximum drag reduction is 70.54%.
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Figure 7. Drag reduction versus flow rate in 0.797-inch diameter pipe with xanthan gum.

Figure 7 shows the drag reduction versus flow rate in 0.797-inch diameter pipe, the drag reduction show the
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similar behaviors as observed in the smaller size pipe. The effect of the concentration of xanthan gum on the
onset of the drag reduction is that, with the increase of concentration, the onset of drag reduction is delayed, and
this kind of effect can be explained by the viscosity difference. When the concentration of xanthan gum is high,
the viscosity of the solution also becomes higher, which causes the turbulence not sufficient (or even no
turbulent) at low flow rate. It also explains that for low flow rates, such as 3 gpm, a low concentration of
xanthan gum has a better drag reduction effect than the high concentrations.

We tested different concentrations of xanthan gum solutions in flow loop, and proved that the xanthan gum
solution had a drag reduction effect under turbulent flow. At the same time, we also found an optimum xanthan
gum concentration for the next step of the experiments. To show the drag reduction effect of different
concentration of xanthan gum solution better and more clearly, the drag reduction effects versus xanthan gum
concentration at certain flow rates in 0.457-inch diameter pipe and in 0.797-inch diameter pipe are plotted in
respectively Figures 8 and 9.

Figure 8 indicates that, in 0.457-inch diameter pipe, the higher the flow rate, the higher overall drag
reduction effect. Also, before a certain concentration, the higher the concentration of xanthan gum, the better the
drag reduction effect, but the drag reduction stop increasing after that certain concentration which is 0.41bm/bbl.
The curves in the Figure 9 are similar to the previous one, After the concentration of 0.4lbm/bbl, the increase of
drag reduction effect abruptly stop. In the sum of all the above analyses, 0.4lbm/bbl will be the optimum

concentration of xanthan gum in this flow loop.
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Figure 8. Drag reduction versus concentration in 0.457-inch diameter pipe at the same flow rate with xanthan

gum solution.
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In Figures 10 and 11, the Reynolds number-friction factor correlations were plotted, and the friction factors
were calculated from experimental frictional pressure losses. The relationship between friction factor and
Reynolds number in both diameter pipes show similar behavior. With the increasing concentration, the
coefficients of the trend line are increasing, and the index is decreasing (based on Equation A.1). This indicates
that, for low concentration of xanthan gum solution, the friction factor are less sensitive to flow rate changing,
while with higher concentration, the sensitivity increases. Also, at the same Reynolds number, friction factors

tend to decrease with the increasing concentration of the xanthan gum.
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Figure 10. Friction Factor-Reynolds number correlation in 0.457-inch diameter pipe with xanthan gum solution.
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Figure 11. Friction Factor-Reynolds number correlation in 0.797-inch diameter pipe with xanthan gum solution.

After comparing the results for the xanthan gum flow loop experiments, conclusions can be drawn.

(1) With the increase of the xanthan gum concentration, viscosity of the solution will also increase.

(2) Drag reduction effect will increase with the increase of concentration of xanthan gum.

(3) Compared to other concentrations, when the concentration is 0.4lbm/bbl, xanthan gum shows the best
Drag reduction. As a result, it can be said that the optimum concentration of xanthan gum to be used in the

current flow loop is 0.4lbm/bbl.
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3.2. Quartz Sand and Xanthan Gum Experiments
3.2.1. Quartz sand and xanthan gum experiment results

Quartz sand has been added to the xanthan gum solution with weight percentage of 0.5%, 1%, 2% and 2.5%.

The pressure drop gradient versus flow rate for both pipe sizes are plotted in Figures 12 and 13.
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Figure 12. Tested pressure drop gradient versus flow rate in 0.457-inch diameter pipe with quartz sand and

xanthan gum solution.
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Figure 13. Tested pressure drop gradient versus flow rate in 0.797-inch diameter pipe with quartz sand and

xanthan gum solution.

For a constant flow rate, the pressure drop gradients at different weight percentages of quartz sand remained
almost the same (differences are within 3%) for both pipe sizes. The light blue bars with dashed lines in the
figures represent the pressure drop gradient when there is no quartz sand existing in the xanthan solution. The
pressure drop gradient of xanthan gum solution is slightly smaller than the pressure drop gradient of quartz sand
and xanthan gum solutions. However, at low flow rates, the difference is hard to detect. The xanthan gum
solution that we used was a 0.4 1bm/bbl solution, so the viscosity alone might not be sufficient to suspend all the
quartz sand particles. However, when the flow rate is high enough, the quartz sand might be picked up due to

excessive turbulence, and the pressure drop gradients were thus affected. Please note that for all the data points
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(except 3 gpm in 0.797-inch diameter pipe) are theoretically in the turbulent flow regime.

3.2.2. Quartz sand and xanthan gum experiment discussion

The drag reduction has been calculated and plotted in the Figures 14 and 15.
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Figure 14. Drag reduction versus flow rate in 0.457-inch diameter pipe with quartz sand and xanthan gum solution.
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Figure 15. Drag reduction versus flow rate in 0.797-inch diameter pipe with quartz sand and xanthan gum solution.

As the figures show, for certain flow rates and pipe sizes, the drag reduction of different quartz sand weight
percentages did not change. The relationship between the Reynolds number and friction factor was plotted in
Figures 16 and 17 for 0.457-inch and 0.797-inch diameter pipes, respectively. It appears that the friction factors

for different weight percentages of quartz sand are similar.
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Figurel7. Friction factor versus Reynolds number with quartz sand and xanthan gum solution in 0.797-inch

diameter pipe.

The results from the xanthan gum and quartz sand experiments revealed that the inactive (or inert) solids
have insignificant or no effect on frictional drag reduction. Here are the conclusions.

(1) The drag reduction effect of xanthan gum is not sensitive to the concentration of quartz sand. In a
suitable quartz sand weight percentage range, the pressure reduction is, in fact, almost constant.

(2) Flow rate has a positive effect on drag reduction effect. Increased flow rate increased the pressure
reduction effect due to higher turbulence. Drag reduction eventually reaches a plateau, i.e., further increase in

flow rate does not cause any increase in drag reduction.

3.3. Bentonite and Xanthan Gum Experiments
3.3.1. Bentonite experiment results

To calculate the drag reduction for each concentration of bentonite and xanthan gum solution used during
the experiments, the baseline experiments of bentonite solution were conducted. As the test matrix shows, six
different concentrations of bentonite and xanthan gum solutions were tested. Therefore, the baseline tests were
conducted with six different concentrations of bentonite solutions. For each experiment, 15 gallons of fluid was
prepared, and the old fluid was discarded and prepared from scratch. The observed pressure drop gradient versus

flow rate and average fluid velocity are presented in Figures 18 and 19.
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Figure 18. Tested pressure drop gradient versus flow rate and average fluid velocity in 0.457-inch diameter pipe
with bentonite solution.
With the increase of the weight percentage of the bentonite, the apparent viscosity of the solution is

increasing, along with the pressure drop gradient.
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Figure 19. Tested pressure drop gradient versus flow rate and average fluid velocity in 0.797-inch diameter pipe

with bentonite solution.

3.3.2. Bentonite and xanthan gum experiment results

Figure 20 shows the tested pressure drop gradient versus flow rate in 0.457-inch diameter pipe with different
weight percentages of bentonite. It can be observed that with the increasing weight percentage of bentonite, the
pressure drop gradient becomes larger. The dark blue triangles stand for the pressure drop gradient when only
xanthan gum exits in the flow. The pressure drop gradient in the polymer solution without bentonite added is the
lowest among all the other solutions with bentonite added. Also, the figure shows that the difference in pressure

drop gradient at different concentrations is smaller at lower flow rates.
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Figure 20. Tested pressure drop gradient versus flow rate in 0.457-inch diameter pipe with bentonite and

xanthan gum solution.

Figure 21 shows the pressure drop gradient with different weight percentages in 0.797-inch diameter pipe,
the pressure drop gradient in 0.797 inch ID pipe shows a similar behavior as observed in the smaller size pipe.
Less difference is observed between pressure drop gradient of different weight percentages of bentonite at low
flow rates. A relatively higher difference between the pressure drop gradients of different weight percentages of
bentonite is observed at high flow rates. The overall pressure drop gradients with no bentonite added are less

than those with bentonite.
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Figure 21. Tested pressure drop gradient versus flow rate in 0.797-inch diameter pipe with bentonite and

xanthan gum solution.

3.3.3. Bentonite and xanthan gum experiment discussions

Based on the rheological properties of the bentonite and xanthan gum solution, the theoretical pressure drop
gradients were calculated. To better illustrate the relationship among the pressure drop gradient for xanthan gum
solution with or without bentonite, they were plotted on Figures 22 and 23.

In Figures 22 and 23, each plot shows the theoretical and tested pressure drop gradients versus flow rate
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with and without bentonite at a certain weight percentage of bentonite. As the figures show, theoretical pressure
drop gradients with bentonite added are higher than the theoretical pressure drop gradients without bentonite.
This is because the apparent viscosity of the xanthan gum solution with bentonite is higher than the one without
bentonite. The tested pressure drop gradient of xanthan gum with bentonite is always the smallest.

From Figures 22 and 23, it is worth noticing that with the increasing weight percentage of bentonite, the
distance between the data points of tested and theoretical pressure drop gradients for the same flow rate are
decreasing. This means that as the concentration of bentonite gets higher, the difference between the tested and

theoretical pressure drop gradients get smaller.
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Figure 22. Tested and theoretical pressure drop gradient in 0.457-inch diameter pipe with or with without

bentonite.
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Figure 23. Tested and theoretical pressure drop gradient in 0.797-inch diameter pipe with or with without

bentonite.

Figure 24 shows the drag reduction effect versus flow rate and average fluid velocity in the 0.457 inch
diameter pipe. As the flow rate becomes higher, the increase of drag reduction effect starts to slow down.
However, with the increasing bentonite concentration, the increase slows down even faster. The DR of 0.4 Ibm/
bbl xanthan gum solution was higher than all the xanthan gum solutions with bentonite. With the increase of
concentration of bentonite in xanthan gum solution, the drag reduction effect is restricted. From 0.5% of
bentonite to 1.5% of bentonite, the effect of bentonite on xanthan gum is not significant. In other words, the drag
reduction effect is similar and/or noticeable for bentonite concentrations up to 1.5%. However, when the
concentration exceeds 1.5%, the drag reduction effect starts to be negatively affected by the presence of

excessive bentonite. The drag reduction continuously decreases as the bentonite concentration increases.
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Figure 24. Drag Reduction versus flow rate and average fluid velocity in 0.457-inch diameter pipe with

bentonite and xanthan gum solution.
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In Figure 25, the drag reduction versus bentonite weight percentage was plotted. In this figure, it can be seen

that the drag reduction effect significantly drops as the bentonite concentration increases.
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Figure 25. Drag Reduction versus bentonite weight percentage in 0.457-inch diameter pipe with bentonite and

xanthan gum solution.

We also analyzed the data acquired from the 0.797-inch diameter pipe in a similar way. In Figure 26, the
drag reduction versus flow rate and average fluid velocity in 0.797-inch diameter pipe is plotted. A similar
behavior as observed in the 0.457-inch diameter pipe can be determined. The growth rate of drag reduction with
the xanthan gum solution is greater than that of drag reduction with the bentonite and xanthan gum solution.
This indicates that the presence of bentonite does affect the performance of xanthan gum. Similarly, bentonite
concentrations up to 1.5% show similar drag reduction performance. With the increase in the weight percentage

of bentonite, the drag reduction effect is restricted further.
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Figure 26. Drag Reduction versus flow rate and average fluid velocity in 0.797-inch diameter pipe with

bentonite and xanthan gum solution.

In Figure 27, the drag reduction versus bentonite weight percentage was plotted. In this figure, a similar
behavior is observed as in the 0.457-inch diameter pipe, i.e. as the flow rates are increased, the drag reduction
reduces significantly. When bentonite concentration is greater than 1.5%, drag reduction decreased substantially.
The relationship between the Reynolds number and friction factor were plotted in Figures 28 and 29. In both

figures, it appears that the friction factors seem to be similar for bentonite weight percentages up to 1.5%.
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However, as the weight percentage increases, the friction factor increases as well (for the same Reynolds
number), which indicates that higher bentonite concentrations will cause higher frictional pressure losses. Also,
for the same Reynolds number the friction factor of blue” x” markers, representing xanthan gum solution, are

lower than the others.
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Figure 27. Drag reduction versus bentonite weight percentage in 0.797-inch diameter pipe with bentonite and

xanthan gum solution.
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Figure 28. Reynolds number versus Fanning friction factor for bentonite and xanthan gum solution in 0.457-

inch diameter pipe.
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Figure 29. Reynolds number versus Fanning friction factor for bentonite and xanthan gum solution in 0.797-

inch diameter pipe.
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4. Conclusions

Xanthan gum shows a very good drag reduction effect. The maximum drag reduction achieved with xanthan
gum was 70.54% with a concentration of 0.6lbm/bbl. When the concentration is above 0.4lbm/bbl, the drag
reduction at relatively high flow rate almost remains unchanged.

Overall, the drag reduction in xanthan gum solution with low gravity solids added are lower than that in
xanthan gum solution. This suggested that the presence of low gravity solid will affect the turbulence structure
in fluids and cause suppression in drag reduction, or that, they may adsorb the polymer additives.

With the increasing concentration of quartz sand, the drag reduction does not show a big change. However,
with the increasing weight percentage of bentonite, the drag reduction reduces more and more intensely. This
discrepancy suggests that the presence of low gravity solids in the system will affect the effectiveness of
polymer. However, the effect of chemically active and adsorptive low gravity solid, bentonite, to the
effectiveness of polymer is more related to the LGS weight percentage.

With the increasing weight percentage of bentonite, the drag reduction effect is more restricted. At first, the
restriction was not big, which means the drag reduction was still similar. However, when the weight percentage
exceeds 1.5%, the decrease of drag reduction abruptly increases. This observed behavior is consistent with
previous field experience, in which the drag reduction will be most affected when the weight percentage of the
low gravity solid is above 2%.

The maximum drag reduction achieved with xanthan gum and bentonite solution was 55.59% with a
bentonite weight percentage of 0.5%. The maximum drag reduction achieved with xanthan gum when quartz
sand exists was 62.82% with a bentonite weight percentage of 0.5%. With the same weight percentage, bentonite
can further reduce the effectiveness of xanthan gum. Moreover, data analysis methods represented in can be

further leveraged to improve this work.
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