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ABSTRACT

The ability of an abrasive assisted water jet to cut through rocks and metals has potential
applications in the oilfield. However, the size of cutting nozzle has not allowed water jet to be
used on commercial scale for drilling reservoir rocks down-hole. Inefficient momentum transfer
to abrasive particles from pressurized water and lack of abrasive feed rate control in
commercialy available units has further discouraged the use of water jet in oil industry.

Despite various technical difficulties, immense power of water jet cannot be neglected.
Studies have shown that momentum transfer can be improved significantly, if abrasive particles
are introduced upstream of the nozzle. Limited techniques are available where abrasives are first
suspended in a fluid stream and are then introduced in high-pressure water stream upstream of
the nozzle. However, control over abrasive feed rate was lacking in past studies.

In this investigation, an experimental apparatus was assembled a polymer solution was
injected upstream of the nozzle. Injection rate was controlled, by varying the rom of the plunger
pump. The apparatus was used to study the effect of Xanthan and Polyacrylamide on water jet
coherency.

It is shown that addition of polymer leads to a focused water jet for alonger distance before
it starts disintegrating into a mist. Furthermore, there is an optimum concentration of polymer at

which the jet stays focused for the longest distance.



CHAPTER 1: INTRODUCTION

The concept of water jet was first introduced in 1960's and the initial applications were
limited to cleaning and unblocking drains. It was not because researchers could not see the power
of water jet, but because of the pressure limitation of then existing pumps and accessories. With
the development of new technology and availability of high pressure pumps water jetting gained
importance and was used on commercial scale to cut soft materials such as cardboard and rubber.
Cutting of hard materials such as rock and steel was attempted, but did not succeed because it
took enormous pressure levels to reach the threshold point where water jet could actually
penetrate and erode the target surface. The solution to this problem appeared to be the
introduction of abrasive material in high-pressure water stream.

Many different abrasive injection methods were developed and some of them worked very
well. However, controlled and efficient abrasive injection continues to be an unresolved
problem. Many efforts were made in late 1960’s to use water jetting in petroleum industry to
drill sub-surface reservoir rocks, but favorable results could not be achieved because of deficient
abrasive injection techniques [1], [2], [3], [4]. When abrasives were pumped along with water
using a positive displacement pump, the process became uneconomical because of prompt wear
of pump liners and valves by abrasives. Current commercially available units are not suitable for
use in petroleum industry especially when the goa is to efficiently cut sub-surface rock using
water jet. Bulkier cutting head and large pressure drop requirement upstream of the cutting
nozzle make currently available unitsineffective for down-hole operations.

A detailed discussion of problems associated with currently available abrasive injection
system are discussed in Chapter 2, but basic principle, types, applications and advantages of

water jet over mechanical methods will be introduced in the following sections.



1.1 Principle of Water Jet

Water jet is generated by pressurizing water to high-pressure levels (1,000 psi — 20,000 psi)
using a high-pressure water blaster, which is basicaly a triplex pump, and then accelerating it
through a small nozzle opening. Figure 1 depicts general flow diagram of water jetting

component [5].

Water
Reservoir
A\ 4
High Pressure Mixing Target
Pum > >
P Chamber
Bulk
Abrasives

Figure 1 Water Jetting Components

Nozzle is made of brass or steel and is sometimes lined with an insert of tungsten carbide to
withstand the abrasion from abrasive particles in the pressurized water stream accelerating past

the nozzle. Stainless steel nozzle without an insert can be used if abrasives are not in use. Cutting



by water jet is believed to occur due to micro level abrasion and erosion of the target surface by
abrasive particles. It is also believed and has been experimentally proven that sharp edged
abrasive particles tend to provide better cutting results [5], [6], [7].
1.2 Advantages of Water Jetting

Water jet is routinely used on commercial scale for industrial cleaning and machining. With
easier availability of pressure boosters water jetting has gained acceptance for yard cleaning and
other domestic applications. Heat generation has always been a problem with mechanical or laser
machining and cutting; whereas no heat is generated with water jet based cutting and work piece
is not exposed to detrimental thermal stresses.
1.3 Types of Water Jet

Water jet is categorized as plain if only water is used for jetting and abrasive assisted if

abrasives are introduced in high-pressure water stream to accomplish a certain task.

Table 1 Typesof Water Jet

Plain Water Jet Abrasive Assisted Water Jet
Soft Rubber Titanium Aluminum
Thin Foil Stone Copper
Cardboard Granite Stainless Steel
Foam Ceramics Marble
Soft Gasket Glass Plastics

For most applications garnet sand is the preferred abrasive because of the ease of
availability, and hardness comparable to that of diamond. Currently, plain water jet is used for

mild cleaning. For all other applications, starting from paint removal to machining, abrasive



assisted water jet is preferred. Table 1 details some of the tasks that can be accomplished using
water jet. However, efforts are under progress to utilize the immense power of abrasive assisted
water jetting technology in fields like petroleum engineering where it could be used to drill lim
lateral holes and could contribute to blowout control by assisting cutting of burning well heads
and by providing a safer working distance to fire fighting crew.
1.4 Abrasive Assisted Water Jet

The cutting ability of water jet can be dramatically improved by introducing hard particles,
usually know as abrasives into the high velocity water stream. Garnet sand is commonly used as
an abrasive on commercial scale for cleaning and cutting purposes. Unfortunately, abrasive
particle causes severe wear problems to the parts downstream of the abrasive injection point,
especially the cutting nozzle and the collimator tube. Efforts are underway to design an efficient
system to utilize abrasive cutting power with minimum wear problem. Chapter 2 describes
various schemes for injecting abrasive particlesin high velocity water stream in more detail.
1.5 Factors Governing Water Jet Cutting Perfor mance

The cutting performance of awater jet depends on many parameters. Such factors have been
examined in great details by various researchers over last four decades. This section summarizes
the effect of parameters relevant to this study.

1. Water Jet Pressure: Water jet pressure and depth of cut follow a linear relation after the
critical pressure is reached as shown in Figure 2 [8]. Critical pressure depends on a
material’s erosion characteristics and would be independent of abrasives and mixing
parameters if the material could be cut with plain water jet [9], [10].

2. Abrasive Particle Size: There is no clear definition of abrasive particle size that would

generate deepest cuts for a given material. In general, the depth of cut improves with



increase in particle size, but the largest particle size is limited by the nozzle opening.
Normally, it is recommended to use the abrasive particle size smaller than one third of the
nozzle diameter. [9], [10], [11], [12].

3. Abrasive Flow Rate: Abrasive flow rate plays a critical role in abrasive-assisted water jet

performance.
Critical Increasing Nozzle
- Pressure Diameter
3 Range
g —>
3
)

Water Jet Pressure

Figure 2 Effect of Pressure on Depth of Cut [9]
Detailed discussion of its effects on cutting performance, various problems associated with
commercialy available abrasive injection unit and the need to gain a control on abrasive feed

rate isincorporated in Chapter 2.



CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

Many studies have been conducted to understand the effect of the amount of abrasives
entrained in the high velocity water stream on cutting performance of abrasive water jet and it
has been established that initially the abrasive flow rate and depth of cut follows a linear
relationship [8]. However, beyond the optimum point any further increase in abrasive flow rate
leads to a decrease in the depth of cut [8]. Based on theory of erosion, the depth of cut is
proportional to a particle’s kinetic energy and depends on the particle velocity exiting the nozzle

[9]. Depth of Cut (h) o Kinetic Energy

Where, M isthe mass of a particle and v isits exit velocity.

In terms of water jet velocity (v;) [9],

1

V RV, ——— =rmemmmmememeemeeeeeceemceeee oo eeee 2.2
"1+R (22)

Where, R is the loading ratio and can be described as the ratio of abrasive flow rate (m) over

water flow rate (my).

R 2.3)

m

w

Using equation (2.2) in (2.1), the depth of cut can be estimated based on erosion theory as:

h=m|_V 2 2.3
=M | e (2.3)

Where, the critical abrasive flow rate is obtained atizo.



However, there is a discrepancy in the valves of critical flow rate obtained from Equation
2.3 and from experiments, which is usually attributed to mixing losses at the point of injection
[9]. A plot between depth of cut and abrasive flow rate would generally yield results as shown in

Figure 3.

Optimum Rate

/

Water Flow Rate
Depth

Abrasive Flow Rate B

Figure 3 Optimum Abrasive Feed Rates|[9]

Above discussion signifies the importance of controlled abrasive feed rate. If, abrasive flow
rate is less than optimum amount, sufficient cut may not be achieved and on the contrary if it
were too high, abrasives would be wasted. Since the beginning of abrasive assisted water jetting,
various techniques have been employed to gain effective and efficient control over abrasive feed
rates. Following sections would describe the governing principle, achievements and limitations

of these techniques.



2.2 Abrasive Injection Techniques

Once it was established that abrasive water jet outperforms conventional water jet in terms
of cutting performance and pressure requirement, abrasive injection became one of the critical
issue along with problems related to erosion caused by abrasives on water jetting equipment.
Starting from simple sand guns to pressurized hoppers and to the latest DIAjet solution also
known as ASJ (Abrasive Slurry Jet), abrasive injection has continuously attracted researchers
and engineers to develop an efficient abrasive injection system that could feed abrasive
continuously in high pressure water stream without causing unnecessary pressure drop and
provide control over the amount of abrasives entering the high pressure water stream.

Following sections of this Chapter concentrate on the abrasive injection techniques that are
currently available and shed some light on the use of polymer to suspend abrasive particles and
boost water jet performance.

2.2.1 Post-Orifice I njection

Post-Orifice Injection is a process of mixing abrasives with pressurized water downstream
of the pump. This avoids pump wear and provides better results in terms of cutting and cleaning.
As pressurized water is forced to pass through a small opening or an orifice the resulting pressure
drop creates suction in a mixing chamber that allows abrasive entrainment. The amount of
suction and abrasive entrainment is proportional to the pressure drop. The mixing of abrasive and
water takes place in a mixing chamber and the dlurry is transferred to a focusing nozzle by a
collimating or discharge tube. A typical abrasive feed system, shown in Figure 4, consists of a
bulk abrasive storage, usually a hopper, an attached tubing that transports abrasive to the
injection point where abrasives are introduced in the high pressure water stream and are

accelerated by high velocity water to create an erosive impact on the target surface. This



technique has been in use for last two decades and is used for surface applications such as
machining, cleaning and cutting. Some of the maor limitations of Post-Orifice Injection

techniques are discussed below.

Abrasive Entering
Mixing Chamber

High Pressure Water

Figure 4 Hopper and Cutting Head used in Post-Orifice Abrasive I njection

1. Nozzle faces severe and rapid erosion from abrasive slurry. To reduce the severity of
erosion amost all water jetting focusing nozzles have a tungsten carbide insert.

2. There is a misconception that the Post-Orifice Injection doesn’t require any externa
source of energy to mix abrasives and water. However, the pressure drop occurring at the
nozzle provides the required energy. This limits the useful pressure drop that would have
been available at the focusing nozzle, and, as a result, reduces the jet impact force which
isdirectly proportional to the pressure drop across the focusing nozzle.

3. Another mgjor problem with dry abrasive feed system using an eductor assembly is the

lack of control over abrasive feed rate. Abrasive feed rate in an eductor is governed by



suction pressure in the mixing chamber, which depends on the orifice size. So it is nearly
impossible to control the abrasive feed rate with a single orifice in order to attain an
optimal abrasive feed rate. The possible, but impractical, alternate is to keep on changing
the orifice size until an optimal abrasive feed rate is achieved. Further, the abrasive feed
rate changes as the orifice opening changes due to erosion.

4. Air entrainment is another critical problem with post orifice injection, especially when
Post-Orifice assembly is used for dry abrasive feed. As air gets into the system it causes
two main problems: (@) three phase flow in the collimator tube, and, (b) when air leaves
the jet it expands and breaks the jet in droplets, significantly reducing the cutting
performance [13], [14].

5. Liquid build up in abrasive feed line is another issue. This happens when water from
mixing chamber gets inside the abrasive feed line. Water mixes with abrasive and causes
clogging problems.

2.2.2 Pressurized Hopper

Pressurized hopper prevents liquid build up in abrasive feed line by applying air pressure on
top of the dry abrasives inside the hopper. Abrasives are stored in a hopper, which is pressurized
using compressed air. A dlipstream of compressed air carries the abrasives from the bottom of
the hopper to the mixing chamber. Pressurized hopper takes care of liquid hold up problem by
not allowing water from mixing chamber to enter back in the abrasive feed line, but adds to the
problem of air entrainment. Air entrainment causes critical impact on the performance of water
jet by expanding the jet as it leaves the cutting nozzle. As an air bubble expands it disintegrates

the jet and causes poor precision.
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2.2.3DIAjet (ASJ) Solution

To avoid air entrainment in the mixing chamber DIAjet (Direct Injection of Abrasive
JETting) introduced a method of abrasive injection by injecting abrasives directly upstream of
the cutting head and was first introduced in a Master’'s Thesis by Cranfield [16]. Schematic of

DIAjet technique is shown in Figure 5.

Mixing
Chamber

Nozzle

Main Water Stream

Figure 5 Schematic of DIAjet Technique[15]

DIAjet utilizes a dipstream of the motive fluid to inject abrasives. Usually 10% of the
motive fluid is directed to a vessel where it mixes with the abrasive particles. The mixture of
water and abrasive is delivered to the cutting head without any air entrainment. In order to ensure
that pressure of the main stream at the injection point is less the pressure of the durry in the
vessel, asmall restriction is usually placed downstream of the dlipstream. This design eliminates
air entrainment as no air isintroduced in the system, but the problem of controlling abrasive feed
rate still exists as there is no way to ensure that the slip stream would deliver same concentration

of abrasives throughout the injection cycle.
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2.2.4 Bladder Transfer System

The approach to abrasive injection discussed above is indeed a dilution process, as there is
no barrier between the abrasives being injected and water entering the vessel as dlipstream. So,
with time, the amount of abrasives being injected decreases, because the water flow rate to the

vessal is constant, but abrasive contents with-in the vessel decrease continuously.

,  Bladder

Nozzle

Main Water Stream

Figure 6 Schematic of Bladder Transfer System [16]

Decreasing abrasive concentration results in a reduction of the cutting ability of the jet. In
order to maintain a constant abrasive feed rate, it is imperative to have barrier, separating water
from abrasives. Chacko etal developed a method based on this concept at The University of
Missouri-Rolla [16]. General process schematic was similar to that used by DIAjet, except an
improvement in the pressure vessel containing the abrasives. The modification included a rubber

bladder to prevent mixing of water and abrasives. Moreover, the abrasive particles were

12



suspended in polymer slurry, which made abrasives easier to inject. Schematic of this technique
is shown in Figure 6. Similar apparatus was developed a The University of Alabama,
Tuscaloosa. Their apparatus however, consisted of two accumulators and was used for drilling
small holesin reinforced concrete [17].

Polymer fulfills the critical role of suspending abrasives in water. In order to achieve a
constant abrasive feed rate it is important that the polymer provide a stable suspension of
abrasive particles. If suspension is not stable, abrasive particles tend to settle down under gravity
causing a higher abrasive concentration at the bottom of the bladder.

Limitations of bladder transfer system, as developed at the University of Missouri-Rolla, are
discussed below:

1. The pressure of water in the main fluid stream at the point of abrasive injection must be
lower than the slipstream pressure that compresses the bladder. This can be achieved by
placing a restriction downstream of the dlipstream, but would limit the pressure drop at
the cutting nozzle.

2. Abrasive loading cannot be increased without changing the dipstream flow rate, which
would cause a fluctuation in motive fluid stream.

3. In practical terms, the flow split between the primary and the slipstream depends on the
pressure losses in each path. As the durry transfer from the bladder progresses, the
frictional losses change thus changing the abrasive feed rate.

2.2.5 Piston Transfer System

A piston assembly as shown in Figure 7 is based on the same principle as the bladder

discussed in the preceding. The only difference is that it uses a piston to separate the abrasives

slurry added to the high-pressure water stream. This design was tested at Rock Mechanics and
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Explosive and Research Centre at The University of Missouri-Rolla, Missouri. The piston
assembly included a polished cylinder and a floating metallic disc or a piston head without rod.
Meta to metal seal between polished cylinder and piston avoids abrasive dilution. O-ring seal is

not recommended in an abrasive environment, as abrasive particle would wear it very rapidly.

Floating
Piston

Main Water Stream

Figure 7 Schematic of Piston Transfer System

Slipstream from high-pressure water pump provides pressure on top of the piston to force the
abrasive durry in the high-pressure water stream. Abrasive particles are suspended in a polymer
to make durry before feeding to the assembly as it facilitates piston to dide. The limitations
associated with piston assembly are:

1. It requires excess pressure to push the piston vertically downward because of friction

between the piston and the cylinder wall.
2. Piston may get stuck when abrasive particles get in between the piston and the cylinder

wall.
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3. Abrasive particles also lead to excessive wear of piston and cylindrical walls.

4. Generates considerable heat due to friction caused by sliding piston.
2.3 Polymer Blasting

In 1883 increased flow rates were recorded in a silt laden river [18], but this phenomenon
couldn’t be explained until 1963 when Savins [19] coined the term *Drag Reduction” caused by
certain additives in water. An article published in New Scientist, in 1964, reported that when
SodiumCarboxyMethylCellulose (CMC) left the fire fighting hose nozzle, the water didn’t
disperse into the wind for a longer distance [20]. However, pertaining to this discussion,
Summers [21] described the use of polymer as valuable additive in high pressure water blasting.
Later in 1973, Russian workers found that metallic obstacles could be destructed more efficiently
using a dilute solution of polymer. Same effects were recorded at Chevron U.S.A, Richmond
Refinery, in California when SUPER-WATER® was used to clean heat exchangers [22]. For
abrasive water jet cutting, addition of polymer could substantially improve water jet cutting
ability [22]. In addition, the presence of polymer in water could significantly reduce frictional
pressure losses [23], [24].
2.3.1 Polymersfor Water Jet Cohesion

Different long chain polymers used in industry includes Polyacrylamide, Xanthan, Guar, etc.
Guar ismostly used in Petroleum industry in hydraulic fracturing applications. Polyacrylamide is
most widely used long chain synthetic polymer to improve water jet performance, but offers
limited ability to hold abrasives in suspension. Further, the spills of polyacrylamide slurry are
very dippery lead to safety hazard [16]. Xanthan has gained importance in terms of abrasive
suspension. However, its ability to improve water jet performance has not been studied in detail.

2.3.2 Properties of Xanthan

15



Xanthan gum is widely used to improve the viscosity of a solution and provides stable
suspensions. Xanthan is a common additive in drilling fluids and is used to improve the viscosity
of the viscosity for better cutting suspension and thus, improving well-bore cleaning. Chemical
structure of Xanthan is shown in Figure 8 and key properties of Xanthan are discussed below
[25]:

1. High viscosity at low concentrations.

2. Unaffected by salinity (pH 2-12).

3. Salt tolerant viscosity builder.

4. Excellent temperature stability up to 300°F.

5. Rapid hydration without lumping.

6. Reliable viscosity control.

CH;OH
CH,COOCH,

OH
Figure 8 Structur e of Xanthan (Sour ce: www.scientificpsychic.com)
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CHAPTER 3: ALTERNATE DESIGNSFOR ABRASIVE POLYMER
SLURRY SYSTEM

3.1 Introduction

Considering the limitations of existing abrasive injection systems and the dependence of
water jet quality on abrasive feed rate, there is a need to design and develop a system that would
provide improved water jetting results, and would overcome the limitations of the existing
injection systems, in terms of cleaning and cutting efficiency. The objectives of improved slurry
injection techniques are summarized below:

1. Toachievethe flexibility to adjust abrasive flow rate depending on application.
2. To maintain constant slurry concentration without dilution.

3. To achievethe largest available pressure drop at the cutting nozzle.

4. Toeliminate any air entrainment at the point of abrasive injection.

Further, currently available commercially units are good for surface applications. If this
system is to be used to perform any drilling or completion operation down-hole, the size of the
cutting head must be reduced considerably. This can be achieved if the abrasive durry isinjected
on the surface via high-pressure tubing. Commercially available Post-Orifice Injection technique
can not be used in this case as it requires collimator tube diameter to be lager than orifice
diameter in order to create negative pressure in mixing chamber.

Surface abrasive injection can be achieved if the abrasive durry isforced into the main high-
pressure water stream using an independent system that is capable of delivering slurry at enough
pressure to over come the pressure of the main stream. This concept appears similar to DIA]jet,
Bladder and Piston assemblies already discussed in Chapter 2, but none of them were able to
achieve control over abrasive feed rate. The proposed system is expected to achieve control over

abrasive feed rate by controlling the delivery rate of the Slurry system. This chapter concentrates
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on relative merits and feasibility of two designs utilizing an external source to deliver abrasives
at controlled rates.
3.2 Design |

Design | utilizes a reversible motor to provide a linear displacement to a threaded shaft

attached to it by means of gear arrangement, as shown in Figure 9.

Pure Water Stream Nozzle
% # ﬁ +—— Check Valve

X Rubber Bellow

™~ Piston Head

[ ——_ piston Shaft

1

Gear Attached to
Reversible Motor

Figure 9 Schematic of Design |
The shaft forces the slurry contained in the bellow into the main high-pressure water stream.
A dlipstream provides force equilibrium across the piston and reduces the total load on the

reversible motor. This arrangement still requires a dlipstream, but would provide control over
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abrasive durry injection rate by controlling the rpm of the reversible motor. It would take two
such cylinder-motor combinations to accomplish continuous injection.
3.2.1 Process Description

Once the bellows are charged with surry, opening the dlipstream valves would pressurize
the unit to mainstream pressure. Reversible motor would push piston upwards to begin injecting
dlurry to the main or pure water stream. Once the stroke is complete, closing the slipstream
valves and bleeding pressure would allow the downward stroke. At the same time, the check
valve on the durry suction line would open in order to recharge the bellow.
3.2.2 Design Calculationsfor Design |

Force balance across the piston would yield,

!

Fop

Figure 10 Force Balance Across Piston

F, =%><(D2—d2)><P2 --------------------- (3.3)

Where, D is the piston diameter, d is the piston rod diameter and Fop is the operating force

required to push the piston and would essentially depend on the injection rate, but for smplicity
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it is assumed to be equivalent to the differential force across the piston as shown in Figure 10.

Using Equation 3.1, 3.2, and Equation 3.3 in Equation 3.4

S —— (34)

F., Z%X[sz(Pl—Pz)-i-dePz] ------- (35)
When P, = P,,

Fop=—x0d>xP,=—xd?xP, =--------mm-- (3.6)

Let Q gal/min be the desired durry injection rate, then; injection velocity would be given by,

Q ft
e e 3.7
2.448xD? sec (37)
Power required would be,
P=Fg xV L — (3.8)
Sec
Required Horsepower for motor,
P
P = 3.9
550 (39)

3.2.3 Limitations of Reversible M otor
Some serious concerns related to Design | are as follows:
1. Thereversible motor can’t change the direction instantaneously; it needs to come to a full
halt before any direction change.
2. If the check valve malfunctions the shaft would move down with velocity high enough to
damage the gear and shaft arrangement.
3. Backlash associated with gear a gear system reduces power transmission efficiency.

4. Limited field applicability, as electricity is required to operate reversible motors.
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3.3Design 11
Design |1 utilizes a hydraulic pump based external system to control the slurry injection rate,

asshown in Figure 11.

Pure Water Stream
High Pressure Washer ro_ Slurry ﬁ Check Valve
Inlet

L l .
A .

Slurry

Water

1

3X Hydraulic X >

Pump

t

Hydraulic Fluid
Reservoir fp—

Figure 11 Schematic of Design |1
In this design, a bladder contained in a high-pressure shell replaces the bellows. Slurry is
charged to the shell side from pre-pressurized bulk storage tank and then injected into the high-
pressure water stream by pressurizing bladder using a hydraulic pump. Varying hydraulic pump

rate could control slurry injection rate. It would take two bladder units to make the process
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continuous. While one unit injects the slurry into the high-pressure water stream, the second unit
recharges at the same time. The process can be automated by using solenoid valves in place of
regular ball valves 1, 2, 3, 4 and 5.
3.3.1 Advantages of Design 11 over Design |

1. Eliminates the need of areversible motor.

2. No gear arrangements or complex moving parts are required.

3. Piston rod and matching stuffing box are eliminated.

4. Hydraulic pumps are readily available.

Considering these advantages, Design |1 was assembled for testing with certain modifications
as described in detail in Chapter 4. These modifications included, replacing the bladder assembly

by the pressure accumulators and replacing hydraulic pump by alow power pressure washer.
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CHAPTER 4: EXPERIMENTAL APPARATUSAND OPERATING
PROCEDURE

The experimental apparatus for this study was assembled at Petroleum Engineering Training
and Research Transfer Facility of Louisiana State University.

Experimental investigations were divided into two segments. First segment was to develop
performance curves for a recently acquired 13-HP power pressure washer pump. These curves
were later used in second segment (Design Il Testing) for continuous and controlled slurry
injection upstream of the nozzle. Further studies were carried out to investigate the effect of
polymer on water jet performance and sand suspension ability. Three polymers namely, Xanthan,
MF-55 (Polyacrylamide Emulsion), and CMC (CarboxyMethylCellulose) were used for this
study. Kelco Oilfield Group donated Xanthan and MF-55. CarboxyMethylCellulose was
available at LSU Well Facility.

4.1 Experimental Apparatusfor Pump Performance Curves

Experimental apparatus to develop pump performance curves consisted of thirteen horse
power gasoline engine powered pressure washer pump, three high pressure ball valves, one 5000
psig pressure gauge, a tachometer, a rotameter and essential piping. The apparatus was
assembled as depicted in Figures 12 through 15. All the piping and fittings used for this
experimental apparatus were rated for 3000 psig working pressure.

Pressure was regulated downstream of the pressure washer by operating the discharge valve.
Flow rates were recorded using rotameter, as adjusting the rpm throttle varied engine rpm. Flow
rate and rpm data were recorded for six different pressure settings, starting from zero psig to
2500 psig with, 500 psig increments. Pressure data was recorded using a pressure gauge which
was mounted upstream of the discharge valve. A piece of reflecting tape was placed on the shaft

connected to the fan of the pressure washer and tachometer was used, in optical mode, to
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measure engine rpm. Average engine rpm was recorded as the instantaneous tachometer readings

fluctuated over arange of +10%.

Pressure Gauge

Rotameter
- (e
Discharge
Water Valve 13 HP Pressure
Reservoir Washer

City Water Supply

Figure 12 Schematic of Experimental Apparatusfor Measuring Pump Performance Curves

Figure 13 Experimental Apparatusfor Pump Perfor mance Curves
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Figure 15 Throttleto Control Engine RPM for 13-HP Pressure Washer
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4.1.1 Experimental Procedure

The following procedure was followed to develop pump performance curves for pressure
washer pump. It is critical to study pressure washer and tachometer operating manual before
conducting experiments.

1. Assemble apparatus as depicted in Figure 12.

2. Make sure al the valves are open before starting the pump.

3. Set engine rpm to desired value by adjusting the throttle control.

4. Adjust discharge valve to get desired pressure reading on the gauge and let it stabilize.
Closing the discharge valve yields more pressure build up upstream.

5. Read and record engine rpm using atachometer.

6. Read and record flow rate from rotameter.

7. For next reading set throttle position towards higher engine rpm and repeat step (4)
through step (6).

Data acquired from such experiments is recorded in Table A-1 in Appendix. The graphical
representation obtained from this data was used to validate the flow rate readings obtained from
rotameters.

4.2 Sand Suspension

Sand suspension ability of Xanthan, MF-55, and CMC was investigated by making 350 ml
laboratory samples of varying concentration (w/w). Xanthan and CMC were available in powder
form and needed lukewarm water for good mixing. MF-55 however was available in an emulsion
form and was easily soluble in cold water. 50 grams of construction sand was added to each

sample after the polymer hydrated in water and time for the sand to settle down was recorded.
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4.2.1 Procedure

Following procedure was followed to make 1% (w/w) samples of the polymer. It isimportant
to wear safety glasses while preparing samples.

1. Take 300 ml of water in abeaker.

2. Weight 3.5 grams of polymer.

3. Add polymer to water and mix well. It is advisable to use a mixer.

4. Add more water to bring the solution volume to 350 ml.

5. Let the sample stand for awhileto release all the air that was entrained during mixing.

6. Add 50 grams of construction sand to the sample and mix again.

7. Putthedurry inajar andfastenalid onit.

8. Shakethe durry well and place thejar on alevel surface.

9. Record the time, with a stopwatch, for the sand to settle down at the bottom of the jar.

Special precautions were taken while handling MF-55 solutions as it was very dlippery and
could cause serious hazards.

Table 2 Technical Data of Pressure Washersused in Experiments

Pressure | Horsepower Max. Output Flow Rate @ M ax. Engine RPM
Washer (HP) Pressure Pressure Control
(PSIG) (GPM)
1 5 2500 2.5 No
2 13 3700 4 Yes

4.3 Experimental Apparatusfor Testing of Design |1
Experimental apparatus for testing of Design |l consisted of a gasoline engine driven
pressure washer, two pressure accumulators, two rotameters, pressure gauges, one spool valve,

and one eighty gallons spherical tank for bulk storage, a mixing tank, a centrifugal pump,
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essential piping, high pressure hoses, ball valves and fittings. The experimental apparatus was
designed for a maximum working pressure of 3000 pounds per square inch, which included a
safety factor of 1.6. The maximum working pressure for the apparatus was limited by a smaller
pump (5 HP) as it was available on-site and could deliver 2.5 gallons of water at 2500 pounds
per square inch and was used for main water stream. Table 2 provides some technical details of

the pressure washers used in experimental apparatus.

| 7z
\-\J\.\_ .
\[\\/f’l § LENGTH

2
21

Figure 16 Pressure Accumulator (Source: www.accumulator s.com)
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Table 3 Parts Description of Pressure Accumulator (Source: www.accumulator s.com)

Part Number Description
1 Safety Cap
2 Protective Cap
3 Valve Cap
4 Valve Core
5 GT Gas Valve
6 Bladder Kit
7 Hex Jam Nut
8 Name Plate
9 Caution L abel
10 Anti-Extrusion Ring
11 Locknut
12 Bleed Plug
13 Oil Port
14 Stop Nut
15 Piston
16 Spacer
17 Spring
18 Poppet
19 Shell
20 Metal Back-Up Ring
21 O-Ring
22 Rubber Back-Up Ring
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4.3.1 Pressure Accumulators

Pressure accumulators served as critical components of the experimental apparatus used for
high-pressure polymer injection. Figure 16 provides cross sectional view of a typical pressure
accumulator. CAD Control Systems donated study two units of eleven gallons capacity each and
maximum working pressure of 3000 psig for this study.

Both units were charged with polymer slurry on the shell side and, water was pumped inside
the bladder using pressure washer pump with rpm control. The bladder provided an impermeable
barrier between polymer slurry and water, preventing any dilution of the polymer slurry before
the injection point. This would be critical if polymer dlurry consisted of suspended sand.
Significant dilution could cause the sand to settle out permanently and block flow lines, thus
causing serious safety hazards.

4.3.2 Description of Apparatus

The components were assembled as per the schematic depicted in Figure 17 whereas a
photograph of the actual experimental apparatus is shown in Figure 18. Smaller pressure washer
(5-HP) was used to deliver water (2.5 gallons per minute) straight to the nozzle and this stream is
referred to as main water stream. Polymer solution (1% w/w) was prepared in the mixing tank
and was pumped to the bulk storage tank where it was pressurized by compressed air to pressure
level between 100 psig to 130 psig. Pressure accumulators were charged from bottom with
pressurized polymer solution by operating appropriate valves. Water from the large power
pressure washer was pumped into the bladder of either of the pressure accumulator by moving
the lever of directional control spool valve. Adjusting RPM throttle of 13-HP pressure washer
controlled water flow rate pumped into the bladder. Polymer solution was injected into the main

water stream, upstream of the nozzle by the expanding bladder.

30



A1InS BWA0d yim pab reyd bueq | 1lun ajiymsnie eddy [eiuswiedx3 Jo o1rewayds /T 91nbiH

PIEM am' ssedig
aamssald JH €
8 JuioJ moydaLu]
Aoy }
e m_mmﬂ N
9
Ajddng s
RJEN A1) > :
dmng i :
[ESnjuua)
v@ IBEA0)G >
>
g I
quEl
Bmxipy aImssalg Iy
II I
aAJe [oodg nuy nun
amyaeyy NS5 JH £1 T
L
13jame)0y ) W

rﬂ_n&_m IR)EN AN wdg [

31



T——— —=

Bunse] || ublsaq Joj pasnsnieseddy eiuswiedx3 g1 a8nbi4

- . . ) j

s —

e | . :
— wnd dH €T |

32



4.3.3 Safety Considerations

To ensure proper safety the experimental apparatus was equipped with safety relief valves
and bypass lines. The directional control spool valve used was equipped with pre-installed safety
relief valve with an adjustable range from 1500 psig to 3000 psig and was set at 2500 psig for
our experiments. Although, the storage tank was rated for 3000 psig working pressure, but still
another spring loaded safety relief valve set at 150 psig was mounted on it to avoid over
pressurizing the Schedule-40 recharging line, in case of pressure leakage while polymer was
being injected into the high pressure water stream. Recharging lines were equipped with 3000
psig rated check valves just upstream of the pressure accumulators. Main water stream was
equipped with a bypass line upstream of the injection point.
4.3.4 Experimental Procedures

Experimental procedures for the recharging cycle, in which accumulators were charged with
polymer solution from bulk storage and for the injection cycle, in which polymer solution was
injected into main water stream, are written in Section 4.3.4.1 and Section 4.3.4.1, respectively.
4.3.4.1 Operating Proceduresfor Charging Cycle

Following procedure was used while charging the pressure accumulators with polymer
solution from pressurized bulk storage tank asillustrated in Figure 17.

1. The bulk storage tank is filled with polymer solution and is pressurized t0100 psig

minimum, to overcome the friction in recharging lines and to open the check valve.
2. To charge pressure accumulator unit I, open valve-1 and valve-3 and move the spool
valve lever accordingly. While doing so make sure valve-2 and valve-5 are closed.
3. To charge pressure accumulator unit |1, close valve-3 and valve-4, and open valve-2.

4. Move spool valve lever in appropriate direction and close valve-2.
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4.3.4.2 Operating Procedurefor Injection Cycle
Figure 19 and the following operating procedures were followed to inject polymer solution
from pressure accumulators to the high-pressure water stream.

1. Connect rotameters suction hose to both pressure washer and make sure the water supply
is on. Connect the 5-HP pressure washer outlet to valve-6, and, connect 13-HP pressure
washer outlet to spool valveinlet.

2. Closevalve-9, valve-4, and valve-5 and open valve-6 and valve-8.

3. Power up the smaller pressure washer (5-HP), open valve-9 and slowly close valve-8.
This step would deliver pure water stream to the nozzle. Record the reading on main
water stream pressure gauge.

4. Power up the 13-HP pressure washer and set the throttle at desired engine rpm leaving
the spool valve lever in neutral position.

5. To inject the polymer solution from pressure accumulator unit | move the spool valve
lever in appropriate direction. Keep a keen watch on pressure gauge-2 and bring the spool
valve lever in neutral position once the reading on gauge-2 is alittle more than gauge-1.

6. Open valve-5 and move the spool valve lever to the previous position.

7. Record the readings of pressure gauge-1, pressure gauge-2 and both rotameters.

8. Take pictures of the jet asit emerges out of the nozzle.

9. Once the pressure accumulator unit | has pumped all the polymer solution the reading on
pressure gauge-2 would increase rapidly. At this point bring the spool valve lever to
neutral position and close valve-5.

10. Toinject polymer solution from unit 11, follow step (5) through step (9).

11. Whileunit Il isinjecting, unit | could be charged simultaneously by opening valve 3.



A1Inig BWAod bunosluisi | lunajymsnie eddy eiuswimedx3 Jo d1rewWaYdS 6T 84nbi4

TYSBAL aury ssedig
amssaig JH €
g juod wonoaiu]
—
A UGV Y 7 @IX £ »
AZZON
9 6
Ajddng
Tagep A1)

dumg

[eSnJLyua )

ISeI0)§
m Hing
jueL
SUIXI 2SS IV H
, AT A [oodg nun jup
gyt AINSSAT] JH €1
—
L
13]91e)0Y \

RV o I Y

r Ajddng 19EA\ 1D wdo  [X

35



CHAPTER 5: EXPERIMENTAL RESULTS

Following the procedure illustrated in Chapter 4, and using experimental apparatus depicted
in Figure 12, flow rate data were recorded as a function of engine rpm and pressure. From these
data (Table A-1), variation of flow rate Characteristics of pressure washer pump with engine rpm
and downstream pressure are plotted in Figure 20.

The objective of this study isto develop a dlurry injection that allows injection of slurry into
awater jet at a controllable constant rate. The ability of our apparatus to do so was evaluated by
injecting various polymer slurries and visualy observing their impact on the performance of
water jet. This is accomplished by using experimental apparatus as depicted in Figure 18, and
graphical representation were developed from the data (Table A-3) obtained by processing jet
images using GIMP® (Image Processing Software).

Even though the system could inject slurry at constant rate, final concentration in solid laden
slurry would change if the solid settles out of surry. The ability of different polymer to suspend
sand was studied by making samples of varying polymer concentrations and results are detailed
in Figures 26 through 29.

The smaller pressure washer (5-HP) constrained the experimental pressures to stay below
2500 psig and polymer flow rate to stay below 3.5 gallons per minute for 0.069 inches nozzle.
Considering the allotted budget, experiments were conducted within the limits of 2500 psig
pressure and polymer injection rates were varied from two gallons per minute to 3.5 gallons per
minute.

5.1 Pump Performance Characteristics
In order to study the effect of downstream pressure on pump performance, flow rates were

recorded as engine rpm was varied at six pressure levels, ranging from Zero psig to 2500 psig
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with 500 psig increment. Measured data were plotted as shown in Figure 20. Flow rate data were
obtained using a rotameter connected to the suction line of the pump and engine rpm was
recorded using a tachometer. Average engine rpm was used as tachometer readings fluctuated
over arange of +10% . Recorded datais tabulated in (Table A-1).

An immediate observation that could be made from Figure 20 is that flow rate varieslinearly
with engine rpm. However, the slope tends to decreases as downstream pressure increases.
Hence, at a constant engine rpm the pump is able to deliver less fluid at higher pressures. In

order to maintain hydraulic horsepower constant, flow rate would decrease according to

Equation 5.1.
. P x
Hydraulic Horsepower = L (5.1)
1714
4.5 -
4 -
3.3 1
=
T y =0.00136x
2
< 37
; y = 0.00130x
= y = 0.00127x
2.5 +
y =0.00121x
2 T T T T T T T T T 1
1500 1700 1900 2100 2300 2500 2700 2900 3100 3300 3500
RPM
+ 2500 psig 2000 psig  « 1500 psig  « 1000 psig 500 psig + Open Flow

Figure 20 Thirteen Hor sepower Pressure Washer Pump Perfor mance Curves
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Where, Q is the flow rate and P is the pressure. The isobaric lines in Figure 20 can be
represented by alinear equation,
011121, T (5.2)
Where, m is the slope and C is the intercept. Technically, at zero rpm flow rate would be
zero. Hence, for all isobaric lines the intercept is set at the origin. So, the equation of interest

would be,

The slope of the isobaric lines is recorded in Table 4, is used to generate Figure 21 to
determine the relationship between pressure and slope of the isobaric lines as described by

Equation 5.4.

M =(—6.0x10®)AP +1.36x 103 =--wemmmemmmemmmemmemmemea (5.4)

Table 4 Slopes of | sobaric Pump Performance Curves

Pressure (PSIG) Siope dQ )

drRPM

0 (Open Flow) 1.36x 107
500 1.33x 107

1000 1.30x 107

1500 1.27 x 10°

2000 1.24 x 10°

2500 1.21 x 10°
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Using Equation 5.4 in Equation 5.3 gives a relation between engine rpm, flow rate, and

differential pressure and is given Equation 5.5

Q=[(~6.0 x10® x AP) +1.36x10 ] XRPM  ----rnmercne- (5.5)

0.00136 -

0.00134 -

0.00132 1 Slope = (-6.0x 10°) + (1.36 x 10°°)

0.0013 +

0.00128 +

Slope (dy/dx)

0.00126 +

0.00124 +

0.00122 +

0-0012 T T T T 1
0 500 1000 1500 2000 2500 3000

Pressure (PSIG)

Figure 21 Effect of Pressure on Slope of Isobaric Lines
Equation 5.5 is good for 13-HP pressure washer, used in conducting experiments, but
similar equation could be generated for any reciprocating pump. Figure 20 and Equation 5.5
were used during the testing of Design 1l to vary polymer injection rate. If downstream pressure
is known, Equation 5.5 could be used to set pump rpm to achieve the desired flow rate. The flow
rate data generated from Equation 5.5 is reported in Table A-2 of Appendix. This data was
plotted against the measured flow rate as depicted in Figures 22 through 25, to examine the

accuracy of results. All measured values stayed with in 5% error window of the calculated data.
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Figure 22 Comparison between Calculated and Measured Flow Rate at 1000 psig
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Figure 23 Comparison between Calculated and Measured Flow Rate at 1500 psig
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Figure 24 Comparison between Calculated and Measured Flow Rate at 2000 psig
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Figure 25 Comparison between Calculated and Measured Flow Rate at 2500 psig
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5.2 Slurry Suspension

Three different polymers, namely, Xanthan, MF-55 (Polyacrylamide Emulsion), and CMC
(CarboxyMethylCellulose) were analyzed for sand suspension competence in Figures 26 through
29. 350 ml samples of polymer dispersions of different concentration were prepared and 50
grams of construction sand was suspended in each of them. Time for the sand to settle to the

bottom was recorded using a stopwatch and is tabulated in Table 5.

Table5 Settling Time of Sand in Different Polymer Solution

Polymer Concentration Amount of Sand Sand Settling Time
(%) (Grams)

Xanthan 0.25 50 20 seconds
Xanthan 0.38 50 20 seconds
Xanthan 0.44 50 60 minutes
Xanthan 0.50 50 150 minutes
Xanthan 0.63 50 Didn’t Settle after 1 week
Xanthan 0.75 50 Didn’t settle after 1 week
Xanthan 1 50 Didn’t settle after 1 week
Xanthan 1 150 Didn’'t settle after 1 week

MF-55 2 50 20 seconds

MF-55 5 50 5 minutes

CMC 6.5 50 20 seconds

CMC 7 50 20 seconds

CMC 7.5 50 60 seconds
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Figure 26 Sand Suspension in Xanthan (1% w/w) After One Week
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Figure 27 Sand spsi o in Xanthan (0.50% w/w) After 12 M inutes
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Figure 29 Sand Suspension in MF-55 (3% w/w) After Sixty Seconds




Xanthan samples at concentration higher than 1 % (w/w) were too viscous to handle with
available equipments. Dispersions of MF-55 at concentrations less than 1% (w/w) could not hold
sand in stable suspension for any length of time. CMC dispersions below 6.5% (w/w)
concentration did not hold sand and became too viscous a concentration above 7.5% (w/w).
Considering the viscosity of CMC it was not used for testing Design 11.

5.3 Effect of Polymerson Water Jet Performance

The effect of Xanthan Gum and MF-55 on improving water jet performance was studied. All
of these experiments were conducted by following the procedure as illustrated in Section 4.2 of
Chapter 4. Pressure accumulator bottles were charged with pre-pressurized polymer from bulk
storage tank. The polymer dispersion at 1% (w/w) concentration was then injected into main
water stream at a controlled rate by inflating the accumulator bladder using 13-HP pressure
washer. Images of the jet as it emerged out of the nozzle were processed to determine the length
of the jet using an image processing software, GIMP®.

Length of the water jet was measured from the point it exits the nozzle to the point where its
diameter became twice the diameter of the exit stream and this length was used as one of the
parameters to analyze the effect of different polymers on water jet. To make the comparisons
realistic and reasonable polymer streams were compared with the base case where only water
shoots through the nozzle. Figures 30 through 35 show the images of jet for five gallons per
minute of flow with 0.5% (w/w) polymer concentration through 0.069 inches diameter nozzle
captured and processed for edge detection. Flow rate data for experiments conducted to obtain
these figures is recorded in Table 6. Pictures were taken as jet emerged from the nozzle. Sobel
edge detection option in GIMP® was used to process all images. Detailed data is reported in

Table A-3 through Table A-7.
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Table 6 Experimental Parametersfor the Test Run

Nozzle Diameter (inches) 0.069

Water Stream Flow Rate (GPM) 2.5
Polymer (1% w/w) Injection Rate (GPM) 25

Total flow through nozzle (GPM) 5

Polymer concentration in water jet (w/w) (2.5/5) x 1% = 0.5%

Figure 30 Image of Water Jet at Flve Gallons per Minute

Figure3l GI M P Procmd Image of Water Jet at Five Gallons per Minute
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Figure 33 GIMP Processed | mage of Water Jet with 0.50% Xanthan

Figure 34 Image of Water Jet with 0.50% MF-55

’ > e . i 3 ; - . 'I-'-
Figure 35 GIMP Processed Image of Water Jet with 0.50% w/w MF-55
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Similar images were obtained as polymer concentration was varied in the main stream.
Measured jet length for each run was recorded in Table A-3 of the Appendix. This data was used
to develop graphical representation as depicted in Figure 36, to study the effect of polymer

concentration on jet length.

y= -94.459x” +100.92x - 24.154

0-5 I I I |
0.40 0.45 0.50 0.55 0.60

Polymer Concentration (%) in Main Stream

+ Xanthan = MEF-55 —i— base case (water)

Figure 36 Relation between Jet L ength and Polymer Concentration
The Y-axis of the plot refers to the ratio of jet-length obtained using polymer surry,
compared to the jet-length obtained with water. Polymer concentration in mainstream was
calculated using relation as described in Equation 5.6 and the term “Loading Ratio” used in this
discussion was described as the amount of polymer injected per gallon of water.

Polymer Slurry Flow Rate
(Water Flow Rate + Polymer Slurry Flow Rate)

Main Stream Conc. = x Bulk Slurry Conc.-(5.6)
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Loading Ratio = Polymer Slurry Flow Rate 5.7)

Water Flow Rate

One immediate observation that could be made from Figure 36 is that for Xanthan and MF-
55initially jet length increased with increasing loading ratio and polymer concentration, but than
started decreasing with any further increase in polymer concentration. The maximum point for
Xanthan was recorded at a concentration of 0.50% w/w, while for MF-55 it was recorded at

0.52% w/w concentration.

1.08 -

1.06 - y =0.684x + 0.6589
R%=0.9976

1.04

y = 0.6061x + 0.6852
R’ =0.996

1.02

dPpolymer
dPwater

+ *

0.98 -

0.96 -

0.94 -

0.92 | ! ! |
0.40 0.45 0.50 0.55 0.60

Polymer Concentration in Main Stream

+ base case (only water) = Xanthan & MF-55

Figure 37 Pressure Requirement for Flow through 0.069 inches Diameter Nozzle
Pressure was recorded upstream of the injection point for water, Xanthan, and MF-55 run
while the loading ratio was varied. The datais reported in Table A-4 in Appendix. This data was
used to develop the graphical representation as depicted in Figure 37 showing the relationship

between pressure drop and flow rate through the nozzle.
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Total flow rate through 0.069 inches tungsten carbide nozzle was used to develop Figure 37;
hence it consisted of flow rates of both main water stream and the flow rate coming from
pressure accumulator bottles. Since the pressure used here was recorded upstream of the
injection point it did not include any pressure losses across the pressure accumulator bottle.
Xanthan reduced the pressure requirement until the flow rate through the nozzle reached
approximately five gallons per minute i.e. a loading ratio of one. However, further increase in
loading ratio increased the pressure requirement. MF-55 followed the same trend and started

increasing pressure requirement once loading ratio reached 1.1.

1.08 7 y = 0.0783x + 0.9583

R*=0.9012

1.07 4
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Loading Ratio
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Figure 38 Pressure Drop across Pressure Accumulator at Varying Injection Rate

To examine the pressure drop across pressure accumulators Figure 38 was developed using
the data from Table A-5, Table A-6, and Table A-7 of Appendix. Xanthan being most viscous at
1% concentration, among the polymers used, required highest pressure for same flow rate. The

pressure was recorded from the gauge, which was mounted on top of the accumulators.
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5.4 Economic Analysis

An economic analysis was done on Xanthan, MF-55, and CMC. Sand suspension ability was
the criteria set for this analysis. Dispersion of Xanthan at 0.75% concentration by weight
suspended 50 grams of construction sand for approximately a week, whereas, dispersion of MF-
55 suspended sand for less than a minute at 5% concentration by weight while CMC suspended
same amount for sand for 30 minutes at 7.5% concentration by weight. Price per pound recorded

in Table 7 was obtained from Kelco Qilfield Group.

Table 7 Economic Analysis of Polymersused in Experiments

Polymer Concentration Quantity Price/LB Total Price
(%) (Ib/bbl) $ $/bbl
Xanthan Gum 0.75 2.625 4.93 12.94
MF-55 5 17.5 0.97 16.98
CMC 7.5 26.25 1.25 32.80

Based on Table 7, even though Xanthan is the most expensive on per pound basis, anong
the three candidate polymers it would still be the most economical polymer to use for sand

suspension and for improving water jet performance.
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CHAPTER 6: CONCLUSIONSAND RECOMMENDATIONS

Based on the experimental results of this investigation, the following conclusions can be

drawn:

1.

Design |1, presented in this study, alowed efficient injection of slurry upstream of the
nozzle in water jetting application, thus providing better momentum transfer to abrasive
particles and yielding better results in terms of lower pressure requirement and improved
cutting performance.

Design 11 allowed efficient control of abrasive injection rate. Furthermore, abrasive
injection rate can be varied easily by controlling engine rpm while water jetting is still in
progress without liquid hold-up and air entrainment.

Both Xanthan Gum and MF-55 enhanced water jet coherence, which control cutting
effectiveness, for alonger distance. However, there is an optimum concentration for both
polymers. This optimum concentration was found to be 0.5 % w/w for Xanthan Gum and
0.52% wi/w for MF-55.

At concentration below 0.5% w/w both Xanthan Gum and MF-55 provide
lubrication/drag reduction to flow and thus reduced frictional pressure drop.

Xanthan Gum at 1% w/w concentration can suspend sand for more than a week, but MF-

55 lacks suspension ability even at concentration of 5% wi/w.

This study is but a part of ongoing research effort to improve water jetting performance

where it could be useful as an efficient fire extinguishing method to control oil well fire, to clean

paraffin deposits inside production tubing, especialy at the sand face, and to drill slim laterals

down-hole to penetrate well bore skin, which is caused by invasion of reservoir rock by drilling

fluids resulting in plugging of rock pores.
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In regard to the continuation of this project, the following recommendations are made:

1. Performance of Design Il should be evaluated, at higher pressure, to drill oil well casing
and pressurized reservoir rock samples to simulate down-hole conditions.

2. Design Il should be improved to an extent where the hole drilled is large enough so that
the cutting nozzle can follow the drilled hole.

3. Experiments should be conducted to record frictional pressure drop for different lengths
of piping between injection point and cutting nozzle. This would be helpful in developing

amathematica mode!.
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10.

11.

12.

13.
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APPENDIX: EXPERIMENTAL DATA AND JET FIGURES

Table A-1 Experimental Data of Pump Performance Curves

Pressure (Psig) Open 500 1000 1500 2000 | 2500
Flow Rate (GPM) Flow Psig Psig Psig Psig Psig
2.5 X 1834 1869 2000 X X
2.7 X 2086 2129 X 2211 X
2.8 X X X 2198 X X
2.9 X X X X 2399 X
3 X X 2330 2355 X 2521
31 2250 X X X X X
3.2 X 2343 2497 2570 2565 | 2670
34 X X X X 2777 X
35 X X 2661 X X 2871
3.6 X 2726 X X X X
3.7 2680 X 2885 2957 X X
3.8 X X X X 3008 | 3127
4.0 X X X X X 3259
41 3010 3084 3086 3150 3235 X
4.2 X X X X 3300 | 3431
43 3200 3237 3308 3375 X X
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Table A-2 Calculated and M easur ed Flow Rate

Pressure (Psig) RPM Calculated Flow Rate (GPM) | Measured Flow Rate (GPM)
OPEN 2250 3.06 31
2680 3.64 3.7
3010 4.09 4.1
3200 4.35 4.3
500 1834 244 25
2086 2.77 2.7
2343 3.12 3.2
2726 3.63 3.6
3084 41 4.1
3237 431 4.3
1000 1869 243 25
2129 2.77 2.7
2330 3.03 3
2497 3.25 3.2
2661 3.46 35
2885 3.75 3.7
3086 4.01 4.1
3307 4.3 4.3
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Table A-2 Continued

Pressure (Psig) RPM) | Calculated Flow Rate (GPM) | Measured Flow Rate (GPM)

1500 2000 2.54 25
2198 2.79 2.8
2355 2.99 3
2570 3.26 3.2
2745 3.49 35
2957 3.76 3.7
3149 4 4.1
3375 4.29 4.3

2000 2211 2.74 2.7
2399 2.97 29
2565 3.18 3.2
2777 3.44 34
3009 3.73 3.8
3235 4.01 4.1
3390 4.2 4.2

2500 2521 3.05 3
2671 3.23 31
2871 347 35
3259 3.94 4
3431 4.15 4.2
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Table A-3 Jet Lengths as Obtained from GIMP®

Total Flow Rate | Loading | Polymer Concentration | Xanthan | Mf-55 Only
GPM Ratio % wiw Water
4.4 0.7 0.40 152 1.60 12
4.5 0.8 0.44 1.87 1.95 11
4.8 0.9 0.47 2.25 2.67 1
5 1 0.50 244 343 0.95
5.3 11 0.52 212 3.65 0.9
55 1.2 0.55 2.05 2.60 0.85
5.8 1.3 0.57 1.43 2.03 0.79
5.9 14 0.59 132 1.77 0.72

Table A-4 Experimental Pressure Data for Polymers and Water to Flow through 0.069
inches Diameter Nozzle

Injection Rate Pressure Xanthan MF-55 Only Water
from (PSIG) (PSIG) (PSIG)
Accumulators Total Flow
(GPM) through 0.069”
Nozzle
1.75 4.4 1070 1070 1090
2 4.5 1200 1200 1220
2.25 4.8 1330 1300 1350
25 5 1500 1480 1500
2.75 53 1630 1610 1630
3.0 55 1800 1780 1800
3.25 5.8 2000 1950 2000
35 59 2150 2110 2150
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Table A-5 Experimental Pressure Drop Data acrossthe Accumulator for Xanthan

Xanthan Injection P, P1 AP
Rate  (GPM) (PSIG) (PSIG)

18 1170 1070 100

2 1310 1200 110

23 1460 1330 130

25 1650 1500 150

2.8 1780 1630 150

3.0 1970 1800 170

3.3 2180 200 180

35 2350 2150 200

TABLE A-6 Experimental Pressure Drop Data acrossthe Accumulator for M F-55

MF-55 Injection P, P1 AP
Rate (GPM) (PSIG) (PSIG)

18 1150 1070 80

2 1290 1200 90

2.3 1410 1300 110

25 1610 1480 130

2.8 1740 1610 130

3.0 1920 1780 140

3.3 2110 1950 160

35 2280 2110 170
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Table A-7 Experimental Pressure Data acr ossthe Accumulator for Water

Water Injection P P1 AP
Rate (GPM) (PSIG) (PSIG)

1.8 1150 1090 60

2 1290 1220 70

2.3 1430 1350 80

25 1590 1500 90

2.8 1700 1600 100

3.0 1880 1770 110

33 2060 1930 130

35 2190 2050 140

(©)
Figure A-1 Jet Images of, (a) Water (4.4 gallons per minute), (b) Xanthan (0.40% wi/w,
Injection Rate of 1.8 gallons per minute), and, (c) MF-55 (0.40% wi/w, Injection
Rate of 1.8 gallons per minute)
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(©)
Figure A-2 Jet Images of, (a) Water (4.5 gallons per minute), (b) Xanthan (0.44% wi/w,
Injection Rate of 2.0 gallons per minute), and, (c) MF-55 (0.44% wi/w, Injection
Rate of 2.0 gallons per minute)

(©)
Figure A-3 Jet Images of, (a) Water (4.8 gallons per minute), (b) Xanthan (0.47% wi/w,
Injection Rate of 2.3 gallons per minute), and, (c) MF-55 (0.47% wi/w, Injection
Rate of 2.3 gallons per minute)
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(©)
Figure A-4 Jet Images of, (a) Water (5.0 gallons per minute), (b) Xanthan (0.50% wi/w,
Injection Rate of 2.5 gallons per minute), and, (c) MF-55 (0.50% wi/w, Injection
Rate of 2.5 gallons per minute)

(©)
Figure A-5 Jet Images of, (a) Water (5.3 gallons per minute), (b) Xanthan (0.52%  wi/w,
Injection Rate of 2.8 gallons per minute), and, (c) MF-55 (0.52% wi/w, Injection
Rate of 2.8 gallons per minute)
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(b)

(©)
Figure A-6 Jet Images of, (a) Water (5.5 gallons per minute), (b) Xanthan (0.55% wi/w,
Injection Rate of 3.0 gallons per minute), and, () MF-55 (0.55% w/w, Injection
Rate of 3.0 gallons per minute)

(©)
Figure A-7 Jet Images of, (a) Water (5.8 gallons per minute), (b) Xanthan (0.57% wi/w,
Injection Rate of 3.3 gallons per minute), and, (c) MF-55 (0.57% w/w, Injection
Rate of 3.3 gallons per minute)



(c)
Figure A-8 Jet Images of, (a) Water (6.0 gallons per minute), (b) Xanthan (0.59% wi/w,
Injection Rate of 3.5 gallons per minute), and, (c) MF-55 (0.59% wi/w, Injection
Rate of 3.5 gallons per minute)

e e cen A AAR 1‘:‘;‘ A2 ‘-‘ |
Figure A-9 Xanthan 1% (w/w) Sand (150 gms) Suspension Test, After One Week
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(b)
Figure A-9 Xanthan 0.25% w/w Sand Suspension Test, (a) After 20 seconds, (b) After 60
seconds
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(b)
Figure A-10 Xanthan 0.38% w/w Sand Suspension Test, (a) After 20 seconds, (b) After 60
seconds
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(b)
Figure A-11 Xanthan 0.44% w/w Sand Suspension Test, (a) After 60 seconds, (b) After 30
minutes
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(b)
Figure A-12 Xanthan 0.50% w/w Sand Suspension Test, (a) After one hour, (b) After three
hours
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(b)
Figure A-13 CMC 6.5% w/w Sand Suspension Test, (a) After 20 seconds, (b) After 30
minutes
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(b)
Figure A-14 CMC 7.5% w/w Sand Suspension Test, (a) After 20 seconds, (b) After 30
minutes
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