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Abstract

The current approach to hydraulic fracturing requires large amounts of industrial hard-

ware to be transported, installed and operated in temporary locations. Typically 70%

of the mass of this equipment is comprised of the fleet of truck-mounted pumps required

to provide the high pressures and flows necessary for well stimulation. The established

design of these pumps were developed for the shale gas extraction industry in North

America, where the environmental, geological, regulatory and social constraints are

very different from Europe. Consequently the engineering choices made in the current

pump designs did not focus on minimising the physical and environmental footprint of

the operation. These aspects are of paramount importance for the emerging hydraulic

fracturing industry in Europe, so it is timely to address these factors when considering

the design of future high-pressure pumps for European shale resources.

This thesis develops and applies a methodology for environmental optimisation of

the key mechanical design parameters for the high-pressure pumps that are central to

hydraulic fracturing operations. Before describing the optimisation methodology the

thesis provides an overview of the industrial plant required to carry out a hydraulic

fracturing operation, and an estimate of the functional requirements (i.e. pressure and

flow) of the equipment.

The computational model, central to the optimisation process, is validated by using

field data from a hydraulic fracturing site in North America and an experimental test

rig.

The optimisation analysis concludes that reducing the plunger diameter and running

the pump at higher angular velocity, with lower forces, can increase pump efficiency

by up to 4.6%. Furthermore the modification of the pump’s parameters would result

in several environmental benefits beyond the obvious economic gains of lower fuel con-
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sumption. Previous studies have shown that over 90% of the emissions of CO2 and

other pollutants that occur during a hydraulic fracturing operation are associated with

the pumps and their prime movers. Consequently, any increase in pumping efficiency

will also reduce the greenhouse gas emissions and improve local air quality (CO2, NOx

and other pollutants). Additionaly, the reduction in plunger diameter will reduce the

amplitude of fatigue stresses and so increase the life of the units and allow their overall

mass to be reduced. More reliable pumps could decrease the number of standby (i.e.

backup) units necessary, and so reduce procurement costs and site traffic, including the

overall site footprint.

The concluding system optimisation study suggests that the highest level of direct

on-site emission is due to the inefficient and asynchronous operation of multiple frac-

truck assemblies. Reducing the number of frac-truck assemblies subsequently affects

pump traffic lowering the nuisance effects to the local community such as noise, road

damage and road traffic risk.
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Chapter 1

Introduction

The International Energy Agency (IEA) [1] has estimated that, by 2035, gas demand

will have increased by 50% of 2011 levels. Such growth would impact on the global

energy mix and see gas overtake coal as the second-largest energy source after oil. The

same report also suggested that after 2020 unconventional gas extraction will account

for 32% of the total gas production worldwide (currently, this figure is estimated to be

about 14%). If the figures suggested by the IEA report are to be realised, gas extraction

from unconventional sources will have to double by 2020. Interest in unconventional

sources of hydrocarbons has also been motivated by the desire to ensure the security

of Europe’s gas supply [2].

Although surveys suggest there are significant potential shale gas reserves in Europe

(e.g. Britain [3], France and Poland [4]), exploration has been limited and, to date, no

large-scale extraction operations have commenced. This is largely because of concerns

about a range of environmental and social impacts that has prevented the granting of

legal licences for the process in a number of countries. While there are some potential

subsurface risks (such as well integrity failure leading to groundwater pollution, or

earth tremors from the hydraulic fracturing process), arguably, surface installations

pose the greatest potential environmental and social risks [5]. These risks include

surface water pollution, light and noise pollution, traffic, and air quality. In the UK,

for example, operators have been refused licences to carry out hydraulic fracturing

operations because of concerns about the noise of the machinery [6] and road traffic [7].

Thus the potential environmental impacts of the topside equipment must be minimised

1



CHAPTER 1 INTRODUCTION 2

if shale gas extraction operations are to become widespread in Europe.

1.1 Motivation

The process of hydraulic fracturing involves numerous mobile units designed to trans-

port, store, mix and propel fluid down a wellbore. An operational “frac-site” in North

America is reported to typically occupy approximately 3000m2, of which two-thirds of

all the units on site are frac-truck assemblies, (Table 1.1). In other words, the frac-

truck assemblies dominate the equipment used in terms of their share of a site’s power

consumption, transported mass and surface footprint. The frac-truck assemblies are

comprised of a prime mover (diesel engine), transmission and PD pump as shown in

Figure 1.1. The performance of each individual element in the chain is non-linear with

efficiencies that vary with operating conditions.

Although positive displacement pumps, similar to those installed on frac-truck as-

semblies, have high mechanical efficiency, 90% [8] the overall efficiency of the operation

(i.e. from power generation to high-pressure flow) is rarely considered. For example [9]

suggests potential development routes for positive displacement plunger pumps.

This thesis analyses the on-site equipment in detail and identifies opportunities for

improvement in the mechanical design that will result in quantifiable benefits.

Diesel Engine Transmission PD Pump
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Figure 1.1: Schematic representation of equipment interaction in a frac-truck assesmbly

Although this work is focused on the needs of a specific pump, used in a particular

operation, the wider significance is clear when history of reciprocating machinery and
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Table 1.1: Quantification of equipment footprint on site

Number
of
units

Area
[m2]

Engine
power
[kW]

Total area [m2] Total power [kW]

Blender 1 136 354 136 (6.2%) 354 (1.4%)
Control van 1 40 56 40 (1.8%) 56 (0.2%)
Frac-pump
assembly

14 100 1678 1400 (64%) 23492 (95%)

Hydration assembly 1 128 354 128 (5.8%) 354 (1.4%)
Sand conveyors 2 200 90 400 (18.2%) 180 (0.8%)
Water transport 1 90 286 90 (4%) 572 (1.2%)

Total 20 2194 (100%) 24722 (100%)

the economics of pumping are considered.

Pumps are ubiquitous in industrial, commercial and domestic application around

the world and power consumption from pumps in Europe, according to ETSU report

[10] and energy efficiency study conducted by Fleiter et al. [11], accounts for 20% of

the overall use of electric energy. Their effective function is critical in a vast range

of applications in pharmaceutical [12], chemical process industries and medicine (high

precision micro dosing pumps) [13]. Pump designs vary with the most common being

centrifugal and positive displacement [8]. Given their widespread importance, even

small improvements in energy efficiency can be economically significant. In order to

improve energy efficiency of the equipment, it is necessary to study operating condition

and pumping performance thoroughly.

The potential for improving the performance of reciprocating machinery through

optimisation is illustrated by the history of the internal combustion engines. For exam-

ple, around early 1900s Rolls Royce car engines were significantly larger in size (4118cc,

4 cylinder) but produced only 15 kW. In contrast, today’s Formula 1 engines are 1600cc

turbocharged V6 machines and produce up to 450 kW [14]. A process of continuous

refinement of the basic function of the engine components has seen the adoption of

electronic regulation, valve timing, precision manufacturing and the iterative system

optimisation.

Given the context it would not be surprising if optimisation of the reciprocating

pumps used in hydraulic fracturing resulted in significant benefits.
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1.1.1 Research Aims and Objectives

The aim of this work is to analyse functional requirements of hydraulic fracturing

equipment and identify ways to reduce the overall environmental impact.

Thus the aim can be stated as, “Reduce the environmental impact and improve

operational efficiency of hydraulic fracturing.”

This aim is associated with the following objectives:

1. Assess the relative environmental impacts of equipment used in hydraulic fractur-

ing

2. Identify the opportunities for system improvement

3. Identify the best candidate for detailed study

4. Quantify the potential benefits that would arise from a specific set of design

parameters.

These initial objectives are developed when the specific focus of the work has been

established. The outputs, associated with each of these objectives, define the contribu-

tion to knowledge arising from this work and are detailed in the conclusions 9.2.

1.2 Thesis outline

Figure 1.2 shows the structure of the thesis schematically. Each thesis chapter com-

mences with a brief introduction outlining the contribution of the chapter to the overall

thesis.

Chapter 2: Literature review

The literature review introduces the fundamental processes of oil and gas formation,

evaluation and production. In the main part of the review, the motivation for hy-

draulic fracturing is established by emphasizing the different downhole properties of

conventional and unconventional wells. The mechanics of well stimulation is presented

by establishing required equipment output in terms of pressure, flow rate, density and

fluid composition.
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Figure 1.2: Overall structure of research

The second part of the literature review focuses on the top surface equipment includ-

ing slurry mixers (blender), flow control equipment and frac-truck assemblies. Detailed

analysis of the equipment operation is illustrated in the later sections by discussing

high-pressure slurry pumps and the associated drives. The environmental concerns re-

lated to hydraulic fracturing are discussed in the context of equipment operation and

the environmental consequences.

The final part of the review section summarises the options identified by the liter-

ature review for reduction of the environmental impact. A concept evaluation process

is used to identify the most promising option for the research to focus on.

Chapter 3: Methodology

Based on the improvement concept, identified in the previous chapter, the methodology

section identifies suitable approaches for the research. The research strategies review

the advantages of different experimental and analytical methods for optimising complex

multivariable mechanical systems and process validation [15]. The use of Monte Carlo

sensitivity analysis is identified as a suitable approach for the application.
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Chapter 4: Computational model development

The computational model of a frac-truck assembly is developed to support an analyt-

ical process for optimising the pump and system design in hydraulic fracturing. The

interaction between different mechanical systems is modelled to enable an effective rep-

resentation of the system dynamics. The functionality of the model is established by

using lookup tables, kinematic principles and the results of previously conducted high

fidelity (CFD) computational studies.

Chapter 5: Field data

The process data logged for one pump while performing a single stage of hydraulic

fracturing job is detailed. In chapter 7 this field data is quantitatively compared with

the behaviour of the test rig and the analytical model.

Chapter 6: Pump test rig data

Although the field data characterises the behaviour of a pump performance on a working

frac-site it is limited in the variation of parameter values it can explore. To investigate

the pump behaviour in response to a range of conditions a scaled test rig is developed.

The test rig exploits the geometrical similarities between the equipment employed in

the current hydraulic fracturing processes and much smaller high-pressure pumps. The

ability to operate and study different aspects of design and control, presents a powerful

tool in the optimisation studies.

Chapter 7: Validation

Statistical methods are used to compare the computational model with both field and

experimental data. The model shows satisfactory level of consistency with the experi-

mental analysis and provides the discussion of the engineering challenges.

Chapter 8: Optimisation study

The validated computational model is used to optimise the proportions of the PD

pump to minimise energy and mass. The model is further developed to assess the
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performance gains in hydraulic fracturing by examining different operating regimes for

frac-truck assemblies on site. Finally, an environmental analysis of the modified design

of hydraulic fracturing PD pumps is conducted to quantify impacts of the proposed

changes.

Chapter 9: Discussion and conclusion

A summary of the thesis is presented in the final concluding chapter which reflects

on the aims and objectives of the work together with the resulting contributions to

knowledge. Future work outlines next steps for further research and development.



Chapter 2

Literature review

The requirements, constraints and functions of the machinery involved in hydraulic

fracturing arise from several different bodies of knowledge:

• Geology and geomechanics,

• Petroleum engineering,

• Mechanical engineering,

• Chemical engineering,

• Environmental engineering

This chapter provides and overview of each of these topics which have been organised

in subcategories as illustrated in Figure 2.1. The chapter ends with a brief discussion

of possible approaches to reducing environmental impact and justifies the choice of the

mechanical design optimisation.

2.1 Geological overview of the processes

The development of hydraulic fracturing technology was motivated by the opportunity

to extract hydrocarbons that were previously beyond reach for conventional recovery

methods. Understanding of the hydraulic fracturing process has to start from an ap-

plication of the basic principles of oil formation, maturation process, settling process

inside the source rock and the methods for enhanced oil recovery.

8
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Figure 2.1: Literature review structure

2.1.1 Oil Formation

The first step is to understand the resource, its location, its relationship to surrounding

rocks, vertical distance from the water table (aquifers), and other factors.

Deposition of the organic material over extensive time periods (millions of years

ago) has resulted in creation of sediment layer on the ocean seabed. The formed

sediment consist of plankton, anaerobic bacteria and mud which form a layer also

known as sapropel. The gradual settling process continually covers the original sapropel

layer with younger sediments. Through chemical processes sapropel is transformed into

kerogen at approximately 50◦C which is the equivalent of 2 km burial depth [16].

The gradual increase of burial depth results in higher temperature to which kerogen

is being subjected. According to Seewald, (2003) [17] thermal degradation of kerogen

yields hydrocarbons at temperatures of approximately 60◦C. Maturation of kerogen oc-

curs at different temperature ranges which produces hydrocarbons in different physical

states. Therefore, kerogen can by subdivided into four types. Kerogen types I and

II, as per Seewald, (2003) [17], produce oil at temperature range between 60◦C and

160◦C. Natural gas, condensate and waxy oil are derived from kerogen type III whereas

methane (CH4) and carbon dioxide (CO2) are product of kerogen type IV. Extract-

ing petroleum from the source rock has inherent difficulty by which very high percent

(roughly 85%) of hydrocarbons are being retained in the source rock [18].
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Earth’s tectonic movements may cause the layers of sediments to experience physical

impacts such as geological folding and faulting. These processes can see accumulation

of the additional layers of strata on top of the underlying kerogen which causes the

temperature to rise and alter maturation process. Liquid petroleum is formed from

kerogen at temperatures between 80-120◦C which indicates burial depth of about 3-

5 km. Oil as a liquid derivative of kerogen naturally migrates into sandstone reservoir.

At higher maturation temperatures, specifically 120-150◦C, kerogen is converted into

natural gas which filters though the liquid and settles in sandstone. Migration of gas

is normally restricted by the impermeable rock which prevents the gas seeping towards

lower pressure. In particular cases, salty water may also get stored inside the sandstone

reservoir by underlying gas and liquid hydrocarbons.

2.1.2 Fundamental rock theory

Downhole geology is heterogeneous and isotropic. The host rock is divided into layers

and pre-existing fracture networks can have an order of magnitude variations in strength

and permeability. This gives rise to complex interactions between injection pressure,

fluid flow and the mechanical response of the downhole rock. Feedback from the sub-

terranean zone to the topside operation during the progress of hydraulicfracturing is

limited to the variations in the water pressure measured at the well-head.

Earth’s crust is formed of different rock materials which can be unconsolidated

(loose) such as sand, gravel, volcanic material and clay or consolidated (solid) such as

granite, sandstone and limestone. The shaping of Earth’s crust is done through three

different processes: volcanism; erosion and sedimentation; and metamorphism. Each

of these processes leads to the formation of a different type of rock as shown in Figure

2.2. The rock types are accordingly classified into three major categories: igneous,

sedimentary, and metamorphic. Reservoir rocks are of sedimentary origin and can be

further classified as sandstones, carbonates and shale.

Sandstones are fragmental rock consisting of sand grains. The main constituent of

sandstones is quartz.

Carbonates are composed of calcite and dolomite. If the main material is calcite,

carbonate rock is referred to as limestone. Dolomite is secondary rock formed from
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Figure 2.2: Igneous rocks are formed after cooling and solidifying of volcanic material that has
moved to the Earth’s surface. Sedimentary rocks (layered) are those that have been deposited
by water, wind or ice and whose particles have come from the destruction of previous source
material (sandstone and shale) or chemically precipitated by water (limestone). Metamorphic
rocks (changed rocks) form as a result of the recrystallization of a previously existing rock [19].

limestone by replacing calcium in calcite with magnesium.

Shale consists of compacted beds of clay and fine-grained minerals. Shale is generally

tight, impervious rock which acts as a sealing cap rock for sandstone or carbonate

reservoirs. It frequently forms streaks and intercalation in hydrocarbon reservoirs that

may have a complex effect on flow characteristics. Shale is the most abundant reservoir

rock, 50% of all sedimentary rock is shale [20].

Because even the consolidated rock structures are not absolutely solid their mi-

crostructure can be further analysed by understanding following material properties.

Porosity is the ability of the reservoir rock to store fluids. If bulk volume of a piece

of rock is presented by Vb and the pore volume Vp, porosity then is given by:

φ =
Vp

Vb
(2.1)

The porosity of most commercial hydrocarbon reservoirs is between 10 and 25%[21].

Viscosity defines the internal friction of the moving fluid. Low viscosity of the fluid

signifies a lower resistance to flow. The coefficient of viscous flow is a rock property

dependent on the shape and the size of the interconnected pore network.

Permeability is a complex function, derived from experimental analysis, which de-
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scribes the pore structure of a rock. A governing factor is the average pore diameter

of the rock. Estimation of rock’s permeability can be done by calculation using the

squared average of pore diameter.The permeability of producing reservoirs are in the

range of 100 to 1000 mD (millidarcy) and these values may be identified as good. On

the other hand, permeability of the shale rock is approximately 0.001 mD [22].

Resistivity is a measurement of the formation’s capability to transmit current by

means of the interstitial and the adsorbed water it contains. The level of water in

reservoir will affect the measurement due to its different conductivity properties to oil.

Therefore the detection of hydrocarbon zones is done by measuring formation resistivity

which is a function of water saturation [23].

Caprock acts as a seal entrapping subsurface gas. Shale gas and oil are essentially

lighter than water and, if unobstructed, would flow up to the surface. Caprock is more

impermeable type of rock which seals the hydrocarbon flow passage.

Structural traps can be divided into three forms: anticline trap, fault trap, and

salt dome traps. Anticline traps are formed by folding, causing isolation of reservoirs

at high points. Fault traps are formed by faulting with parallel rock sections moving

so that impermeable rock types trap the migrating fluids within a reservoir. Salt

dome reservoirs are formed by salt domes intruding into sedimentary layers, therefore,

isolating areas along the flanks of the salt structure [24].

2.1.3 Conventional Oil and Gas

Conventional oil and gas, as a term, applies to well types that start producing hydro-

carbons straight after drilling and completion processes. Several enhancing oil recovery

(EOR) methods are employed to increase the production of the well. Even though

methods such as water injection, gas injection or artificial lift are often used they are

all considered and categorised as conventional production enhancement methods.

Achieving the goal of maximising hydrocarbon production is done by using three

recovery methods, primary, secondary and tertiary.
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Primary recovery

Primary recovery relies on the natural energy formed in the reservoir. In the oil text-

books it may be found that this value is estimated to be around 10% of the total

contents of the well [25]. Since the introduction of horizontal drilling, this value has

increased and the average value ranges from up to 17% [26]. The source of a natural

drive can be divided into following categories.

Solution gas drive is considered to be the most common primary drive. This natural

drive mechanism is present in one third of all reservoirs and the recovery factor (RF) is

5-30% (average 15-17%). Solution gas mechanism utilises volatility of the gas, naturally

forming on top of oil, as a drive mechanism for oil recovery [27].

Water drive is a primary recovery mechanism in which the pressure from free water

is sufficient to move hydrocarbons out of the reservoir, into the wellbore and up to the

surface. Water drive reservoirs can have bottom water-drive or edge-water drive. In

a bottom water-drive reservoir, water is located beneath the oil accumulation, while

in an edge-water reservoir, water is located on the edges of the reservoir. Water drive

method is generally applicable if adjacent aquifers are available. Recovery factor for

this type of drive mechanism is usually around 40% [28]. Water drive mechanism is

used in one-third of all reservoirs.

Gas cap drive presents a type of drive mechanism where oil and gas are formed at

lower pressure. The energy that drives this system comes from expanding gas which

occurs as the oil is being produced. Producing only oil at first, as the pressure in

the reservoir drops, gas expands and helps maintain pressure in the well. At optimal

conditions, recovery factor can be estimated to be from 20% to 40% [28].

Gravity drainage drive mechanism is implemented in reservoirs where the pressure

had already been depleted. This drive mechanism usually occurs in reservoirs with high

permeability and usually in conjunction with other drive mechanisms. Recovery rates

of this drive system are high (50-70%) over extended periods [28].

Compaction natural drive mechanism is most frequently found in high (≈40MPa)

pressure reservoirs. In practice, these types of wells are not very common, mostly found

in the North Sea. Compressibility of the gas at reservoir condition drives the gas move-

ment to the surface where gas expands thereby 1m3 @35MPa equals 340m3@surface
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condition. Recovery factor is up to 70% [29].

Secondary Recovery

Water flooding is a secondary recovery method, the most frequent and commonly used

after the depletion of hydrocarbons using primary recovery. Recovery method relies

on the different physical properties of oil and water. Since oil and water do not mix,

increasing the volume of water in the reservoir will displace the oil pushing it out of

the reservoir. Flooding, as a stimulation method, performs best with lighter oils with

API>30 [30].

Thermal recovery method is based on injecting heat into the formation to reduce

the viscosity of the oil thereby allowing it to flow more readily into the producing well.

Thermal recovery is preferred for heavier oils with API value above 20 [31]. There are

three main techniques for thermal recovery:

• Steam flooding involves injection of steam that is produced at the surface and

delivered into the formation. As the heavy oil is heated, steam cools and condenses

into hot water. Heat reduces the viscosity of the oil and it allows it to be pushed

towards the producing well. From the application perspective, steam flooding can

be successful in shallow reservoirs when injection well drilling is economic.

• Cyclic steam method (aka. huff and puff) is the most successful form of thermal

recovery. In this method, a well will act as an injector well and as a producing

well at different times in the cycle. Cyclic steam is considered economical and

does not require a large number of tightly spaced wells. It is a sustainable method

and can be used repeatedly for several years.

• Fire flooding delivers compressed air from the surface into the injection well pro-

viding oxygen to ignite oil in the formation. Fire is controlled by the amount

of oxygen being injected. Heavy oil is heated in the combustion process thereby

reducing its viscosity. This method is somewhat uneconomical as it consumes

oil and produces char. In the industry, it is commonly used as a final recovery

system.
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Tertiary Recovery

Tertiary recovery is used after depletion of secondary recovery. It relies on continuation

and injection of different types of man-made energy. The main difference between this

type of recovery and secondary recovery is that this uses chemical agents to enhance

hydrocarbon production.

Miscible flooding method is based on fluids that mix with oil, therefore, making

them less viscous. Miscible fluids are, by definition, fluid types that mix but do not

change molecular structure. As an example water mixes with milk by diluting the milk

or making it watery, it does not change its molecular structure. CO2 (Carbon dioxide)

is miscible with oil and is pumped downhole to change reservoir characteristics. It can

lower the oil viscosity which allows fluid to penetrate deeper into the recesses of the

reservoir lowering the trapped oil’s viscosity and thereby allowing the oil to flow more

easily [32]. Major expenses in this method are the investments in surface facilities that

separate CO2 from hydrocarbons. Fortunately, once CO2 has been separated it can be

compressed and reused. Other miscible fluids include:

• LPGs (Liquefied Petroleum Gases), although they result in high recovery using

LPG is too expensive especially when LPG market price is high.

• Flue gases, naturally occurring waste released in industrial processes where oil/gas

or coal is combusted. Use of flue gases is limited to their availability.

• Nitrogen extracted from air. A limitation of this method is that nitrogen is only

miscible in deep, high-pressure reservoirs.

• Detergents, usually pumped into the formation followed by a water sweep. Al-

though high recoveries are possible the cost of detergent is a crucial limiting

factor.

• Alkaline or caustic substances (sodium hydroxide), can have high recovery rate

but handling these chemicals can be dangerous. Like detergents, these substances

are also expensive.

Mobility ratio method for well stimulation is based on polymers (long chain of chem-

ical substances) which are injected into the well to help reduce friction or decrease
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surface tension between oil and water molecules and the rock surface. Polymers have

shown promise when coupled with water flooding. The high cost of polymers is the

limiting factor.

Microbial flood is the method of injecting bacteria into the well. As bacteria con-

sumes the oil it produces methane gas as a by-product which is miscible. The release

of methane pushes the less viscous oil out toward the producing well.

In conclusion, using miscible flooding and microbial flooding can be effective in

carbon situations but its cost and accessibility limit its usage.

2.1.4 Unconventional Oil and Gas

Depletion of the conventional reserves naturally triggers the need for accessing remain-

ing hydrocarbons using alternative sources. The term unconventional stands for types

of reservoirs that require implementation of different well stimulation methods to im-

prove well production. Because of the different rock structures’, producing gas from

the unconventional resources requires higher technological development. This increases

the cost of the system.

Types of rock considered as unconventional sources of oil and gas include:

• tight gas sands

• coal bed methane

• shale gas

• gas hydrates

Unconventional rocks have significantly lower permeability compared to the conven-

tional hydrocarbon reserves which is illustrated in Figure 2.3. It can be seen that values

vary by several orders of magnitude from high quality conventional to more challenging

coal bed methane, gas shales and gas hydrates.

Function of Stimulation

Producing from unconventional wells requires stimulation treatment to enhance con-

nectivity between reservoir fluid and the wellbore. Stimulation treatment enforces the
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Figure 2.3: Permeability for tight gas reservoirs[22]

fluid to flow from the formations with low permeability. Methods such as acid injection

or hydraulic fracturing can increase production rates up to four times [33], [34].

In Figure 2.4 geometry of the radial flow is given. As the flow approaches the

wellbore the flow pattern (annotated using arrows) begins to act restrictively, thereby

hindering conductivity. This constriction reduces the pressure drop which results in the

decrease of fluid volume that reaches internal parts of the wellbore. Zones with lower

permeability are more affected by the flow restriction which results in lower production

rates.

In addition to natural restriction, formation damage can also occur preventing free

fluid flow. Formation damage occurs when formation rock comes into contact with

the drilling mud. It comes in two forms; first, in formations containing clays, drill

mud is absorbed and expanded hampering permeability, secondly, solids in the mud

are reducing permeability by becoming entrapped in the pores of the formation. Both

occurrences can create unwanted bottlenecks in the immediate vicinity of the wellbore

that can impact the well’s production rate. Stimulation treating operations include:

• Matrix acidizing

• Hydraulic fracturing

• Fracturing acidizing

In all stimulation operations treating liquids are pumped from the surface, down the

well, inside tubing anchored by a packer, out through the perforations and into the
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Source: R. Lau

Figure 2.4: Wellbore constriction

formation. In hydraulic fracturing and fracture acidizing several hundred bars of surface

pressure is also introduced into formation along with the treating liquids. The type of

treating liquids, pressure amplitudes and flow rates are determined by the formation

and its permeability in the pay zone.

Matrix acidizing

In matrix acidizing different compositions of acid are used to increase the number of

fractures. Hydrofluoric acid is used in sandstone while hydrochloric acid has a better

result in limestone reservoirs[35]. To avoid formation fracture in unproductive ways,

throughout the matrix acidizing of the reservoir, no undue additional pressure must be

acting on the reservoir rock.

Hydraulic fracturing overview

Hydraulic fracturing is an effective treatment to enhance hydrocarbon recovery from

so-called “tight” sandstone formations i.e. formations that have low permeabilities. In

this treatment pumps on the surface generate surface pressure of up to 100MPa that

is subsequently channelled into the wellbore to initiate formation breakdown.
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Once the fracture is extended far enough a propping agent, often large rounded sand

grains are introduced into the pumped slurry stream. Continual pumping is maintained

until formation is fully saturated after which surface pumping stops. As the artificially

induced pressure is declining, the well establishes its normal pressure conditions, newly

formed fractures would normally close but are instead held open by the proppant. These

fractures now filled, with proppant particles, form an excellent flow path for the oil and

gas.

Fracture Acidizing

Fracture acidizing is the method for combining matrix acidizing and hydraulic frac-

turing. It is used to stimulate the production in limestone and dolomite reservoirs.

Because limestone and dolomite are composed largely of calcium carbonate, they will

dissolve in hydrochloric acid (HCl). In this operation, HCl is injected at a high enough

pressure inside the formation in order to initiate fracture in a roughly vertical direction.

As the pressure of the pumped acid propagates the fractures it chemically etches or

dissolves the irregular surfaces which create high volume flow channel towards the well-

bore. As in hydraulic fracturing, after the stimulation process, fractures would close

but in reality, newly formed etched channels remain open. This action changes the flow

characteristic from radial to a high volume lateral.

2.2 Hydraulic fracturing implementation

The technology enabling global transformation of energy has evolved from a well stimu-

lation procedure invented just after the end of Second World War. The first experimen-

tal “hydrofrac” (i.e. hydraulic fracturing) was carried out in 1947 in Grant Country,

Kansas, US when approximately 3,800 litres of naphthenic acid and palm oil were in-

jected into a well bore 800 metres deep. By 1949 the process was patented and an

exclusive licence granted to the Halliburton Oil Well Company. The same year saw the

first two commercial fracturing treatments performed in Oklahoma and Texas using

crude oil, gasoline and sand. By the end of 1949 a total of 332 oil wells had been

hydraulically fractured with an average increase in production of 75%. Given this dra-

matic effect it is not surprising that within a few years (1950s) up to 300 wells were
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treated every month [36]. In parallel with the growth of well stimulation operations

the 1970s also saw the emergence of horizontal drilling technologies although it would

be almost 30 years before the two technologies were combined [37]. The process of hy-

draulic fracturing was progressively refined and extended from oil to gas fields. By the

1990s the application of hydraulic fracturing made drilling for gas in Texas’s Barnett

Shale commercially viable for the first time. The Barnett shale was also the location

of a step change in the process capability when in 2004 hydraulic fracturing and hori-

zontal drilling were combined for the first time. In 2010 the opportunity for hydraulic

fracturing expanded again with the identification of large oil and gas shale reserves in

both the US and Europe. Despite the rapid downhole technology development, the

on-site operation has seen only incremental changes since 1960s [38]. Equipment used

on-site has remained conceptually the same even though the process requirement was

showing increasing process demands by moving to higher treating pressures.

The following sections present technical overview of hydraulic fracturing stimulation

process from shale geophysics to mechanical on-site setup. The first section presents

challenges and well preparation methods prior to hydraulic fracturing.

Sections 2.2.2 and 2.2.3 provide an overview of the process during hydraulic frac-

turing. Initially, a single “stage” of hydraulic fracturing is examined, before discussing

how the process is conducted across a number of stages covering the entire “pay zone”

of the well. Typical values for the major process parameters (e.g. speed, pressure, flow,

time etc.) are presented for each step. These have been obtained from site visits and

available literature (both commercial and academic), which are identified in the text.

Section 2.2.4 of the literature review will be examining calculation methods for

establishing pressure and flow requirements. Using first-principle equations of fracture

mechanics breakdown pressure will be determined based on different well characteristics.

Stimulation flow rates will be calculated using typical operational practices in the North

America.

2.2.1 Well preparation

Following well cementing process, the internal volume of the wellbore needs to be

connected to the surrounding geology structure. Hydraulic fracturing design involves
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Figure 2.5: Wireline tools - perforating gun and plug [39]

planning which includes isolation of the potential pay zone. Prior to fluid injection

downhole wireline is lowered into the well with a setting tool that carries perforating gun

and a plug. The electric signal is sent to the very top of the setting tool to position the

plug in place. Once the plug is set wireline sends the signal which activates perforation

guns with positive and negative charges. Perforating is the process of blasting through

(1) walls of the casing, (2) the cement sheath, (3) about a meter into the formation

rock. It is through these holes that hydrocarbons fluids will pass to the surface when

production begins. Jet perforators are set to blast on average 8-16 jet holes per metre

with each shot being rotated 90◦-180◦ throughout the pay zone. Steel constructed

casing guns, operated on an electric wireline, are both retrievable and reusable.

Perforation can be done in overbalanced and underbalanced conditions. On a well

being hydraulically fractured underbalanced perforation has advantage of immediately

being placed under production, or stimulation. As well as saving time and money,

underbalanced (through-tubing) perforating can also reduce any formation damage or

enable access for down hole equipment.

Once placed inside the target zone perforating gun will fire, connecting the internal

wellbore geometry with the well formation, and retrieve. Injection of slurry will then

begin through the production tubing.

In Figure 2.5 a perforating gun is shown on the left and a plug which is set in place.
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Figure 2.6: The process of hydraulic fracturing can be characterised by the four combinations
of flow rate, pressure and proppant seen during a typical stage, (adapted from [40]). In the phase
1 water is pumped at high pressure to initiate cracks in the well. Phase 2 delivers a high flow rate
at a reduced pressure and in this phase formed cracks are enlarged and expanded. Proppant is
introduced in the phase 3 and finally, in phase 4 water is recirculated through the bore to displace
proppant.

2.2.2 Single pumping stage

In order to hydraulically fracture a well, fluids (comprised mostly of water) are injected

under high pressure to stress the rock until it cracks. Once hairline fractures have

formed they need to be held open for gas to flow out, otherwise rock will close due

to the pressure exerted by the weight of the rock above (referred to as overburden

pressure). To do this the fractures are propped open with sand (or other proppant),

that is added to the frac-fluid [41]. Gas then flows from the rock into the well bore, via

these propped fractures, once fluid pressure is reduced (usually by pumping). After a

clean-up phase (e.g. pumping of the frac water from the well, clearing of site, removal

of earth works, etc. which may take up to 40 days [42]) the well is ready for production.

The hydraulic fracturing process can be illustrated concisely by referring to one of

the performance monitoring graphs recorded in the control truck. On the right-hand

axis of the Figure 2.6 slurry (i.e. frac-fluid) and proppant concentration (i.e. sand) flow

rate are plotted against time during a two and a half hour fracturing operation. On the

left-hand axis, treating pressure is plotted. The slurry rate in Figure 2.6 refers to total

flow (litres/min) of slurry (frac-fluid) from the pump array. Proppant concentration
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refers to the percent of sand combined with the slurry (frac-fluid) [41].

The pressure plot in Figure 2.6 reaches its peak (fracture initiation) early in the

stage after which it reduces and is maintained constant to guarantee desired fracture

propagation. Flow rate is also held constant from the moment the cracks are initiated

to ensure correct fracture size (i.e. desired width, height and length). Proppant is

introduced towards the middle of the cycle. The particle size of the proppant is system-

atically varied during the hydraulic fracturing process, starting with larger and ending

with finer grain size. Proppant concentration increases continually while the grain size

is reduced. This is necessary so that the established fissures are “propped” open with

the grains supporting the overburden (i.e. the geological strata above the fracture).

2.2.3 Multi-stage hydraulic fracturing of the entire well

Wells are rarely fractured in only one place. The well is divided into a number of isolated

sections, known as stages, which are then fractured individually. The number of sections

(stages) depends on the length of the well, and can range from 1 to 50 stages. Wells are

fractured in stages to ensure fractures are created along the length of the bore (rather

than only in the weakest area of the rock). To enable pressure containment within the

desired area, a section of the well bore is closed off using packers [37]. Once that section

is fractured and propped, the completed stage needs to be isolated to ensure that the

next area is not affected by the previous stage [41].

Figure 2.7 illustrates the process for an entire well where the boxed areas represent

a single stage, described earlier in Figure 2.6. Hydraulic fracturing starts from the far

end of the well (i.e. right-hand side of Figure 2.7) and progressively moves to the heel

of the wellbore, stage by stage. At the end of the hydraulic fracturing process (i.e.

once all the stages have been hydraulically fractured) all the internal parts (packers,

perforating gun, etc) are removed, and the frac-fluid first flows to surface (due to the

high pressure in the well bore).

2.2.4 Pressure, flow requirements and fluid composition

Any investigation into the mechanical redesign of hydraulic fracturing equipment must

start by considering the necessary performance requirements. Field work and technical



CHAPTER 2 LITERATURE REVIEW 24

3200 3400 3600 3800 4000 4200 4400 4600
−3500

−3450

−3400

−3350

−3300

−3250

Measured Depth (MD)

T
ru

e 
V

er
tic

al
 D

ep
th

 (
T

V
D

)

 

 

Wellbore
Geological boundary limit
Geological boundary limit

Stage10 Stage9 Stage8 Stage7 Stage6 Stage5 Stage4 Stage3 Stage2 Stage1

Top
surface

Figure 2.7: The single stage stimulation process (shown in Figure 2.6) is repeated along the
length of the ‘target zone’ of a well in a sequence of operations that progresses from the end of
the wellbore towards the surface. The figure is a reproduction of the original well data obtained
from field trials[43].

engineering literature [44] has enabled global understanding of the downhole processes.

The following section provides engineering evaluation of the pressures and flow rates

typically required to stimulate a shale reservoir successfully. The final section presents

fluids used in hydraulic fracturing processes.

Pressure

In order to establish the pressure needed to fracture a rock, the relationship between the

depth and the properties of the target rock formation must be analysed. Although the

structure of rock is very variable, the typical density, porosity and compressive stress

values that define the material can be used to illustrate the order of magnitude of these

parameters [42]. Even in the same basin, the depth of the prospective formations will

vary significantly in terms of the upper and lower limits. For instance, in the Bowland

basin (UK), the upper limit of the formation range is around 1,000 meters with the

maximum thickness up to 4,000 meters [45]. Furthermore, the properties (e.g. strength,

density, etc.) will vary within the basin due to heterogeneities in the rock itself caused

by natural variations in its formation, therefore the treating pressure is not simply a

function of depth.

Haimson and Fairhurst presented the following solution for fracture initiation and
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extension [46]. Assuming an isotropic, homogenous, linear elastic rock the stresses in

the formation prior to any stimulation, shown in Figure 2.8, can be expressed as in

equation 2.2. This expression supposes that a vertical wellbore radius, rw, is drilled

in the z-axis (σz direction) and also that radial stress is σrr, tangential stress is σθθ

and τrσ is shear stress that exists around the wellbore. Radial distance is r and angle

measured from the σz direction is θ, Figure 2.9.
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(2.2)

As a first approximation, let us assume r = rw. Substituting this in equation 2.2 it

can be concluded that σrr = 0 and τrσ = 0. So the tangential stress in the rock, σθθ

can be expressed using equation 2.3.

σθθ = σx + σy − 2(σx − σy) cos 2θ (2.3)
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Figure 2.10: Further analysis of the stress fields shown in figures 2.8 and 2.8 considers stress
distribution in XY direction in cases where σx is greater than σy

Thus, if σz is acting in vertical direction the common impact of both σx and σy

stresses can be estimated. These stresses are present in the entire reservoir.

Figure 2.10 shows the borehole deformation due to stresses acting in X and Y direc-

tion. If σx is assumed to be greater than σy the direction of fracture propagation can

be determined. Material particles close to A-A’ are under tension while particles close

to B-B’ are under compression. Solid mechanics suggests that fracture initiates at a

point, or points, of maximum tensile stress and that additional cracks will propagate

in the direction of the maximum principle stress. Furthermore, it is known that rock is

almost an order of magnitude weaker in tension than in compression [47] which is clear

that fracture will initiate in the A-A’ direction.

Stress in A-A’ section, when θ = 0◦:

σθθ = σx + σy − 2(σx − σy)(1)

σθθ = 3σy − σx

(2.4)

Stress in B-B’ section, when θ = 90◦:
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σθθ = σx + σy − 2(σx − σy)(−1)

σθθ = 3σx − σy

(2.5)

In order for a fracture to occur in the well the maximum tensile stress induced around

the wellbore must be greater than tensile strength of the formation. Indeed, if σθθ =

3σy − σx (the stress caused by the weight of the rock above the bore) exceeds the

tensile strength of the formation then a fracture will occur in the process of drilling

and hydraulic fracturing may not be necessary. However, if σθθ is not sufficient, fluid

pressure must be applied to induce additional tensile stress in the wellbore. Stresses

generated by internal fluid pressure can be estimated by applying equation 2.6. Pressure

differential inside the wellbore (∆p) is the difference between the bottomhole pressure

(pw) and the reservoir pressure (pr).

σrr = (pw − pr)
r2w
r2

= ∆p
r2w
r2

σθθ = −(pw − pr)
r2w
r2

= −∆p
r2w
r2

τrθ = 0

(2.6)

So if tensile strength of the formation is considered it can be concluded that frac-

turing will occur whenever σθθ is equal to the tensile strength of the rock (T).

The effect of pore pressure (pr) also needs to be accounted for. In 1923, Terzaghi

introduced the concept of effective stress stating that the weight of the overburden is

carried by the rock material (i.e. grains) and the pore pressure (the pressure of the

fluid in the pore spaces between the rock grains). To refine this concept in 1941, Biot

introduced a poroelastic constant, β, that describes the efficiency of fluid pressure [48].

The poroelastic constant β can be obtained experimentally.

Equation 2.2 can now be developed to include additional factors reflecting fluid

pressure, equation 2.6, tensile strength of the rock (T ) and Terzaghi/Biot stress distri-

bution (βpr). Finally, the breakdown pressure required to cause formation failure (pb)

can be expressed by equation 2.7.

Breakdown pressure (pb) is the first phase of hydraulic fracturing. Once formation

breakdown occurs, the overall pressure is predominately reduced by 20-30% [49], as
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shown in Figure 2.6. This phenomenon was explained by Haimson et al. [46] and

Hubbert et al. [47] who also identifies the basic driving factors for fracture initiation

during hydraulic fracturing.

pb = 3σHmin − σHmax + T − βpr (2.7)

Having established the driving factors for the overall stress state, the most influential

factors can be examined and discussed further. From the equation 2.7 it is apparent that

all the variables show linear correlation. However, σHmin, (due to the multiplication

factor 3) has the highest impact. The least principal horizontal stress σHmin is a direct

result of the overburden stress and the Poisson’s ratio of the material (υ) determines

how much vertical stress will be transmitted in the horizontal direction. Rocks with a

high Poisson’s ratio will have higher horizontal stress. Taking into account both the

overburden carried by the rock grain and the overburden carried by the pore pressure

(βpr) the total horizontal stress equation can be expressed by equation 2.8.

σHmin =

(

υ

1− υ

)

(σV − βpr) + βpr (2.8)

Furthermore, equation 2.8 states that horizontal stress (σHmin) is affected by verti-

cal stresses of the overlying formation (σV ) and pore pressure (βpr) in the horizontal

direction.

Poisson’s ratio (υ), poroelastic constant (β) and pore pressure (pr) can all be derived

by experimental analysis of the core samples [50]. Vertical stress (σV ) is naturally

affected by the height of the overburden layer (H) and the average density (ρ) of the

overlying strata, expressed by equation 2.9.

σV = ρH (2.9)
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22.62
kPa

m
≤ σV ≤ 24.88

kPa

m
(2.10)

A logging tool could be used to measure formation density of the individual layers in

the overburden. However, due to the well depth and time involved it is more common

to use an average pressure factor gradient as expressed in equation 2.10.

It can be concluded that, for formations that haven’t experienced significant defor-

mation, depth is the principal factor for determining the pressure requirements of the

well if no dominating structural faults are present. The case study in section 8.1 will

evaluate sets of data using these theoretical equations.

Summarising presented fracture initiation mechanics it can be seen that breakdown

pressure can be determined based on the geological properties and the location of the

source rock. Analysis of stress field has demonstrated that fracture orientation is also

a known function that can be established analytically.

Volume

Having established the theoretical breakdown pressure required to initiate rock fracture,

the second operating variable, fluid volume, can also be investigated. There is no single

property of shale rock being hydraulically fractured that is able to describe accurately

the volume of water required for each individual well. Due to geological differences in

the properties of the rock, structural and the relative location of the prospective shale

layers, predictions need to be adjusted appropriately. Currently, only North American

shale data is available to estimate the properties of the European equivalent shales.

The magnitude of the liquid volume required is established by the API (American

Petroleum Institute) guideline which states that volume of water required to successfully

hydraulically fracture well is between 9 million and 18 million liters [51], academic

literature predominantly confirms these numbers [52].

Volume requirement can be divided into two quantities. First, the amount of water

needed to fill all the hoses, pipelines and well casing up to the target zone (i.e. stage

to be fractured). Second, the water absorbed in the cracked rock during the hydraulic

fracturing. This approach requires both quantitative and qualitative assessment of the

actual water requirement depending on the changes in the well properties (i.e. depth
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and shale rock characteristics). To calculate the volume required to fill the pipe work

and bore on site it is necessary to examine all the lines leading from the water storage

units on site to the shale reservoir rock (well depths are rarely shallower than 1,000m).

Because surface leads and lines are measured in tens of meters (at least two orders of

magnitude smaller than the well depth) the following discussion focuses only on steel

casing volume.

The outer wall of the bore is formed by casing strings run in sequence. Bigger

diameter pipes are used in the beginning and as the well length progresses casing

pipe diameter becomes smaller [49]. The internal wall of the bore is created by a

uniform production casing throughout the entire well. Since diameter is consistent

from the surface to the end internal well bore volume can calculated using equation

2.11. Measured depth (MD) is the true well length from the surface to the end of the

well, Figure 2.7. Pipe’s inside diameter is denoted by Dw.

Vw =
D2

wπ

4
MD (2.11)

To evaluate the second volume of the water needed during hydraulic fracturing it

is necessary to examine actual field data.

The field data was collected from three different hydraulic fracturing operations in

structurally different basins during April 2013. In each case operational time of the

hydraulic fracture for a single stage was between 60 and 210 minutes. A number of flow

rates were recorded during operations but for brevity this section will present only one

stage per well (Table 2.1).

Table 2.1: Experimental flow rate data during hydraulic fracturing [53]

Well
No.

Time
(min)

Flow rate
(l/min)

Average rate
(l/min)

Total Volume
(l)

Well 1 57 1,908 - 8,904 6,698 381,759
Well 2 97 1,590 - 7,950 6,376 618,510
Well 3 210 1,590 - 16,224 13,144 2,472,100

Although only loosely correlated it can be observed that the average volume flow

rate per stage is between 6,000 and 10,000 l/min. The volume of fluid needed to fill the
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Figure 2.11: Fluid Composition Chart

casing, equation 2.11, would typically only be measured in tens of thousands of litres

(e.g. 20,000 l) which are clearly a negligible factor for the overall requirements.

In conclusion, this section has demonstrated how volume requirements can be esti-

mated in hydraulic fracturing applications. Two individual parts of the system were

considered, volume of process machinery (pipes, hoses, steel casing...) and the volumet-

ric flow rates released into the formation. It was demonstrated how experimental data

from field locations can complement the analytical analysis and published guidelines.

Fluid composition

Slurry or frac-fluid is a mixture of water, chemicals and sand or other manmade grain

particles commonly referred to as proppant. In recent years industry has disclosed

specific details about precise chemicals that are being used. Figure 2.11 was created

by the “Ground Water Protection Council” in collaboration with companies involved

in frac-fluid industry. The specific well, shown in Figure 2.11, indicates that injected

slurry composition has 0.3% of chemical present. Hydrochloric acid is the dominant

chemical injected to clean out the well after perforation blast. Other components are

included to change the properties of the slurry by altering its viscosity, density and

bacteria resilience to name a few.

The function of each of the added chemicals is fully defined and introduced into

slurry to produce a desired effect. Acid composition is hydrochloric and its purpose is
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to dissolve minerals and initiate cracks. The second most common additive is a friction

reducer that helps to maintain low friction between fluid/pipe surface. To increase

viscosity of the fluid, and thereby sustain proppant in the slurry, isopropanol is added.

To prevent pipe damage due to scale formation or corrosion inhibitors are frequently

added. Bacteria formation is counteracted by use of biocide [52].

Sand is the most common type of proppant used in the industry. It is cheaper than

manmade alternatives and it varies in sizes, chemical and mechanical properties. In

the industry size of proppant is measured using mesh standard size system (100 mesh,

10/20 mesh, etc...). Manmade proppant can be synthetic, ceramic, plastic or resin

coated and each has different application for different hydrocarbons [40].

Flowback water (aka backflow water) is the murky, salty water from hydraulic

fracturing of natural gas wells. It consists of frac-fluid which returns to the surface

(aka the frac load recovery) as well as produced water. This water contains clay, dirt,

metals, chemicals and even diesel that may have been added. The frac load recovery

can be anywhere from 10-70% of the volume of fluid that is injected [54],[55]. Transition

point occurs when recovering of frac-fluid is substituted with produced water. Usually,

this point is difficult to distinguish, yet may be discerned from the different chemical

signatures of the frac water versus the naturally occurring water produced by the

formation. In the initial 3-4 weeks of post-fracturing flowback of frac-fluids is estimated

to be around 1,000m3/day [52] after which an additional 8,000 to 22,000m3 of produced

water may flowback for up to two years [55].

Flowback water may be characterised as having high salinity and total dissolved

solids (TDS). It is laden with the same chemicals that were pumped into the well, in

addition to any unique contaminants that are present in the rock formation water deep

below. In addition to natural salinity of water in the formation, any fresh water that is

forced down a well will tend to dissolve salts in the formation thus giving the recovered

water very high salinity.

Produced reservoir water and recycled flowback water can be treated and reused for

fracturing, depending on the quality of the water. Natural formation water has been

in contact with the reservoir formation for millions of years and thus contains minerals

native to the reservoir rock. Some of this formation water is recovered with the flowback
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water after hydraulic fracturing, so that both contribute to the characteristics of the

flow back water. The salinity, TDS, and overall quality of this formation/flow back

water mixture can vary by geologic basin and specific rock strata. For example, water

salinity can range from brackish ( 5% (5,000 parts per million (ppm)) to 3.5%), to saline

(3.5-5%), to supersaturated brine (5-20%). Other water quality characteristics that may

influence water management options for fracturing operations include concentrations

of hydrocarbons (analysed as oil and grease), suspended solids, soluble organics, iron,

calcium, magnesium, and trace constituents such as benzene, boron, silicates, and

possibly other constituents [56].

The returning fluid is predominately collected in metal tanks, open pools, lagoons

or pits lined with layers of plastic. Temporary storage pits are depleted and water is

usually either recycled for fracturing additional wells or trucked off-site to a waste water

disposal facility. Containment pits, or open-air ponds can become points of failure if

liners get cracked or damaged in which case contaminated fluids can then leach into

ground water.

Manifold trailer

Frac Trucks

Frac Trucks

B
L
E
N
D
E
R

Water

Chemicals

Acid - HCl

Sand

Sand conveyor

Frac sanders
Sand transporter

Weir SPM
Pump

Wellhead

Figure 2.12: Global overview of hydraulic fracturing equipment
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2.3 Process equipment

This section discusses the machinery on-site and equipment used in the process of

hydraulic fracturing. Water and chemical storage units are covered in a section 2.3.1

dedicated to transport and fluid handling. Subsequent sections 2.3.2 and 2.3.3 discuss

fluid mixing and flow distribution to and from positive displacement pumps. In section

2.3.4 an introduction to the topic of PD pumps and control on site is given.

This figure 2.12 shows a simplified schematic of a typical frac site. On the right side

of the schematic all the consumables, such as water, chemical, sand, are stored on site

before being mixed inside the blender. Fluid is then transferred to the manifold trailer

that ultimately supplies each individual pump with frac-fluid. On this schematic red

and blue lines represent high and low-pressure lines, respectively.

Figure 2.13 shows pipework schematic of a typical hydraulic fracturing site. Figure

shows the connections between blender, chemical and water facilities, as well as addi-

tional units such as centrifugal pumps found on the blender unit and various safety

valves common to most hydraulic installations.

The control van is a physical unit present on the frac-site that acquires and processes

information coming from the ongoing work. It also issues commands to maintain or

change operational state.

Machinery used during hydraulic fracturing can be separated into several categories:

• Transporting and storage equipment,

• Fluid mixing equipment,

• Pipeline - manifold trailer,

• High-pressure positive displacement pumps.

2.3.1 Transporting and storage equipment

Equipment used for hydraulic fracturing is designed to be mobile. Pumps, blenders and

pipelines are all mounted on trailers. Similarly, water, chemicals and sand are trans-

ported to site in separate containers. Well stimulation is just one of many procedures

used to prepare a well for production so the equipment is only temporarily deployed
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to site. The size of the well, number of stages, well properties and the number of wells

on a single pad will determine the length of the process. Upon hydraulic fracturing

completion all the machinery is removed.

Size and weight of the individual assemblies is a deciding factor as to whether

equipment will be used on-site. In the U.S. different states have different laws when

it comes to allowable load. For instance, in California road weight legislation [57]

is different to Texas weight limits [58]. This indicates that alternative design could

benefit from lighter and therefore more practical components. In the sections 2.4 and

2.5 additional information will be presented.

Physical dimensions of individual trucks may vary as long as it aligns with state

legislation. For example, a frac-trailer, that has a PD pump mounted on it has length,

width and height of 14, 2.6 and 4.1 metres, respectively. In configuration where triplex

pump is assembled frac-trailer weights 25,000 kg [59]. A tanker, in accordance with EU

road legislation [60], is able to transport a maximum of 32,000 litres of water or petrol

(this volume is limited by mass restrictions).

Proppant is supplied to site by similar transport methods. Overall load restriction

will limit the individual tanker. It can be concluded that the same mass limit of

proppant on the truck is the same as water, 32,000 kg. The capacity of upright storage

silos is 100m3 of proppant. From silos blender is supplied via gravity drive and does

not require hydraulic power to operate. Because of the silos’ capacity, eliminating truck

movement is advantageous for most treatments.

Depending on the chemical property of the material consumables can be stored in

plastic or steel containers where once delivered, components are ready to be used.

2.3.2 Fluid mixing equipment

A blender is used to mix all the components such as water, chemicals and proppant

into one consistent fluid. This fluid is commonly referred to as “slurry” or “frac-fluid”.

Depending on the desired effect downhole this fluid may be more or less viscous than

water. Sand is transported into the blender tub using augers while chemicals and

water use separate supply lines. Once the slurry is created, centrifugal pumps conduct

fluid transfer to a common pipeline (manifold trailer), at pressure of (≈ 7.00 bar), also
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Figure 2.14: Blender control panel mounted on the blender unit

referred to as priming.

Blender control is one of the critical phases of the on-site processing plant. In order

to ensure proper fluid mixture is pumped into the borehole a number of parameters

such as mass, flow rate, temperature need be accounted for. Ingredients going into

the blender are water, proppant and chemicals but the fluid coming out of the pump

is one consistent blend. The control board is located on the blender unit itself. All

the information is fed back to the control van. Figure 2.14 show the on-site control

panel.The operator is assigned and located inside the blender control cabin. Blender

has a number of mechanical components such as augers, for transporting sand, and

centrifugal pumps that drive slurry mixture to the manifold trailer. An operator in

the blender control cabin monitors and manually operates speed of the sand augers. If

required, manual control of the slurry mixture can be executed from inside the blender

control cabin.

In the control van, the second operator will have specialised software, provided by

the blender unit manufacturer [61], while being in constant communication with the

operator on the blender unit itself thereby making sure the data feeding into the control

van corresponds to the readings on the blender control panel. Operator in charge of

running the blender from inside the control van will have one of his screens displaying

information as shown on Figure 2.15. This provides direct control of fluid mixture,

properties of the fluid (i.e. Density, Composition) as well as flow properties. Driving

operational changes in the software make direct blender adjustment.

One of the important parameters on the blender unit is the tub level, shown on the
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Figure 2.15: Blender control software used in the control van[61]

right window of Figure 2.15. The operator must maintain sufficient amount of fluid in

the tub while hydraulic fracturing is in progress. Failing to maintain the adequate flow

causes damaging effect on the equipment allocated after the blender, predominantly

the positive displacement pumps.

2.3.3 Pipeline - Manifold trailer

The manifold trailer (aka missile trailer) unit is located amid the array of PD pumps,

Figure 2.12, and is designed to transport fluid from blender to suction side of PD pumps.

Blue line shown in Figure 2.12 is leading the flow from the blender to PD pumps at

low pressure. Photograph of a typical manifold trailer is illustrated in Figure 2.16. The

inlet side of the manifold trailer is leading from the blender and, as previously discussed

in section 2.3.2, slurry is pressurised to ≈ 7.00 bar[62]. Ports on the inlet side of the

manifold trailer are operated by butterfly valves.

The manifold trailer also handles the fluid coming out from the PD pumps and

distributing towards the wellhead. A high-pressure line is positioned underneath a

low-pressure line, as shown in Figure 2.16. A hydraulic fracturing site may have up

to 20 independent PD pumps and each pump is capable of generating pressure up

to ≈ 100MPa(15, 000 psi). High energy generated in the pumping process has to be

constrained following special procedures designed to ensure safe operation. Restraining

rings and restraining ropes on the manifold trailer are designed to immobilise high-

pressure lines leading fluid from discharge side of the pump to the manifold trailer.
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Red pipe - top - low pressure

Silver pipe - bottom - high pressure

Figure 2.16: Manifold trailer is a flow distributor that supplies PD pumps on site with low
pressure slurry from the blender and handles high-pressure discharge slurry from PD pump towards
the wellhead.

2.3.4 High-pressure PD pumps

Positive displacement (PD) pumps have variable speeds which allows them to deliver

the desired flow rates. Pumps are powered by diesel engines and the power is delivered

to the transmission. Output shaft from the transmission gearbox is connected to input

shaft of the PD pump.

High-pressure pumps are sized up to 2,200 kW [63] and fully mounted on the truck

trailer making it a mobile unit ready to be transported to and from any service location.

Inside the control van, pump driver system is focused on delivering optimum flow

rates during hydraulic fracturing. Sensors are located throughout frac-trailer unit and

monitor changes in the system. Precise sensor location is shown in Figure 2.17 and the

sensor output is forwarded to the control van.

Pump driving software, as used in control van, can be seen in Figure 2.18. Exam-

ining screens in Figure 2.18 suggests different grouping of the systems, window on the

left shows all the pumps on a frac site. Summary of essential parameters are shown in

the window on the left, including pressure in psi, flow rate in bbl/min, engine speed
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Figure 2.17: Sensor location on the frac-trailer assembly

Figure 2.18: Pump control software used in the control van [64]

and transmission gear. Window on the right shows in more detail a single frac-trailer

assembly with a single pump. The graphical representation shows separate sections for

‘Pump’, ‘Engine’ and ‘Transmission’. Specific parameters are displayed in addition to

oil pressures and temperatures gauges and fuel levels. If an operator experiences any

suspicious pump behaviour, accessing detailed reading can help towards malfunction

diagnostics.

Prior to any pumping downhole, it is mandatory to ensure pressure conservancy

within equipment on site. Any leaks in the system will affect pressure reading in the

control van and by doing so convey a false image of pressure trend downhole. Pressure
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tests are conducted prior to every hydraulic fracturing stage. Similar to blender control

validation, discussed in section 2.3.2, pressure reading from individual pump is to be

validated by using sensor data acquired in the control van. Each pump is equipped

with an analogue pressure gauge to increase the safety factor of the process control.

Whilst hydraulic fracturing is being performed the pressure response from the well

and adjusting pump speed are constantly recorded. In case of pressure drop, with

the same number of pumps running, decline occurred because fluid downhole reached

more porous zone and is leaking off. Naturally, this is true assuming that there are

no leaks in the surface equipment. Pressure spikes can be encountered as well, which

indicates that the fluid propagation downhole has reached a harder, more impermeable

zone. The rock formation is highly heterogeneous, as discussed in 2.1, which means

that at specific depth pumping system may encounter different well properties. It is

therefore absolutely essential to track pressure trend and act in accordance with the

well response.

2.4 Drive train assembly

Frac-truck assembly is a major component of the hydraulic fracturing system comprised

of a high-pressure PD pump and drive mechanism that pressurises fluid up to ≈100MPa

(15,000 psi). Hydraulic energy is delivered by converting power from the diesel engine to

the in-line motion of the cylinders. One of the challenges lies in the operating fluid itself

due to its inert and incompressible nature. Physical properties of slurry composition

can vary so the more viscous the fluid the more it will increase the drive unit’s power

requirements.

Stresses inside the pump, during a pumping cycle, are critical for the mechanical

integrity of the system. Rod load limit of a typical triplex pump is approximately

1MN as specified by the equipment’s manufacturer [65]. The internal geometry of the

pump is in direct contact with the fluid’s high-pressure gradient. Typical slurry also

carries sand grain particles which, in high-pressure conditions, have damaging effect on

a pump. Erosion, cavitation and corrosion in specific pumping regimes can easily lead

to valve, sealing mechanisms or even pump fluid block failure.

Figure 2.19 shows a typical frac-truck assembly which consists of drive system,
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Engine coolerEngine

TransmissionPD Pump

Figure 2.19: Frac-truck assembly is comprised of individual systems such as PD pump, trans-
mission, diesel engine and the auxiliary cooling system

transmission and PD pump [66]. Normal operation requires additional systems such as

cooling and lubrication systems.

In this section literature review will focus on the frac-truck assembly by discussing

following systems; Diesel engine, Transmission and PD pump assembly.

2.4.1 Diesel Engine

Engines mounted on the frac truck vary in size depending on the size of the pump

and the consumption of additional components. Choosing the right size of pump is

determined first of all by examining PD pump requirements. Common diesel engine

sizes, depending on the manufacturer, go up to 3,000 kW. A typical pump engine is

a CAT 3512C HD, 1678 kW@1900rpm. This engine is continuous duty rated, Tier II

4-stroke, V style, engine displacement volume is 58.9 l [67].

The truck shown in Figure 2.19 is designed to transport the frac-truck assembly to

and from a site. In this analysis the engine selected is a typical heavy duty freight en-

gine, Mercedes-Benz OM 501LA, 290kW@1800rpm, engine displacement 11.95 l. This

engine has Euro 3 emissions levels [68].

Figure 2.20 displays physical setup of diesel engine mounted on the frac-trailer.

Pump engine is mounted adjacent to the truck cabin separated by an engine cooler

compartment, Figure 2.20 (left). Instrumentation present on this vehicle, Figure 2.20

(centre) shows oil pressure and temperature readings. This unit displays pressures and
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Figure 2.20: Left: Engine mounted on the Frac-trailer assembly, Centre: Pressure and temper-
ature control gauges, Right: Oil filters

temperatures in the transmission system. The pump’s power-end lubrication system is

also connected. Every skid has an on-board computer that records operation metrics,

allocated on the same side as the Pressure/Temperature control panel. Due to its more

sensitive construction it needs to be protected from outside conditions. A touch-screen

display and computer are therefore kept in an aluminium casing adjacent to the control

panel. Basic operational metrics include the number of hours in operation, pressure

readings and properties of the lubrication system. The software has a multitude of

input options that include user specified parts of the frac-truck assembly, an example

of which is the pump’s suction and discharge valves replacement. These consumables

need to be inspected and replaced at regular intervals to ensure proper operation of the

PD pump. The on-board computer can store installation and replacement data from

the operator enabling good economic prediction as well as operational history.

Frac-trucks are often operating in a remote or demanding environment. Depending

on the altitude and temperature conditions adequate additional equipment must be

present and engines must be set up for particular atmospheric conditions. Fracturing

in Texas means there is not enough vegetation to prevent excess sand and dust ac-

cumulation. This requires upgrading the filtering system. Figure 2.20 (right) shows

additional oil filters installed on this diesel engine.

The cooling compartment is located in-between the engine and the driver’s cabin.

The cooling system is comprised of a horizontal radiator and hydraulically driven fan.

Cooling circuits are used for engine coolant, aftercooler, PD pump lubrication oil, fuel

and hydraulic fan drive.
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2.4.2 Transmission

The rotational power of the engine’s drive shaft does not have the required speed and

torque for PD pump’s operation. Consequently speed reduction is implemented to

ensure optimal performance from the PD pump. In the oil and gas industry eight and

nine gear speed gearboxes are widely used. Connection between gearbox and the engine

is achieved via torque converter which is designed to establish flexible fluid coupling

between the engine and the gearbox.

Torque Converter - is a transmission unit that transmits power from engine to

gearbox. Unlike conventional gearboxes, that use pairing up of the gears to transfer

torque and speed, torque converters use hydraulics as a transfer medium. These units

employ hydrodynamic coupling, specifically oil, to create flexible connection between

output shaft from the diesel engine and the input shaft of the conventional gearbox.

Torque converter’s prime function is to multiply torque from the source unit (engine)

while decreasing rotational speed. The gradual build-up of power is an additional

benefit; when the engine is at low speed the torque multiplication will be lower, as

the engine accelerates torque multiplication will gradually increase up to its efficiency

peak.

Power from the source (diesel engine - prime mover) is absorbed in the impeller,

fluid is accelerated from relatively low-velocity present near the centre to a high velocity

that is at the outer diameter. Power capacity is proportional to impeller’s speed and

outside diameter. Torque capacity is also proportional to impeller’s speed and the outer

diameter. Work done by the engine, in accelerating fluid from low to high velocity, is

turned into kinetic energy which is transmitted to the turbine. Inside the turbine, fluid

loses its speed while being guided back towards the centre of the chamber. From the

turbine it enters the stator element that changes direction of the return flow between the

turbine and the impeller. This direction change increases the momentum of the fluid,

thereby increasing the torque capacity. From stator it enters impeller in a continuous

process. Reaction torque presents a share of the total torque that resulted from the

change in fluid direction. The amount of reaction torque is determined by the shape,

angle and configuration of the blades. More than one reaction member can be employed

whereas units are marked as single, two or three-stage converters in accordance with
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Figure 2.21: Combined performance curves between engine and torque converter compiled by
TwinDiscInc. [71].

the number of stages in the turbine [69].

In this literature review Twin Disc 8500 [70] was selected for demonstration. Chosen

torque converter is assembled on a wide array of fracturing trailers and is considered

to be the industry standard.

Based on an engine’s output performance and selected torque-converter collective

power and torque output can be calculated based on the individual input data. In

Figure 2.21 combined plot shows sole engine’s power and torque over a range of speeds

and the same power/torque metrics of engine and torque converter combined.

The gearbox - is comprised of eight gears which allows the pump to operate over

a range of speeds. The gearbox will start building up from lower to higher gear (with

the initiation of the pumping process). Allison Transmission 9800 Series [72] is one of

the most commonly used in hydraulic fracturing. Input power size varies depending on

the model starting from 1,200 kW to 1,800 kW. Acceptable full load engine governed

speed is 1,800-2,100 rpm with minimum engine idle speed (with transmission in ‘drive’)

of 550 rpm [72]. Since the drive train is powering PD pump operation, it only needs to

rotate in one direction, there is no need for reverse gear. Figure 2.22 shows a gearbox
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Mechanical Ratios

First Second Third Fourth Fifth Sixth Seventh Eighth Reverse

3.75:1 2.69:1 2.20:1 1.77:1 1.58:1 1.27:1 1.00:1 0.72:1 Not
Available

R
a
n
g
e

Figure 2.22: Transmission unit connecting diesel engine to positive displacement pump is shown.
Table beneath gives reduction ratios for selected gearbox unit [72].

schematic on a frac-truck assembly with a table of different speed ratios.

2.5 Positive displacement pump

Pumps used in hydraulic fracturing applications operate by using the reciprocating

motion of the plunger to pressurise the fluid. Plunger movement from bottom-dead-

centre to top-dead-centre compresses fluid inside the chamber until it reaches the outlet

(wellhead) pressure. A typical reciprocating pump has a fixed pumping stroke. Flow

rate capacity is defined by considering the internal chamber volume (plunger diameter

and plunger stroke) and pump speed.

The pump is comprised of two main sections; power-end (PE) has a crankshaft

mechanism that transfers rotational movement from transmission to linear motion of

plungers and fluid-end (FE) stands for an enclosed chamber in which the fluid is pressur-

ized. Depending on the configuration, PD pumps can have either three or five cylinders

(or chambers), also known as triplex and quintuplex respectively.

Pump chosen for further analysis is WeirSPM TWS2250HD shown in Figure 2.23.

This pump has a triplex setup (three plungers) and is available in multiple plunger sizes

offering flow rate up to 2,300 l/min and pressure as high as 130MPa [73].

High-pressure pumping equipment is required to pump large volumes of frac-fluid
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Fluid End

Power End

Figure 2.23: Positive displacement pump is mounted on the back of the trailer skid. It is
comprised of two sections, power-end with mechanical crankshaft and fluid-end in which slurry is
pressurised.

Specification Design Value Units

Mech. horsepower 1,677 kW

Max. rod load capacity 108,214 kg

Max. engine RPM 1,950 rpm

Gear ratio 6.353:1

Stroke length 0.204 m

Plunger diameter 0.111 m

Number of cylinders 3

Mech. efficiency 90 %

Performance specifications:

m (kW)HP

max (kg)F

engRPM

gr

(m)L

(m)D

cylN

(%)ME

Figure 2.24: Left image shows typical 3-cylinder positive displacement pump employed in hy-
draulic fracturing [73]. To the right, the table details the performance specification of a typical
pump.

to pressurise the well formation until the surrounding rock fractures. After fracturing

has occurred, pumps are needed to propel and deposit proppant into the newly opened

fissures in the rock to keep the formation open. Some pump types, such as a centrifugal

or rotary pump, decline in performance once operated outside the point of peak effi-

ciency. However, positive displacement pumps have a broader operating range and are

able to provide both high flow rates and pressure for sustained periods [74]. A typical

3-cylinder pump is shown in Figure 2.24.

The fundamental physics of fluid movement means that all pumps are designed to

operate in predefined ranges as shown in Figure 2.25b. Operating pumps outside their

design range can lead to premature failure caused by over stressing their structures [75].
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Figure 2.25: Cross section of the positive displacement pump (a) with speed and pressure ranges
(b). Lower left and right graphs show the cyclic variations in rod load (c) and pressure seen during
a single pumping stroke (d).

A pressure relief valve is located on the high-pressure part of the PD pump to prevent

overpressurization and failure inside the chamber.

In a hydraulic fracturing operation, pumps must be capable of providing both high

pressure and (at different times) high flow output. The initial phase of a fracturing

stage, known as the ‘breakdown’ phase, requires a high pressure to initially crack the

rock (in Figure 2.6 this is shown in the tenth minute of the stage). This duty lasts for

only couple of minutes but it is crucial to the success of the entire operation. The next

part of the operation (again, as shown in Figure 2.6) is referred to as the ‘fracture prop-

agation’ or ‘extension phase’ [46]. In this phase, the cracks initiated in the ‘breakdown

phase’ are propagated to create the desired fracture network necessary for maximum gas

flow. Thus, this part of the hydraulic fracturing operation is also crucial as it directly

determines the effectiveness of the well stimulation [47]. During this phase, the fluid

pressure must be maintained at a lower level for a couple of hours while the flow rate is

up to 6 times higher than in the breakdown phase. These flow rates are achieved either
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Figure 2.26: Three phases of a typical pd pumping cycle during suction stroke. (a) fluid is
pressurised and delivered through the discharge valve. (b) decompression of the chamber as the
plunger retracts. (c) pressure in the chamber is lower than the suction pipe and fluid enters
through the suction valve.

by increasing the speed of the pump, Figure 2.25b, or (when the performance limits of

individual pumps are reached) by introducing additional pumps to the operation. An

experimental study by Fan [76] highlights pressure variation due to different injection

flow rate dynamics. Negative effects of pressure oscillation are manifested in the form

of unpredictable shale fracture development and are also damaging to the pumps and

other process equipment generally used during hydraulic fracturing. Consequently, the

relationship between injection pressure and injection flow rate is critical for successful

well stimulation.

As previously noted, there is no advantage to designing larger pumps (rather than

requiring a lower number of pumps), since, in order to be portable, their size is limited

to the truck specifications in North America.

2.5.1 Operating principle of PD pump

A positive displacement pump in its simplest form consists of a pressure chamber, re-

ciprocating plunger, an inlet valve that regulates fluid entering the internal pressure

chamber, an outlet valve that regulates the exiting of the fluid from the pressure cham-

ber and the power generator with the accompanying crankshaft mechanism that drives

the reciprocating motion of the plunger, all of which are shown in Figure 2.26. Miller’s

work details some of the operating principles commonly associated with positive dis-

placement pumps, [74] and the requirements in field operation are clearly documented

by the American Petroleum Institute [75].

The operating cycle starts with the plunger retracting from TDC (top dead centre)

position, illustrated in Figure 2.26. This configuration decompresses the internal cham-
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Figure 2.27: Cross section of the PD pump’s power-end shows the crankshaft mechanism which
drives the plunger motion. Main components are listed in the figure. The second part of the
assembly (fluid-end) is mounted on the right.

ber and causes the suction (i.e. inlet) valve to open. At that point the pressure present

in the suction line is greater than the pressure inside the chamber. The suction valve

is held open until the plunger reaches BDC (bottom dead centre). Once the plunger

starts moving away from BDC the compression stroke begins. The exact timing of the

opening and the closing of both suction and discharge valves are dependent on the bulk

modulus of the fluid. The outlet valve opens only when the pressure inside the internal

geometry of the pump reaches the pressure in the discharge line. At this point the

discharge valve opens and pressure balance is established. When plunger again reaches

the TDC discharge is complete and the cycle begins again.

2.5.2 Power End design

The drive train is directly coupled to the power end part of the pump. In this section

the rotational motion of the driveshaft is converted into linear motion of the plunger. In

Figure 2.27 cross section of pump’s power end is given. A list of the main components

is displayed in Figure 2.27.

The power-end incorporates a fixed speed gearbox, not shown in Figure 2.27, that

reduces the speed from the transmission unit by a set ratio. For the selected PD pump

this ratio is identified in the table shown in Figure 2.24. Sets of bearings are assembled

on each end of the connecting rod (con-rod). All plungers on a three-cylinder pump are

offset by 120◦. Crank radius defines plunger stroke in a way that stroke equals double
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crank radius length. Rod-load is the limit of acceptable stress condition acting on the

crankshaft via plunger, for specified pump rod-load is given in Figure 2.24.

The crankshaft is manufactured through forging process. The crank case which

was previously machined and welded has in recent years undergone modifications in

manufacturing process. New generation PD pumps have steel crank cases which are

forged with minimum amount of welded structures.

Strength limitations

Bearings are critical components in the current power end assembly. Life of the bearing

will depend on the operating conditions and the service life maintenance. Bearing life

is expected to be up to 3,000 hours of operation with regular service every 500 hours

[77].

The structural strength constraints of the pump can also affect operations in several

ways, for example:

• Each pump has a pressure restriction due to the maximum rod load that its drive

can transmit without buckling [78]. Each cylinder is controlled by a crankshaft

that is powered from the diesel engine’s driveshaft via the gearbox. [74].

• The pump housing is directly affected by periodic loads, particularly throughout

the discharge stroke as shown in Figure 2.25c and 2.25d. The resulting strain

frequently causes the pump housing to experience twisting and deflection.

• The cyclic loads on the structure, due to the drive mechanism, indicate that the

power delivery (i.e. torque and speed) is non-linear [79]. The unsteady power

delivery from the engine and transmission will impact on a pump’s life through

fatigue limits and shorter component life (e.g. bearings).

Vibration presents an additional phenomenon associated with current designs, re-

sulting in problems of constructive interference. The previous investigation identifies

that the fluctuation of the engine speed of ±100rpm is insufficient to control the fractur-

ing process with adequate precision. Moreover, the life of other elements are strongly

influenced by speed, load and vibration. The performance of machine elements such as
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Figure 2.28: Cross section of the PD pump’s fluid-end shows internal volume, cylindrical plunger
and the set of poppet valves. List of key components of this section of the PD pump are listed.

bearing, drive couplings and driveshaft offset angle all have significant impact on the

pump’s overall performance.

2.5.3 Fluid End design

The next major component in PD pump assembly is the fluid-end where the recipro-

cating motion of the plungers sucks fluid inside the chamber and compresses it until

the pressure reaches the outlet conditions. Main components of fluid end are shown in

Figure 2.28.

Suction manifold supplies all cylinders with operating fluid. To prevent the liquid

from cavitating (i.e. falling below atmospheric pressure) the inlet is pressurised by

an external centrifugal pump located on the blender (section 2.3.2). The discharge

manifold consists of chamber plenum that merges output from all cylinders in the

pump. The discharge fluid is led back to the manifold trailer (as discussed in section

2.3.3). The inlet valve/seat assembly consists of a replaceable steel seat that is a part

of the internal volume and the steel valve that is free to move, under the influence of
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the pressure inside and outside the internal volume. The outlet valve operates on the

same principle as inlet the valve. Inlet and outlet valve springs are pushed against the

body of the valve which creates the preload force on the valve assembly. Preload on

the inlet and outlet valve can be different in design.

A plunger is located inside each of the chambers, therefore, a three cylinder pump

will have three plungers. The diameter of the plunger and crank radius (section 2.5.2)

fully define the internal volume of the chamber and rod-load of the crankshaft. The

plunger design has an internal bore, illustrated in Figure 2.28-7, to minimise the weight

of the component and minimise inertia. Plunger seals are placed between the seal flange

and the outer plunger circumference. Seals can be tightened to account for the high

chamber (internal volume) pressure.

The external case is manufactured from stainless steel and different alloy steels

through the process of casting. All internal volumes are machined.

Graphical representation of the internal volume is shown in Figure 2.28 for better

understanding of the internal geometry.

Fluid limitations

Although fluid properties such as inertia or viscosity create theoretical boundaries for

the flows and pressures that a pump can deliver, some of the most serious practical

constraints are secondary to the movement of the fluid. For example, erosion is common

even though pumps are manufactured from hardened-alloy or stainless steel. This is

because, as described in Section 2.2.4, the frac-fluid is a slurry of water, chemicals and

proppants, that erode and corrode the pump components in a number of ways [78].

• During the high flow operating regime sand and proppant particles cause erosion

and wear in the fluid chamber [80].

• The addition of acid to the frac-fluid in some hydraulic fracturing operations

causes corrosion that ultimately reduces the fatigue life of the pump [81].

Together, these processes wear the internal surfaces of the fluid chamber after a number

of hours, leading to so-called pump ”wash out”. The effects of wear include leaking

valves and deteriorated plunger seals. This limits the pressure at the outlet of the
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manifold trailer (i.e. the inlet of the pump’s suction chamber). Sealing failure can

allow high-pressure fluid to propagate outside the pump in an uncontrolled way which

is a serious risk for the operator and personnel on site. Pump leakage affects equipment

efficiency and performance characteristics.

If the priming pressure coming from the manifold trailer drops below a critical

threshold, cavitation problems occur in the fluid chamber [82].

Perhaps the most serious consequence is that wear varies in proportion to the fluid

velocity [83],[84]. In other words a small increase in fluid speed might have a dramatic

increase in the rates of erosion.

These issues lead to ineffective pumps, loss of volumetric efficiency and an unbal-

anced operation. These design challenges must be overcome to achieve a consistent

flow pattern and avoid oscillation and vibration issues.

2.6 Environmental impact

Emissions are a key element of industrial impact so it is essential that onshore oil and

gas develop scenarios for reduction of CO2 similar to those adopted in other industries

[85]. The methodology for doing this is well understood, for example, development

of the computational model for estimating CO2 emission from oil and gas extraction

was discussed in Gavenas et al, (2015) which allowed the main source of greenhouse

gas (GHG) emission to be identified, managed and mitigated [86]. Since it is forecast

that gas will remain an important fuel into the future, it is important to minimise the

emissions intensity of the shale gas extraction process in order for the resource to be

developed in line with current targets for reduction of carbon emission.

Life cycle assessments (LCAs) are an important tool that can inform the relative

carbon intensity of different energy choices, and identify means of reducing overall emis-

sions. There is some uncertainty around the magnitude of greenhouse gas emissions

from shale gas extraction and consequently the majority of reported shale gas LCAs

have been performed using North American data and practices. Issues such as differ-

ences in assumptions and scope of the LCAs can make their results difficult to compare,

and estimates of lifecycle emissions are evolving as new measurements become available

and as commercial practices change in response to environmental regulation or techno-
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logical advances. Furthermore, these LCAs must be adapted to the European context,

which differs from North America in terms of the resource, environmental regulations,

and social factors. A recent comparative meta-analysis of LCAs found that the median

difference between electricity generated from unconventional and conventional gas in

North America was 3% [87].

These results are similar to LCAs adapted for shale gas extraction in the EU [88].

Indeed, LCAs adapted for shale gas extraction in the UK [89] and Scotland in par-

ticular [90] find that the carbon intensity of shale gas could be lower than imported

conventional natural gas. These LCAs identify that besides fugitive leaks of methane

during gas extraction and transport, which could be the greatest source of greenhouse

gas emissions from shale gas, the majority of greenhouse gas emissions arise from activ-

ities during the preparation of the well pad and construction of the well, rather than

during gas production [90]. To further reduce the carbon intensity of shale gas and the

environmental footprint of the industry, operators should seek to minimise the area of

the well pad, the amount of surface infrastructure, size and mass of the construction

materials, distances materials are transported, and the pad power requirements.

Local air quality, noise and traffic issues associated with hydraulic fracturing impact

on communities local to shale gas developments, and concerns around these impacts

are causing delays to planning applications in the UK and negatively affecting public

acceptability of the industry [91]. The construction and operation of the surface facility

requires significant truck movements and transport distances. For example in North

America over 1000 truck round-trips are required for a single frac-site [92]. Diesel fumes

from trucks, drilling, frac-pump engines and emissions from gas processing equipment

can significantly reduce the air quality around a hydraulic fracturing site; both for the

workers, and local residents [93]. Some significant air quality issues in North America

are related to practices that would not be permitted in Europe due to environmental

legislation (such as storage of flowback fluids in open ponds). The effect of diesel engines

from trucks and pump engines will result in a decrease of local air quality as well as

contributing to noise pollution. Recent work by Rodriguez et al (2013) measured fuel

consumption and on site emissions for two hydraulic fracturing sites in North America,

and found that the fracturing pumps contribute up to 90% of total emissions on-site.
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The pumping equipment may also generate the most significant noise on site during the

lifetime of the shale gas operations, depending on the number of pumps in operation

at any time [91].

In North America, the development of surface hardware has, to date, largely been

driven by the need for incremental improvements to enable hydraulic fracturing at

higher pressures and greater depths. These requirements (high fluid pressure and trans-

porting proppants into the well bore) place great demands on the mechanical structures

of the pumps and therefore the pumps require frequent maintenance and have finite

lives. However, there is no reason why the site machinery deployed in the EU needs to

be designed to the same specifications as for the North American sites. For example,

an enhanced pump design could contribute to reducing the environmental footprint of

the well construction and completion, and also of any re-fracturing during the lifetime

of the shale gas well. Given the relative infancy of the shale gas industry in Europe, it

is timely to consider opportunities for improved design of required hardware.

2.7 Generation of improvement concepts

The literature review suggested nine areas in which technical development can benefit

the hydraulic fracturing process. These are:

1. Process improvement could be achieved by implementing different control mecha-

nisms that incorporate subsurface formation using such methods as microseismic

feedback. Live microseismic feedback could enable better process control but the

limitations are the unknown aspects related to implementation cost and market

impact.

2. System control on site creates new possibilities for automated process operation.

Technical feasibility presents a risk due to the lack of equipment’s operational

data and high research cost.

3. Several of the considered concepts, summarised in Table 2.2, could be categorised

as “blue sky”. An example of this is the feasibility of controlling the dynamics of

pressure pulses towards the target zone.
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4. Multiple small bore plungers could decrease hoop stresses and crankshaft load-

ing. A key drawback of multiple small bore plungers is manifested in the high

implementation cost.

5. In the current circumstances when application of hydraulic fracturing technology

could be utilised worldwide, the questions of emission, noise pollution in inhabited

areas and the physical scale of the operation present a potential bottle neck for

technology acceptance.

6. A number of hypotheses have emerged from improved PD pump design, for in-

stance, the ability to control the valve opening characteristic could influence cav-

itation suppression. Technical feasibility of servo controlled valves presents a

possible risk.

7. A widely recognised concept in industry is the possibility of mixing slurry down-

stream of the high-pressure pumps. This concept will enable better preservation

of high-pressure equipment on site. However, development cost is likely to be

high due to limited technical feasibility and available expertise.

8. An alternative crack initiation method could be achieved by means of hypothetical

downhole water expansion. Creating temperature differentials in the well utilises

the energy of fluid expansion. Downhole water expansion is more challenging for

a number of reasons, predominantly related to R&D time and technical feasibility.

9. The implementation of downhole microbores and timed pressure pulses can pro-

vide benefits to the process but at the same time carries the risk of extended

development time. Although both have potentially high technological impact de-

velopment cost is going to be high thus limiting the feasibility of the solution for

this phase of project.

Table 2.2 illustrates a morphological chart of all the considered research directions.

Design criteria, such as available research time, cost, technical feasibility and available

expertise were used to evaluate impact and project outcome. Despite individual quali-

ties of alternative research questions top surface operation has several key aspects that

need to be considered in the phase of problem assessment.
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Table 2.2: Morphological chart of future hydraulic fracturing development
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The justification for selecting an environmentally driven pump design optimisation

is attributed to its alignment with all the criteria, shown in Table 2.2. Optimisation will

focus on improvement in energy systems specifically focusing on high-pressure pumps.

This research will provide strong arguments for adaptation and wider application of

hydraulic fracturing technology.

The surface operation presents one of the leading risks for public acceptance of

hydraulic fracturing technology. Adgate (2014) report estimates a thousand return

truck journeys over the course of an entire well stimulation process [92]. In addition,

all positive displacement pumps mounted on individual trailer skids present the major

part of all units on site [93]. Section 2.4.1 shows that all the pumps are powered by

diesel engines. According to Rodriguez (2013), PD pumps on site contribute to 90% of

diesel gas emission [93]. PD pumps also take the most of the space on site as shown in

Table 1.1.

This research aims to execute a grid search optimisation algorithm for a redesign

of a single pump unit and system of pumps. The best set of parameters are compared

to current design and practices based on which an overall conclusion is made. The

developed model will also prove to be beneficial for other solution ideas presented in

Table 2.2.

2.8 Summary

The preceding discussion has shown that the machinery involved in hydraulic fracturing

creates a broad spectrum of environmental impacts. Its mechanical design has been

dictated by purely functional requirements of delivering specific pressure and flow, how-

ever, the hydraulic fracturing of the future will also have to minimise the environmental

impact.

In this chapter basic concepts of oil formation and the different geological proper-

ties of rock associated with the process are discussed. Further literature examination

is based around conventional and unconventional oil and gas recovery methods. The

different phases of hydraulic fracturing operation starting with single, multiple stage

design and a simple model of rock fracture mechanics (for establishing well require-

ments in terms of pressure and volume) are presented. These parameters will help to
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establish benchmark values for typical process requirements on site. A brief overview

of fluid composition and the auxiliary process equipment on site, including storage,

transportation and fluid mixing units is also presented.

Risk and environmental constraints related to the process of hydraulic fracturing

were identified by reviewing the practices involved.

Finally, using a morphological chart [94], the last section of the literature review pre-

sented the idea generation and concept selection for development in hydraulic fracturing.

The conclusion of this qualitative analysis is in the identifying of the opportunities for

reduction in environmental impact. Therefore, the optimisation of the equipment’s de-

sign should be the objective of the research. This objective gives rise to two questions:

1. What modifications should be made to the design of the equipment?

2. What impact will the modifications have on the performance?

The following chapters develop system models that not only allow the optimisation of

current design but also implement new design features that have potential to improve

performance.



Chapter 3

Methodology

The literature review identified equipment optimisation as a feasible objective for the

research. This chapter describes the methodology adopted to achieve this objective.

3.1 Research mode and strategy

After reviewing the taxonomy of research methodology proposed by [15] deductive

research method was selected, as shown in Figure 3.1.

The process of hydraulic fracturing is designed to perform the function of well

stimulation to increase productivity. Due to its nature, the engineering rationale will

dictate that combination of physical measurements need to be compared and used to

develop the analytical model.

Consequently, an empirical research strategy is appropriate as the work concerns a

physical process. Because all the solutions and system improvement should be imple-

menta on site it is essential to understand the current state-of-the-art.

Restrictions involved in the purely empirical approach are subject to operational

limitation, so the repeatability is a risk. The need for robustness of the data (e.g. sensor

issue and lack of precision instruments) is an inherent weakness of this method.

Constraints from the empirical strategy, such as limitation to real time event can be

overcome by using an analytical alternative. Consequently replicating real-time event

to a repeatable model will enable a higher degree of flexibility.

Limitations of the analytical strategy are predominately due to its limited fidelity.

61
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Figure 3.1: Framework of research methodology [15].

Analytical strategy on its own is hard to prove and may embody some logical error. The

analytical strategy also risks the researcher’s bias and temptation to focus on trivial

factors, not providing the real answer for the process.

However, despite these problems it is clear that other research strategies, such as

archival and opinion strategy, will not provide the quantifiable results that are needed,

hence they can be excluded in the further analysis.

Therefore the combination of empirical and analytical approaches provides enough

information for a successful research outcome. The following sections further expand

on the manner in which these two strategies are to be applied in the field of hydraulic

fracturing machinery.

3.2 Research domain

It has been established that empirical input from the field is essential to the overall

understanding of the field operation and the subsequent refining of the model. All the

system constraints and the operating practices will be embedded in the data. Obtained

field data can be processed afterwards and examined using different mathematical tools.
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However, owing to the nature of the hydraulic fracturing process, its high impact

in the field and associated economical aspect, it can be concluded that a single, fully

adaptable field model will not be possible for number a of reasons. Limitations in the

data will imply that any change in the operational procedure will have to be reassessed.

Equipment will work on site only in the way of an operator’s established practice,

making unknown the full scope of equipment variance.

The design and construction of the scaled model of a field setup, that can be op-

erated fully and independently of external influences, may answer the insufficiency of

field data. A laboratory research domain implementing scaled model will have the same

operating principles and answer the questions determined in the problem identification

section.

The third and final research strategy is required to be analytical. The development

of such a computational model will enable flexibility and further practical implemen-

tation of knowledge and understanding stemming from two empirical strategies. The

research domain of the analytical strategy is internal logic.

Ultimately the overall research domain consists of two empirical strategies - field

and laboratory and an analytical internal logic.

3.3 Research technique

The final stage of the methodology discussion is analysing research techniques. Iden-

tified domains of research are field data, laboratory and internal logic; first two being

empirical strategies and the last one analytical.

Although there are a number of different commercial suppliers of hydraulic frac-

turing pumps there is remarkable uniformity in their mechanical design (e.g. plunger

diameter, speed, stroke length, etc.). Rather than simply adopting the industry’s de-

fault values this research will investigate the “design space” of several critical interacting

parameters to identify the optimum solution. To do this the following methodology is

adopted:

1. Establish operational requirements for achieving successful well stimulation using

an engineering approach presented in the literature review section 2.2.2.
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Figure 3.2: Methodology for optimisation development shows implementation of two experimen-
tal sets of data into a validated computational.

2. Identify the pressure and flow required to fracture low permeability rock at the

required depths, presented in section 2.2.4;

3. Detail parts of the PD pump that determine mechanical performance;

4. Use the validated computational model for design space analysis;

5. Develop optimisation algorithm to explore possible efficiency improvements and

identify best set of parameters;

6. Using the results from this study compare the power and performance require-

ments from the current and next generation of pumps;

7. Develop optimisation algorithm for site optimisation

8. Quantify the operational improvements between the optimised and the benchmark

model.

9. Evaluate and discuss the environmental benefits that enhanced PD pump perfor-

mance and system layout could offer for hydraulic fracturing operations;

Given the above strategy the crucial elements are computational model, model valida-

tion and pump/system optimisation, considering each of these in turn.
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Figure 3.3: MatLab computational model validation was conducted in parallel with alternative
modelling tools. Presence of each model in individual chapters throughout the thesis are identified.

3.3.1 Methodology for development of computational model

Every component seen on a frac-truck assembly is an independent subsystem. How-

ever, recognizing critical system parameters can, in the end, help towards better design

and optimized pump performance. Therefore, the phased development of a computa-

tional model was done by implementing sequential design, validation and integration

of individual parts into one pumping system. Modelling starts from power generators

and progresses all the way to the internal parts of a single PD pump. Sections in this

chapter will give emphasis on the most influential parts of the system such as:

• Engine to PD pump power transmission

• Internal fluid dynamics in a single cylinder

• Valve actuation analysis

• Chamber interaction in multi-cylinder pump

MatLab computational model is used throughout the thesis and in the Optimisation

study, Chapter 8. Figure 3.3 identifies other methods used to validate the computa-

tional model in Chapters 4.1,4.2, 4.3, 4.4, 7, 8.

The sections in this chapter will be approached separately by identifying individual

problems and opportunities relevant to the identified modelling scope. Each section

has clearly defined aims and objectives to retain the focus on individual sections of the

computational model. Mechanical overview of the system will be stemming from the

data given in literature review sections 2.4-2.5 by providing additional information.

Validation of the fluid dynamics model will be provided in each of the sections to

establish the ground truth. For this purpose a comprehensive Computational Fluid



CHAPTER 3 METHODOLOGY 66

Dynamic (CFD) model was used. A highly advanced model of single cylinder positive

displacement pump was developed by A.Iannetti [95] in order to study cavitation and

related phenomena. This model was fully validated against experimental data and will

be used as a benchmark model.

Using fundamental numerical modelling and not the CFD is justified for three rea-

sons; first of all the numerical model is efficient by being able to provide the analyst

with reliable data, secondly, the fundamental numerical tool is also effective as it fo-

cuses on a critical part of the system and finally, it is cheap in terms of computational

time and software licence.

The specific objectives for the computational model are:

• To create a computational model of a single cylinder PD pump driven by a rotary

drive,

• Quantify the effects of varying the drive speed across a range of input speed,

section 4.1

• Validate the output against a CFD [82] simulation for specific operating condi-

tions, 4.2

• Analyse benefits of the improved valve dynamics, section 4.3

• Quantify the power losses in different plunger arrangements, section 4.4.

3.3.2 Methodology for model validation

Field data will focus on pump performance on site during hydraulic fracturing. In the

research technique, pressure, speed and pump vibration will all be analysed. Pump

pressure is a direct input to the system as shown in sections 2.2.2 and 2.2.4. Speed

measurement is used to calculate pump flow rate. These two values together are the

basic requirements for estimating the power consumption. In addition, pump vibration

will be monitored through the use of accelerometers allocated to the specific sections of

the pump. All the sensor data obtained during routine hydraulic fracturing operations

will be subsequently post processed and analysed.

Laboratory tests will use a geometrically scaled replica of a genuine frac-truck as-

sembly. Model will contain all the essential elements, such as power generator, speed
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Figure 3.4: Methodology for validating computational model using CFD model, Flowmater R©

model, Field data and Test rig data.

variator and positive displacement pump as seen in full size applications. The pump

will be instrumented with multiple pressure sensors, flow rate meter and speed sensor

on the input driveshaft. Modularity and operation at different speeds and pressures

are to be achieved from the system.

Not all necessary validation data can be derived from the experimental tests. Other

two computational models (CFD and Flowmaster) are also used in the validating phase

in Chapter 7. Different operating output from a PD pump include Inlet pressure,

Chamber pressure (simplex and triplex), Discharge pressure and Flow rate (chamber

and total).

3.3.3 Methodology for pump and system optimisation

To evaluate design space in PD pumps a Monte Carlo method is used for analysis of

individual parameter data sets. In the first step Latin Hypercube Sampling is used to

generate random samples of values in the interval [0,1] for each optimisation parameter.

Such samples are then scaled accordingly in order to reflect realistic and physically

meaningful parameter ranges, and model simulations are carried out for every randomly

generated combination of parameters.

In the second step the desired model outputs characterising the PD pump, such as

rod load, flow rate and power, are analysed. Simulations producing outputs which do

not comply with the necessary performances are discarded.

Subsequently, the possibility for each of the retained model simulation to represent

an optimum is assessed with the chosen criteria (for example pressure, flow rate and

power).
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The initially generated model parameter samples are then sampled with replace-

ment assuming sampling probability from the calculated weights. The final results

present approximated probability density distribution for each optimisation parameter,

underlying the relative optimum values and uncertainties.

Figure 3.5 illustrates an example of how this methodology could be implemented

for exploration of multivariable design space. It is clear that any objective function can

be assigned to its set of governing parameters.

For this reason the same optimisation methodology is used for system optimisation

where more general sets of pump performance indicators (i.e. speed and loading factor)

are used to quantify overall PD pump output in the system of pumps.



Chapter 4

The Computational Model

In order to investigate the interaction of design parameters in a PD pump a computa-

tional model has been developed using the MATLAB and Simulink environments shown

in Figure 4.4. Although many automotive and hydraulic examples have been reported

in the literature [96], [97], [98] the author has found no investigation of reciprocating

pump performance coupled with a hydrodynamic transmission. The formulation of

the model combines analytical equations, lookup tables drawn from text books, man-

ufacturers’ product literature and the results of CFD simulations. The model was

developed by progressively expanding the range of phenomena it incorporated. The

following sections detail the key elements of the model as follows:

• Drive train modelling of a frac-truck assembly,

• Single cylinder model of a PD pump,

• Valve dynamics model in a PD pump,

• Multi-cylinder model of a PD pump.

4.1 Drive train modelling

The pump performance is strongly affected by the actual conditions in which the pump

is operating. Different viscosity, different piston speed and output pressure all have a

significant influence on the pump. P.J. Singh has published several papers [99],[100],

[62] that discuss the performance of multi-cylinder pumps, most important of which is

69
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the computational model designed to detect physical phenomenon that are present in

the pumping cycle. The results illustrate how individual factors can be combined into

a single model to represent a real pumping system with sufficient fidelity. Singh’s work

considers pump systems operating at a fixed speed [99], without investigating variable

speed drive and its effect on improved pump operation. John E. Miller also presents

a detailed analysis of individual PD pump performance [101]. His model considers

suction conditions, valve dynamics and pulsation, effects of which can fundamentally

change the pump’s operation. However, he does not consider any speed fluctuations

that are present during a pumping cycle or the possibility of using alternative methods

for plunger actuation.

Issues with the rotary power transfer to the pump via the driveshaft have been previ-

ously acknowledged [102] to induce vibration and oscillation of mechanical components.

This in turn greatly diminishes fatigue life of rotary components within a PD pump’s

power end. One way to summarise different loading conditions is to examine Figure

4.1 where typical PD pump mass flow rate output shows energy fluctuation during the

pumping stoke. Fluid compression inside the cylinder is transferred to the crankshaft

mechanism which is directly coupled to the transmission block of the frac-truck. Higher

amplitude of a pulse wave will trigger higher torque demand and induce cyclic action in

the pump operation. In turn, this phenomenon will affect the drive train with different

speed/torque requirements.

The complete drive train model will primarily enable the investigation of the precise

nature of the effect of internal fluid end dynamics on the drive train assembly. The

model will, therefore, have to discretize individual components in the drive train which

will enable modularity and increased flexibility in further development. Since previ-

ous sections 2.4.1 and 2.4.2 have identified specific component manufacturers all the

available specification data can be embedded inside the computational model.

4.1.1 Drive train overview

The drive train used to power the fluid-end can be described as follows:

Engine: The engine size depends on the pump’s power requirement. Losses in the power

train and transmissions for powering auxiliary equipment must also be accounted for.
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Figure 4.1: Mass flow rate from positive displacement pump. (a) individual cylinders offset by
120◦. (b) integral mass flow from the entire pump. The dotted lines represent all the areas of
mutual interaction amongst cylinders.

For example, engine cooling units are frequently powered by the same source as the

pump itself and physically they can be as big as the actual engine which is clearly illus-

trated in Figure 2.19. The pump can operate in a variety of conditions, hot and cold

climates and different altitudes, so in order to utilise maximum engine performance in

real applications these factors should not be neglected. However, the computational

model is using data provided by component manufactures and assumes nominal envi-

ronmental conditions. Field data will be used later to quantify the difference.

Transmission: The angular velocity of the engines drive shaft is too high for the pump

operation. Speed reduction is needed therefore to create the high-torque low-speed

input needed by the PD pumps.

Torque Converter - is a hydro coupling device that is used to multiply torque from

the prime mover, in this case diesel engine. As previously explained in section 2.4.2

it is used to transmit power from the internal combustion engine to the gearbox and

ultimately to the PD pump.

Gearbox - this unit handles power from the torque converter and delivers it to the

next unit in the drive train, in this case the PD pump. Depending on the operating
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Figure 4.2: Extracted engine’s operational data [67]. Top: Torque curve at different operating
speeds, Center: Engine’s power graph, Bottom: Engine’s brake specific fuel consumption

conditions the most appropriate gear ratio will be selected. Having more speeds allows

operators to vary the flow intensity of the pump to meet specific well requirements.

With the initiation of the pumping cycle the gearbox will start building from lower to

higher gear regimes [, Chapter 9]shigley1988.

4.1.2 Drive train theory

Engine speed output is calculated using equation 4.1. The engine’s torque value (Te) is

read from the manufacturer’s lookup table, illustrated in Figure 4.2 and the variables

Ie and Ti represent the engine’s inertia and the torque convertor’s impeller torque

respectively.

Ṅe =
Te − Ti

Ie
(4.1)

The engine is assumed to operate at a maximum power output. Therefore, throttle

input is modelled as a step signal with “fully opened” as a final steady state value.

A brief recap on power transmission from the source (engine) to the PD pump.
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Power is absorbed in the impeller and fluid inside the torque converter is accelerated

from a relatively low velocity present near the centre to a high velocity that is at the

outer diameter. The power capacity is proportional to the impeller’s speed and outer

diameter. Work done by the engine in accelerating fluid from low to high velocity is

turned to kinetic energy. Kinetic energy is given up to a turbine in which fluid loses its

speed while being guided back towards the centre of the chamber. From the turbine

it enters a stator that changes its direction via the return flow between the turbine

and the impeller. This direction change increases the momentum of the fluid, thereby

increasing the torque capacity. From the stationary reaction chamber, it enters the

impeller in a continuous process. Power from the engine is transferred to the PD pump

via a torque converter and a gearbox. While the gearbox establishes mechanical the

torque converter will create the flexible hydrodynamic coupling. Fluid flowing through

impeller and turbine circuits inside the torque converter regulates the speed and the

torque characteristics from the engine [69].

Ti =

(

Ne

K

)2

(4.2)

Equation 4.2 calculates the impeller’s torque (Ti) inside the torque converter unit

by computing engine speed (Ne) and K factor.

K =
Ng

Ne
(4.3)

Where the K factor is the ratio between the speed of the torque converter’s turbine

circuit (Ng) and the speed of the engine (Ne). Equation (4.3) and the K factor was

obtained directly from OEM [71]. Note that speed from the torque converter’s turbine

circuit is equal to the gearbox’s output speed. The simulink model uses a lookup table

to link input speeds and output torque values.

To estimate torque and speed values from the gearbox (Tg, Ng), a gear ratio, as

shown in Table 2.22, is introduced for each gear pair. Specified ratio directly modi-

fies the torque from turbine and pump speed (Tt, Np) using equations (4.4) and (4.5),
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respectively.

Tg = Rg · Tt (4.4)

Ng =
Np

Rg
(4.5)

Torque value obtained from the transmission block is used to calculate the pump’s

speed in the same manner as in the engine block. But in addition, the pumps final drive

(Rfd) and pump load (Tp) need to be accounted for. The final drive was identified in

OEM specification sheets and it is given in Table 2.24. The pump load is derived from

specific pressure conditions inside the well. Equation 4.6 describes this relation.

Ṅp = Rfd · (Tg − Tp) (4.6)

Unlike the relatively smooth, continuous flow of the fluid through a centrifugal

pump, the fluid flow through a piston pump occurs in a transitory dynamic manner

referred to as the pumping cycle. The event that initiates this cycle is the linear move-

ment of the piston. In the power end section of the pump the rotational speed of

the input is converted into a linear movement of the piston. This movement can be

modelled using equations 4.7-4.9 which includes the rod length of the crank shaft (L)

and the crank radius (R). This enables the speed and acceleration of the piston to be

calculated as follows:

Equation (4.7) relates piston displacement to crank angle during the suction and dis-

charge stroke.

dpl = R · cos(ωt) +

√

(L2 −R2 · sin2 (ωt) (4.7)

Piston velocity is calculated using the piston position by equation (4.8).

vpl = −R · sin (ωt)−
R2 sin (ωt) cos (ωt)
√

L2 −R2 sin2 (ωt)
(4.8)
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Figure 4.3: Suction and discharge pumping states are shown in the plunger motion plot. (a)
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eration.
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apl = −R · cos (ωt)−
R2 · (cos2 (ωt)− sin2 (ωt))

√

L2 −R2 sin2 (ωt)
−

R4 · sin2 (ωt) cos2 (ωt)

(
√

L2 −R2 sin2 (ωt))3
(4.9)

Two pumping cycles of kinematic plunger motion are plotted in Figure 4.3

4.2 Single cylinder model

Figure 4.4 provides a schematic overview of the model.

A: Engine: The engine block uses a 2-D lookup table that is accessed via a throttle
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state to return appropriate values from a torque/speed performance curve. Throttle

step signal is the first input in the engine block, the second being the feedback signal

from the TorqueImpeller. Once the speed is determined the result goes through a

limited integrator and outputs engine speed (i.e. SpeedEngine).

B: Torque Converter: This block uses two 1-D lookup tables to compute both

TorqueTurbine and TorqueImpeller values. Gearbox speed (i.e. SpeedGearbox) is

fed back as an input and together with engine speed from Block A computes torque

values.

C: Gearbox: This unit has four inputs. The first two are the output torque val-

ues from Block B (i.e TorqueImpeller and TorqueTurbine). Transmission speed (i.e.

SpeedTransmission) is being fed back as a third input parameter. Block C has single

1-D lookup table that is connected to Block E.

D: Pump: Torque value from the Block C (i.e. TorqueGearbox) is regulated with

final drive ratio that is incorporated inside the power end of the pump. Subsequently,

the torque value from piston loading is subtracted from Block C’s torque. In this way

the model takes into account dynamic loading that is present during a pump cycle.

Lastly, torque is integrated to compute the pump’s speed (i.e. SpeedPump).

E: Control: Finally, a Gear is assigned from the control unit (Block E). Changes in

Block E output the gear and this information is sent to Block C. Because the pump is

operating at a predefined well pressure dynamic load will be assigned from an external

source. Block E, provides input pressure data (WellPressure) to the PD pump, Block

D.

4.2.1 Validation

After the implementation stage the MatLab model was validated against a CFD sim-

ulation, previously published by [82] for a single stroke using the same boundary con-

dition such as input pressure, output pressure and speed. Iannetti (2014) details CFD

model convergence and validation against experimental data. Speed was kept constant

throughout the initial testing process.

A pressure comparison is displayed in Figure 4.5. Simulation runs from a 0◦ crank

angle which is the piston’s TDC (Top-Dead-Center) position. The red curve displays a
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Figure 4.5: MatLab model pressure validation

piston movement with displacement values located on the right y-axis. BDC (Bottom-

Dead-Center) is reached at 180◦ crank angle and the pump is doing a compression stroke

until the next TDC. The other two curves represent the pressure inside the chamber.

Due to the dynamic behaviour of the spring regulated control valves the CFD plot

displays highly oscillatory movement around BDC. The MatLab model idealizes this

by displaying only the fundamental operating parameters such as frequency (i.e. speed),

minimum, maximum pressure values, peak overshoot and settling time.

The flow rate comparison graph is shown in Figure 4.6 where the simulation cycle

starts from TDC, it reaches BDC at 180◦ crank angle and goes back to TDC at 360◦

crank angle. This graph compares two flow rate curves. One was obtained from CFD

analysis whereas the other is derived from analytical equation (4.10).

ṁ = ρ · V̇ = ρ · v · Apl (4.10)

Flow rate curves, illustrated in Figure 4.6, correlate well with the exception of the

initial delay (because CFD takes into account fluid compressibility that induces delay
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Figure 4.6: MatLab model flow validation

in the valve opening). Consequently, the CFD curve is offset from the theoretical one.

In the context of this research it is important that the start, the end and the integral

value of the outflow are all sufficiently accurate approximations.

4.2.2 Results produced by the single cylinder model

The single cylinder model was validated by modelling changes in the output of a PD

pump’s pumping cycle resulting from variable speed input. Taking into account these

transitional changes allows engineering insights into the flow characteristics in-between

the steady state values.

This model enables the investigation of the loading associated with the pressure

variations in a PD pump. It is essential to consider how changes in a PD pump’s

discharge pressure affect loading on the crank shaft mechanism. Figure 4.7 displays

dynamic speed response, triggered by gear change.

Since the piston loading is a cyclical function it is clear that speed does not reach

a steady state even when a pump is running at a single speed (i.e. no gear changes).

This slight speed variation indicates that a pump will not run at a constant speed.

Figure 4.8 displays comparison figures between two different representations of the
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pump’s responses. The case study examines the mass flow rates resulting from the

instantaneous speed and the constant average speed.

Figure 4.8 shows how the fluctuations in speed impact the fluid flow pattern. This

assessment was conducted using second gear where speed values fluctuate from 204-206

RPM (Figure 4.7). When using an average value of 205 as a representative speed the

upper part of Figure 4.8 shows the flow rates associated with two speeds, the average

and the instantaneous one. The lower section of Figure 4.8 shows the mass flow rate

profile for one stroke.

4.2.3 Discussion of a single cylinder model

From the results presented it can be concluded that speed fluctuation has a measurable

effect on flow rate pattern. Consequently, capturing this realistic behaviour is essential

for modelling pump performance. The essential parameter is taking into account the

piston loading that is present in each stroke which effectively causes the pump to work

at variable speeds so the piston speed is constantly accelerating and decelerating. This

is creating added oscillatory phenomena and impacts the fatigue life of the mechanism.

As a result, the mass flow rate of the pump is not consistent in each stroke. Moreover,
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the mass flow fluctuates with an accentuated high end curve profile. It also shows a

distinct initialization delay from the theoretical estimation. Furthermore, it is apparent

that in realistic conditions irregular flow is exhibited in shorter time segments.

Presented results are more accentuated in a simplex (one cylinder) pump. In multi-

ple cylinder pumps, such as triplex, outputting to a common manifold may dampen this

effect. The aim of this research was to realistically model conditions that are present in

the actual systems and in the next phase this research will include additional cylinders

and assess the effect of cylinder interaction during pumping.

4.3 Valve dynamics model

Current designs are dominated by mechanical systems (i.e. spring valves, crankshaft

and con-rods) whose dynamic behaviour is fixed. Consequently, there are limits to

what can be established experimentally either in the field or laboratory. Given this

context author presents a computational model that combines relationships established

by analytical (MatLab) and CFD analysis. The resulting model allows the impact of

changes to the pump’s control and design to be quickly investigated.
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Although positive displacement pumps undoubtedly have many advantages they

also have several engineering challenges associated with valve performance.

The fluid used in hydraulic fracturing applications is a complex medium that often

has non-Newtonian fluid properties. Because the fracturing operation involves system-

atic adjustment of fluid suction, inlet condition will be affected by fluid alteration. A

number of studies indicated the negative effects of insufficient suction pressure [99], [82]

predominately manifested in forms of cavitation and extended unbalanced operation.

Inlet condition can also be affected by the fluid interaction within the pumping

system. Operators in the field choose to operate pumps at different speeds to prevent

cavitation. Common practice will see pumps operating closer to the blender, Figure

2.12, at higher angular velocity. This practice aims to minimize the negative effect

of low suction pressure for pumps distanced from the blender that operate at lower

pumping rates [49]. The inlet pressure condition is also affected inside a single PD

pump. Pressure drop in the suction pipe can lead to cylinder “starvation” that induces

cavitation. This can be controlled and suppressed by an accurate design of PD pump’s

suction manifold [103].

Valve actuation in current designs is regulated entirely by the pressure change in-

side the cavity of the pumping chamber. This creates difficulties because changes in the

fluid properties (i.e. density, bulk modulus) and operating conditions (flow rate and

pressure) dictate valve opening and closing. Inlet and exhaust valves in the internal

combustion engines have similar, “poppet valve”, construction as in positive displace-

ment pumps. In contrast, the actuation of the inlet and exhaust valves, originally

controlled via a camshaft movement [104], has in recent years had its efficiency boosted

by mechatronic engine management systems (an example of which is discussed in other

academic work [105]). However, these developments have not been implemented in

positive displacement pump design.

4.3.1 Aims and objectives of the valve model

This study aims to study valve actuation in a PD pump by firstly analysing current

systems and developing a model progression from basic to advanced.

Test cases will initially be conducted using instantaneous valve opening with actu-
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ation timing predefined by a crankshaft angle. Pump outputs, such as pressure and

mass flow rate, will be analysed and compared to the CFD validation test case done

by A.Iannetti [95].

Subsequent model advancements will look into the force balance acting on the valve

inside the fluid chamber. The pumping cycle will again be re-evaluated to assess changes

in the performance output.

4.3.2 Valve system overview

In the current analysis, it is assumed that a constant drive speed is maintained with the

torque stable and sufficient to drive the pump. Previous research shows that in reality

speed of the drivetrain tends to oscillate around steady state value [79]. Rotational

motion of the drive shaft power is transferred to a crankshaft mechanism that drives

the pump’s plunger. The full plunger cycle consists of two movements; firstly a plunger

retraction stroke begins when the plunger moves from TDC to BDC and fluid gets

sucked into the main pressure chamber; secondly when the plunger moves from BDC

to TDC in compression stroke and fluid is pressurised inside the chamber before being

delivered to the discharge side of the pump.

The cyclic pressure change in the chamber creates the primary force that dictates

the valve motion. Other factors such as the retaining spring, valve geometry and valve

mass also play an important role. However, the variations in force resulting from these

factors are relatively small. Throughout the pumping cycle force generated by the

pressure field due to the plunger motion is two orders of magnitude higher than the

combined forces from the spring preload, spring stiffness and the valve inertia. Only

during the transition states (valve opening or valve closing) do they have a significant

effect on the system dynamics.

4.3.3 Valve computational modelling and model validation

The numerical model was established and validated using previous CFD analysis and

experimental testing of the PD pump [106].

The experimental rig consists of a single chamber PD pump operating in a closed

fluid loop. Main components of the system, in addition to the positive displacement
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pump, are linear motor (generator), water tank and accompanying set of choke valves

used to pressurise the system and regulate fluid circulation. A number of pressure

sensors are in place to monitor the pump operation predominately focusing on the

suction side of the pump. The flow rate is measured using the venturi effect and speed

is assigned directly at the linear motor.

The valve model must incorporate following elements:

Piston kinematics

The conversion of rotational speed to linear motion is modelled using the kinematic

equations of motion shown in equations 4.7 to 4.9.

Flow dynamics

The flow rate delivered during the compression stroke is given in equation 4.10 where

the theoretical mass flow rate from a single chamber pump is calculated using fluid

density ρ. The velocity of the plunger vpl is obtained from the kinematic equation of

motion and the cross-sectional area of the plunger is given as Apl. Fluid density may

vary in pumping cycle, however, for the purposes of this research a simplified version

with constant density is applied.

Pressure dynamics

The exact measurement of the pressure inside a single chamber is more complex to

model and validate. Experimental results available to the author [53] only record

pressure from the common discharge line of the pump (i.e. the combined output of all

three chambers together). Consequently, any model of the pressure variation within

individual chambers could only be benchmarked against computational studies. Two

earlier studies were used to create an analytical model of pressure change within a

chamber; one using a high fidelity 3D CFD model [82] and the second one using a

lumped parameter representation in a 1D fluid simulation system. Based on these the

pressure field inside a single chamber was modelled by following equation 4.11.

dP

dt
= −Ap ·

dx

dt
·B (4.11)
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In the non-cavitating condition pressure is calculated based on displaced volume

in the chamber and the bulk modulus of the fluid. Because pressure is dependent on

the flow through the valve it will vary depending on the valve position. In Figure 4.5

pressure variation is compared to an established CFD model. The advantages of this

lumped parameter model are reduction of computational time and the capability to

couple this model to the drivetrain mechanics module, section 4.1, used to power the

pump.

The benefit of using equation 4.11 (rather than the original CFD simulation) is

that computational time is reduced without jeopardizing the accuracy of the model.

Although the author recognises that specialized 1D fluid simulation software may give

more flexibility of the model it is also important to integrate the response function

with a model which is capable of simulating both fluid dynamics as well as drive train

mechanics. The internally developed model can be translated and read in different

computational languages.

Valve dynamics

Figure 4.9 displays the timing of the valve opening in the PD pump and its importance

for subsequent analysis. Starting with the suction valve, shown in red in the circular

chart on the right hand side of Figure 4.9, the plunger starts the retraction from TDC

and the suction valve opens at approximately 15◦ of crank rotation. Meanwhile, the

discharge valve is closed until the plunger has finally travelled past the BDC. Shortly

after progressing past the BDC point, approximately 185◦, suction valve is shut. The

section where both valves are closed is variable and dependent on the pump’s operat-

ing condition and fluid compressibility. The discharge valve finally opens and fluid is

passing through to the outlet. The cycle is then reestablished and repeats for every

crank rotation.

Illustration on the left-hand side of Figure 4.9 shows the plunger displacement in red

(i.e. TDC to BDC travel) for two pumping cycles. The valve opening is instantaneous

and coefficient variance between zero to one is designed to characterise the fully closed

and fully opened position.
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Figure 4.9: Suction and discharge valve actuation and timing

Valve opening during suction and discharge stroke are important parameters that

determine the pump performance. Figure 4.9 shows instantaneous valve response as-

sumption that results in a model which has insufficient accuracy. Adaptation of the

valve dynamics will result in a more realistic fluid delivery model which can support

such analysis.

Accurate valve behaviour can be obtained using principle equations of force balance

[107]. Both suction and discharge valves are modelled as “poppet valves” that are

entirely pressure regulated where the valve geometry provides most of the required data.

Hydrodynamic forces acting on the valve are calculated using the pressure distribution

on both top and bottom surfaces of the valve. Using the equations 4.12 - 4.13, valve

motion is calculated based on the operating condition of the pump.

m
d2h

dt2
= Fp − Fs (4.12)

Fs = k · (h0 + h) (4.13)

Figure 4.10 shows three characteristic cases for the suction valve dynamics. In

the case where the valve is fully open pressure on the suction side is greater than the
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Figure 4.10: Three operating states of the valve; (a) fully open, (b) partially open, (c) closed

pressure inside the main chamber. When the valve is fully open fluid passes without

obstruction. In case two when opening is 0 < h < r1−r2 the valve is in the transitional

state between closed and fully open. In case three the pressure at the top of the valve is

greater than the pressure field located on the suction side. This means that the pressure

inside the chamber is higher than the pressure in suction manifold and therefore the

valve will remain closed.

4.3.4 Results of valve model

Flow rate through the re-modelled “poppet” valve was computed and results can be

seen in Figure 4.11. It is clear that valve modelling using the hydrodynamic effect

resulted in a closer correlation to the outcomes of experimental testing.

Pressure from a single chamber through the re-modelled discharge valve is shown in

Figure 4.12. Using the dynamics of the valve to calculate pressure during the discharge

stroke produces results which show good agreement with the previously introduced

benchmark model. The gradual decline of the pressure from 180◦ − 360◦ of crank angle

demonstrates the system’s consistency with the CFD results.

4.3.5 Discussion of valve model

The potential benefits of valve control in a positive displacement pump are numerous.

Currently, sudden pressure drops or pressure spikes in the suction and discharge line,

cause unpredictable pump behaviour. In such cases, control of the exact timing of the
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valves opening and closing could greatly reduce the unwanted effect. Specifically, direct

control of the valves could improve pump performance by:

1. Regulating the suction phase of the stroke in cases when the pressure in the inlet

line is insufficient.

2. Enforcing early or late opening of the discharge valve depending on the operating

condition (i.e. bulk modulus of the fluid).

3. Synchronization of the valves for individual chambers to dampen the accentuated

pressure form.

The results suggest that modelling approaches used in this section can produce

satisfactory results for studying the impact of design modification on the performance

of multi-cylinder pumps. It can be seen that all the major elements, such as plunger

kinematics, valve actuation and valve dynamics, that comprise a single pumping system

can be represented effectively in a single computational model. All of the pump’s output

parameters can, therefore, be simulated and investigated. The model’s credibility has

been validated using an additional analytical model and the established experimental

data sets.

This study concludes with the current state of the model that has been developed

to describe the physical behaviour of the pump. By taking into account the precise

timing of valve actuation the model can be used as a first step in the development of a

control system for a positive displacement pump.

In the hydraulic fracturing applications PD pumps encounter a variety of dynamic

changes in the system. One of the most common phenomena is sudden pressure change

(e.g. a step change increase or decrease) when an impermeable barrier is encountered or

when fracture occurs. Simulation in this computational model considers inlet and outlet

pressures to be constant values. By doing so the simulation focuses on the dynamic

behaviour inside the pump. Scope for future studies will be to model more complex

hydraulic systems of PD pumps.

In conclusion, the quality of the results obtained present a solid foundation for the

continual development of a closed loop, mechatronic control system for PD pumps.
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4.4 Multi-cylinder model

Comprehensive development of a PD pump model needs to consider the common config-

uration of their cylinders in industrial systems. More cylinders are frequently operating

in sequence to produce sufficient flow rate output. This analysis considers triplex (three

cylinders) and simplex pumps.

The main engineering challenges will be presented in the following section together

with proposed solutions. Final evaluation of PD pump performance will be considered

by examining results of power consumption.

In the real pumping systems, where multiple pumps are operating on site, the dy-

namic of pressure pulse is complex and unpredictable. Pumps often operate at different

speeds and thereby different flow rates enabling fluid flux from one unit to impede the

flow from the unit operating at slower speed. Pressure fluctuation can initiate construc-

tive interference in the form of superposition of pressure waves.

Computational fluid dynamics is designed to deal with highly complex geometries.

The increase in physical size and introduction of more moving elements (motion from

individual plungers) increases computational power and therefore computational time.

Computation of single cylinder models can take up to several weeks which indicates

that several pumps on site could possibly take months to solve. However, complex fluid

structures can encounter systematic error in the calculation process and fail which

presents a challenge for elaborate models.

The problem of finding the required computational power can be overcome by using

High-Performance Computing (HPC) systems. However, the overall time requirements

cannot be easily and sufficiently lowered as the time steps needs to be small enough to

achieve the requisite of low Courant number and therefore computational stability.

Simplified analytic methods such as Johnston [108] and Edge [109], [110] were de-

veloped in times when the computational power available was scarce and gave no other

option to the researcher. These methods consider compiling every element of a pump-

ing system as a lumped parameter model where the information of its influence on the

overall system is concentrated in a parametric function. For instance, the effect of a 90◦

elbow on the pipework is an empirical function of the pressure drop across the elbow

against the mass flow rate. This method is usually referred to as 1D-CFD technique.
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The mathematical model created results in a linear system where the only unknown

is the static pressure in the network nodes (every node is placed between contiguous

items of the network) and the mass flow rates in the pipework branches. This method,

which requires low time (minutes) and power to solve, produces accurate results if the

items included in the pipework are standard (e.g. elbows, orifices, junctions, straight

pipes, etc..), however it loses accuracy in the presence of a non-standard item for which

no empirical model is provided.

4.4.1 Modelling of a multi-cylinder PD pump

A commercial software package Flowmaster R© was used to produce a 1D-CFD repre-

sentation of a three-cylinder pump.

The Flowmaster model setup of a single cylinder pump is illustrated in Figure 4.13.

The legend in Figure 4.13 details the functionality of all the elements in the model.

Water flows from the bottom tank through the pump chamber to the top tank,

performing first the suction stroke and then the delivery stroke. During the suction

stroke the chamber (dashed area) is filled as the plunger moves backwards and leaves



CHAPTER 4 THE COMPUTATIONAL MODEL 91

Inlet tank

Outlet
tank

Choke valve

Chamber
no.1

Chamber
no.2

Chamber
no.3

Inlet manifold

Outlet manifold

Figure 4.14: Triplex (three-cylinder) pump using lumped parameter model.

the displacement volume for the water to fill. The inlet and outlet valves are modelled

as poppet valves for which the analyst has to specify the valve seat area, the valve disk

area, the spring preload, spring rate and the valve loss coefficient factor as a function

of the valve lift normalised with the max lift value.

The valve loss coefficient factor is essential to calculate the pressure drop across

the valve against the valve lift. The estimation of the valve loss coefficient factor was

carried out using 3D-CFD and [111]. The layout of the 1D system was decided in order

to keep the model as close as possible to the physical apparatus which will be discussed

later in the thesis, Chapter 6.

Before delivering to the outlet tank, a choke valve downstream of the outlet valve

was utilised to increase the pressure. The choke valve opening was tuned in order to

achieve the outlet pressure (measured in the node upstream the choke valve) of 200, 300

and 400 bar. Each of the pressures presents an individual test. The plunger velocity

was imposed providing the code with the velocity-time function shown in Figure 4.3(b)

generated using equation 4.8. The angular velocity was considered constant throughout

the reference tests.

Evaluating the power consumption of one cylinder in a triplex experimental setup
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was done using equation 4.14.

Pe = pd ·Apl · vpl (4.14)

The three cylinder model shown in Figure 4.14 presents an extended version of the

single-cylinder model where the suction and delivery pipe of the first, second and third

chamber are connected to a singular suction and singular discharge manifold. Plungers

two and three have a velocity offset of 240◦ and 120◦ respectively to match condition

of the real device utilised in the experiments. In addition to the plunger velocity, the

boundary condition for the inlet and outlet tank is set at a static pressure, the value

of which was decided by the physical water level and the height of the base.

4.4.2 Results of a multi-cylinder PD pump model

In Figure 4.16 three of the performed reference tests are presented. The overall outlet

pressure in the discharge manifold was evaluated during one pumping cycle (360◦).The

oscillation of the signal around the mean value is evidence of the interaction of the

three chambers which takes place in the outlet manifold. One may assume that the

simplified lumped parameter model accurately accounts the pressure frequencies but

overestimates its amplitudes.

Amplified pressure oscillation is evident inside individual chambers, as shown in Fig-

ure 4.15. Each of the figures represents a different pressure history inside the cylinder

number one. Test were performed at three reference pressures and data is displayed for

one complete pumping cycle. When the outlet valve opens in chamber one the internal

volume is subjected to the outlet manifold pressure where chamber two and three are

delivering with a certain delay with respect to chamber one. As the overall rate of the

water flowing through the discharge manifold is oscillating, following the plungers’ ve-

locities, the pressure resistance inside the manifold itself varies over time. This justifies

the presence of the three bumps in the experimental and numerical pressure histories

although in the former, their magnitude is significantly lower. The frequency and the

distance between the three of them are established by the offset motion of the plunger

two and three with respect to plunger one.
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Figure 4.15: Chamber one pressure history was evaluated using lumped parameter model, shown in Figure 4.13 and experimental analysis for three test
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4.4.3 Power evaluation

Application of an accurate lumped parameter model of a complete multi-cylinder pump

is justified by the need for estimating the performance of an entire pump. The interfer-

ence among the chambers, makes the individual chamber analysis insufficiently accurate

for this purpose.

In Figure 4.17 the computational lumped parameter model is presented. Each of

the test cases was performed at a different outlet pressure which is directly proportional

to the pump load factor. In each of the three test cases two main operating states were

analysed; in the first, cylinder one was analysed in a triplex pump and in the second,

the same cylinder was evaluated in a simplex pump. The hatched area presents the

power loss that is taking place in the triplex pump due to cylinder interaction.

For instance, the lumped parameter model could estimate the power loss in the

cylinders interaction. Figure 4.18 shows the power resistance calculated on the plunger

for the three reference tests. The experimental data was evaluated by appraising the

plunger in chamber one. By examining three test cases it is clear that the power

requirement in one plunger in a triplex pump is higher than in a simplex pump (one

cylinder) by approximately 25%, shown in Table 4.1 (third vs second column). It can be

assumed that a single cylinder pump would need less than the same cylinder in a triplex

pump of the same kind, or, conversely a triplex pump would need more than three times

the power needed by each separate chamber. The power difference is represented by

the power loss in the interaction.

Engineering rationale for this phenomenon is that at the beginning of the delivery

stroke each plunger has to work against the high pressure created in the outlet manifold

(generated by the delivery stroke of the other chambers). The novelty provided by the

analysis methodology described in this section is the quantification of this power gap

which can be examined in ‘Change(%)’ column of Table 4.1.

The validity of the lumped parameter model is clearly stated by comparing ‘Triplex

pump’ columns from experimental and numerical analysis shown in Table 4.1. The

power consumption values are remarkably close (approximately 2% differentiation) for

each of the test cases indicating the high accuracy of the computational model.

For an absolute validation of the data in Table 4.1, the single cylinder lumped
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Figure 4.17: Power evaluation was performed using a lumped parameter model, presented in Figure 4.13 for one chamber at pressures: 200 bar (a), 300
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Mean power from one plunger (kW)

Test Lumped parameter model Experiments

Triplex pump
Simplex
pump

Change(% ) Triplex pump
Simplex
pump

200 2.4181 1.7954 25.75 2.3641 N/A

300 3.3997 2.5507 25 3.3714 N/A

400 4.6098 3.4725 24.67 4.3459 N/A

Table 4.1: Summary of the power consumption from a single plunger. Lumped parameter model
evaluated single cylinder consumption in triplex (three-cylinder) pump and simplex (one-cylinder)
pump. Experimental data was only able to evaluate power consumption of single cylinder in triplex
pump. Future studies will look into experimental power analysis of a single cylinder in simplex
pump.

parameter model should be compared to a single cylinder experimental test. Exper-

imental data is still unavailable as shown Table 4.1. From a computational lumped

parameter model it can be seen, in Figure 4.17, that the estimation of the difference

in power consumption made above is approximately 25%. The figures, in fact, show

the numerical comparison between the three chambers and the single chamber lumped

parameters model throughout the reference tests.

4.4.4 Discussion of a multi-cylinder PD pump model

The multi-cylinder pump section has demonstrated that one of the major challenges

present in modelling PD pumps is the interaction between cylinders. Using 1D-CFD

software it was proved that problem identification and performance changes in hydraulic

systems are attainable using a combination of different commercial softwares. High-

fidelity CFD codes show effectiveness in solving simplex pump designs. Multi-cylinder

models are not affordable in industrial applications due to the high computational

time. Lumped parameter models are ideal for a high-level system layout with multiple

individual units and elements such as pumps, safety valves, hoses, etc. The synergy

of two systems provides an optimal solution that takes into account high-level and

in-depth analysis.

In the literature review section 2.3 site setup in hydraulic fracturing was discussed.

Practically, layout of the PD pump on site is highly unpredictable and the absolute

variance from site to site is common. This may cause enigmatic inconsistency in the

operation. Recommendation for further study highlights the need to analyse the inter-
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action between individual PD pump units on site as exceptionably important.

This research has illustrated how an application of commercial software can be

used and customised to answer design requirements. Site variation can be overcome by

in-depth analysis, standardisation and implementation of engineering solutions to the

site.

4.5 Summary

Development of the optimised hydraulic fracturing system requires a fully functional

computational model. Using the fundamental theory of PD pump operation this chap-

ter describes the systematic development of a computational model of a frac-truck

which incorporates both the dynamic behaviour of the drivetrain and the interaction

of key components within a PD pump.

By identifying the individual components of a single frac-truck assembly the first

section 4.1 shows the model of a drivetrain connected to a positive displacement pump.

Subsequent phases of computational model development study fluid mechanics inside

a PD pump’s fluid end. A single cylinder model was improved by introducing valve

dynamics and its impact on PD pump operation in section 4.3. The final phase of the

computational model development, presented in section 4.4 of this chapter, shows a

complete multi-cylinder model of a PD pump. The important outcome was illustrated

in the power evaluation section results of which suggest further model development to

assess the power consumption in current hydraulic fracturing systems.

Before this model can be implemented further in design optimisation studies it needs

to be validated against field data and the experimental test rig.



Chapter 5

Field data

The computational model assumes constant environmental conditions (e.g. tempera-

ture, flow density and output pressure). This ideal situation may, or may not, produce

significant errors relative to the real world. To quantify the differences this chapter re-

ports the use of field data from a north American hydraulic fracturing site to compare

with the output of the computational model.

The data, recorded by hydraulic fracturing pump’s condition monitoring system

shown in Figure 5.1, was used to make a comparison with the behaviour of the compu-

tational model.

5.1 Data acquisition methodology

As a part of the prototype trials of a condition monitoring system a number of pumps

on a American frac-site were instrumented with a pressure sensors, a speed sensor,

accelerometers on both power-end and fluid-end and a selection of pressure and tem-

perature sensors for power-end lubrication. In addition to PD pump instrumentation,

engine and transmission operation metrics were recorded to monitor drivetrain perfor-

mance.

5.1.1 Sensor data

The selection of specific equipment sensors, to identify particular physical processes,

is related to the nature of occurring phenomena. All reciprocating equipment can be

98
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PT - Pressure Transducer
TT - Temperature Transducer
VT - Vibration Transducer - accelerometer
ZS - Rotational Encoder

Inlet

Outlet

Lubrication

FluidEnd

PowerEnd (Crankshaft)

Figure 5.1: Sensor placement on the field unit

accurately converted to pumping frequency, therefore running the PD pump at higher

speed will demand a higher acquisition rate from the sensors. For example, a higher

acquisition rate is required for accelerometers to identify spectral energy at higher

frequencies.

5.1.2 Location and well details

Field data was obtained from a pump operating in south Texas, Eagle Ford shale. In

Figure 5.2 the location of the operational site is given in addition to the expected well

conditions in the Eagle Ford shale. Well completions in this basin consist entirely of

horizontal drilled wells and multiple stages. An average well has just over 1,800 cubic

metres of fluid and slick water is predominately used. Proppants include different mesh

sizes such as 100, 40/70 and 30/50 [112]. The majority of wells use sand, with some

exceptions where resin-coated sand and low strength ceramic are used [113].

5.1.3 IMS gateway

The IMS gateway, shown in Figure 5.3, is a device used to acquire sensor data, perform

signal processing and algorithmic calculations on the data and utilise its communication

interfaces to send collected information up to a cloud server.

Data flow path, illustrated in Figure 5.4, is progressing through the following stages:
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Field data formation

Eagle Ford Pearsall Shale Basin

Typical well data

O.D.(in) Depth(m) MaxPres.(MPa)
5.5 5000 90

Typical fluid data

Fluid temp (◦C) Fluid Density
5.5 5000 90

Typical equipment data - average
Pressure(MPa) Flow Rate(m3/s) Power(kW)
60 0.2384 16000

Figure 5.2: Field unit operates in Pearsall basin. Table shows typical well data associated with
this location [114].

Data acquisition module

Electrical Power Supply
20-28Vdc 1.5A

DAQ Inputs Outputs
40 analog inputs Modbus
0-20mA Ethernet
4-20mA
+/- 10Vdc

Sample rate Frequency
80 kHz 8 kHz
3 Channels 10 Channels

Single Board Processor Software
Computer i7 Windows 8.1

Communication: Ethernet/J1939/
WiFi/Celular/GPS

Figure 5.3: Data acquisition unit is installed in the field. Main characteristics are listed in the
table.

FIELD
UNIT

SENSOR ‘SYNERTREX’
DAQ

‘ENTERPRISE’
CLOUD

SI
WORKSPACE

MATLAB

Figure 5.4: Methodology for data acquisition from the PD pump unit on site.
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1. Signal conditioning changes transducer output into a readable value, which is

followed by noise attenuation. For example a 4-20mA value, obtained from the

sensor, is converted into 0-5VDC.

2. The signal conditioned data is then sent to one of the two data acquisition (DAQ)

cards where the analog data is sampled and converted into a digital format that

can be read by the Single board computer (SBC). Accelerometers are recorded at

4 kHz in DAQ card B and the remaining sensors are recorded at 1 kHz in DAQ

card A.

3. The DAQ data is then sent to the SBC via USB interface. All the sensor data

is stored in a database with time stamps and its respective sensor information

(sensor type, units of measure, etc.)

4. Data is then saved to the solid state drive (SSD).

5. Data is finally uploaded to the cloud server or physically transferred by one of

the field engineers. The main challenge with current DAQ system is the limited

data storage space for high speed time series information. As a result the system

is programmed always to erase the oldest data.

5.1.4 Acquisition and data storage

Stage data is stored using three different sampling rates. Low speed was used to capture

the whole stage. Due to the length of the stage, which may run up to three hours of

continual pumping, it was deemed sufficient to have 1Hz sampling frequency to capture

accurately well-head metrics. Sampling frequency of 1 kHz was used for all pressure

sensors, temperature sensors and rotational encoders installed on the field unit. Finally,

accelerometers on the PD pump’s Power End and Fluid End were all acquiring data at

4 kHz owing to the rate of change and the induced equipment vibration on site.

One of the major challenges from the data acquisition side of the operation is the

discharge pressure sensor, located on the outlet manifold of the pump, which may fail

due to pressure fluctuation and the rate of pressure increase from individual cylinders.

Increasing the speed of the pump will, by definition, require higher sampling frequency

in order to capture all the trends in pressure oscillation.
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5.1.5 Data transfer method

Physical data was downloaded using a specialised software, ‘SiWorkspace’, from the

cloud to a local workstation where data was processed using a universal computational

tool, MatLab. SiWorkspace is a configurable tool that currently has limited data pro-

cessing capabilities and is presently being used only to download the data from the

cloud.

5.2 Data analysis

The recorded operation of a single positive displacement pump, during one pumping

stage. All the essential phases of the operation, such as pressure testing, formation

breakdown and crack propagation, are illustrated in Figure 5.5.

The pressure, shown in Figure 5.5, is uniform across all PD pumps engaged in the

process as well as at the wellhead itself. Flow rate is a function of speed and the choice

was made to display only one variable and thereby maintain the comprehensiveness

of the graph. Computation of the power consumption was added to the display as a

function derived from the PD pump’s speed and pressure.

5.2.1 Methodology

Data is to be analysed by implementing following methodology:

• Data needs to be displayed in order to highlight all the sections where transitional

states occur.

• Outlined time segment needs to be identified in time and all high frequency data

is to be brought forward.

• Acquired high frequency data is to be analysed

• A conclusion needs to be made based on the analytical output.

In Figure 5.5 it can be seen that, although the first pressure signs are happening

after the 20th minute of testing, the pump is engaged in operation at circa 38th minute.

The reason for this is because the monitoring system on the frac-truck assembly is
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Figure 5.5: Pump metrics obtained during one pumping stage
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Figure 5.6: Identifying transitional parts of the stage
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making a record even if the PD pump is not operating, provided that the diesel engine

is running. The first step would therefore be to outline only the section when the pump

is in motion.

The PD pump’s pressure and speed are displayed in Figure 5.6. It is clear that

changes occur in 44th, 53rd, 94th and 126th minute. All of the changes can be corre-

lated to variations seen in the hydraulic fracturing stage. The highlighted areas will

therefore be analysed further by using high frequency data. There hasn’t been enough

information to justify detailed discussion on each of the states as the analysis shows

great similarities to one another.

Selected data shows operational measurements from two triaxial accelerometers (in

the Appendix section A.1), suction (inlet), discharge (outlet) pressure and pump speed.

Data is presented in the form of a continuous two minute range. Recorded metrics from

two accelerometers are shown in three coordinate axes (X,Y and Z) at an acquisition

frequency of 4 kHz. The remaining sensors, speed and pressure, are all acquiring at

1 kHz.

5.2.2 State one overview

Data segment in state one presents an actual formation breakdown. The event is

followed by an obvious change in the pumping system. Using Figure A.2 from the

Appendix A the precise time can be determined by identifying the point of the rapid

pressure drop. This occurrence triggers the need to supply a higher flow rate to the

well by increasing the PD pump speed or introducing additional units. In Figure 5.7

the increased PD pump speed is shown in bottom right subfigure.

It is clear that presenting data in this range is not the best approach if pressure

pulsation and equipment vibration are to be investigated. However, the usefulness of

this plot is to show a single event in the pumping dynamics and the response of a PD

pump.

Values from a rotational encoder can be extrapolated to show 360◦ of crank rotation.

The operation in a steady state condition prior to formation breakdown shows the

pump outputting results as seen in Figure 5.8.
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Figure 5.7: Pump metrics during formation breakdown - state one
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Figure 5.8: Pump metrics obtained in steady state conditions prior to formation breakdown - state one at one second
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Table 5.1: Suction pressure operational metrics

Sensor Peak (MPa) Mean (MPa) RMS (MPa)

Positive Negative
Suction Pressure 0.5312 0.2273 0.3640 0.3674
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Figure 5.9: Suction pressure on the inlet side of the pump during one pumping stroke

Suction pressure analysis

The PD pump’s inlet pressure is a good indicator of a pump performance and can be

used very efficiently for predicting cavitation. Data is processed and presented in the

form of time series and frequency domain.

Table 5.1 shows peak pressure and mean values during one second.

One full pumping cycle is displayed in Figure 5.9 where pressure is shown in blue

and plunger displacement, traveling from 0 to 360◦, is shown in red on the right axis. It

is clear that the pump is displaying three distinct pressure spikes which can be directly

correlated to the three cylinder pumps. Pressure fluctuations, shown in Figure 5.9,

are influenced by the opening and closing of the inlet valves which translates to the

transient behaviour inside the inlet manifold of the PD pump. An instrumented PD

pump was operating in the fleet of PD pump units so the possibility of suction pressure

fluctuation due to system interaction must not be neglected.

It can be seen that peaks perfectly align with the crank angle position and the
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Figure 5.10: Frequency spectrum of the suction pressure on the inlet side of the pump during
one pumping stroke

Table 5.2: Discharge pressure

Sensor Peak (MPa) Mean (MPa) RMS (MPa)

Positive Negative
Discharge Pressure 43.8088 70.1856 57.1819 57.3460

annotations in Figure 5.9 indicate precise timing of the individual cylinders during one

pumping cycle.

The regular pattern of inlet pressure fluctuation can be seen in frequency plot,

Figure 5.10. The frequencies conveying highest energy are at 5Hz, 10Hz and 16.67Hz.

Suction pressure analysis in the frequency domain begins by taking identical time

series data which was presented in the earlier figure.

Discharge pressure analysis

Time domain analysis of the discharge pressure has significance due to its influence on

pump performance. Pressure was recorded at the discharge plenum located inside the

PD pump. In the field operation the possibility that other PD pumps in the system

are influencing the operation of the test unit needs to be considered.

Mean pressure during the recording time of two minutes, along with details on peak
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Figure 5.11: Discharge pressure inside outlet plenum of the pump during one pumping stroke

values, are shown in Table 5.2.

Figure 5.11 displays operation during one pumping cycle. The slow modulation of

the outlet pressure can be the result of load and the flow rate. Overall complexity of

the signal is shown in the Figure 5.11.

Peak to peak oscillation varies in the sampled period. A section from the later part

of the recording shown in Figure 5.12 exhibits higher amplitudes. It is clear referring

back to Figure A.2 that higher oscillation coincides with the increased speed of the

pump.

Analysis in frequency domain for the discharge pressure was done on the identical

time range of one second. Figure 5.13 displays results from this analysis.

The frequency spectrum, shown in Figure 5.13, depicts the impulsive nature in the

low frequency part of the pressure signal. It is clear that the two strongest frequencies

at 12Hz and 18Hz form approximately 7:1 and 10:1 ratio with plunger frequency of

1.76Hz. This is a close estimate of the number of peaks and valleys in time series signal.

5.2.3 Data analysis summary

Synchronization in the time domain and alignment against the crankshaft position pro-

vides useful insight for understanding pump operations in the field environment. Clear

analogy between different instrumental measurements can be seen and their relationship
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Figure 5.12: High amplitude variation of the discharge pressure inside the outlet plenum of the
PD pump during one pumping stroke
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Figure 5.13: Frequency spectrum of the discharge pressure on the outlet side of the PD pump
during one pumping stroke
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Figure 5.14: Important pump metric and their relationship during one full pumping cycle

has been presented in this section. In Figure 5.14 these observations are highlighted.

The accelerometer on the Fluid End in the direction of the y-axis shows equally

spaced pulses that correlate well with angle of the crankshaft. Similarly, inlet and

outlet pressure show strong association with the type of PD pump (i.e. triplex) in the

output signal. Pressure variation is also presented and +/-10% fluctuation is evident

compared to the mean value.

5.3 Conclusion

In conclusion, data presented in this section shows current undertakings in the field to

monitor site operation. This analysis has shown an important benefit of this approach

in understanding field the operation and the opportunities for developing comprehensive

system control on site.

From the analysis of the accelerometers (Appendix section A.1) it was shown that

vibration across the length of the pump (in the direction of plunger motion) is em-

phasized compared to the remaining two orthogonal directions. This presents valuable

information that needs to be further developed from a structural analysis point of view.

Analogical field data analysis was previously done for wind turbines. The fatigue cycle
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was measured and implemented in a computational model to assess possible improve-

ments and design modification [115], [116]. One of the ways of implementing the PD

pump field data analysis could be used for fatigue cycle assessment.

In pressure pulsation studies scenarios showing steady state and transitional oper-

ation were displayed and discussed. The magnitude of pressure saturation was shown

in both cases and conclusions can be made with several research observations:

• Inlet and outlet pressure show cyclic variation during normal pump operation.

• Inlet pressure oscillation is more pronounced and may lead to cavitation if the

pressure is reduced below a certain limit.

• The number of peaks in the inlet manifold during one pumping cycle is three

which can be directly associated to three plungers.

• Outlet pressure peak to peak variation is approximately 20% in transient state

(gear change) and 10% in steady state.

• The number of peaks in the discharge pressure history during one pumping cycle

is nine

In the appendix, section A.2 the remaining data analysis graphs are given. Oper-

ational metrics in states two, three and four show negligible disparity to the detailed

analysis of state one. All the remaining graphs are added to this brief section as a part

of accompanying documents to avoid any repetition.

In chapter 7 the correlation between the computational model and the field data is

presented.



Chapter 6

Pump test rig data

While field data verifies the magnitude of pumping parameters the test rig confirms

their dynamic relationship as it is not feasible to run the full scale frac-site with varying

parameters.

The objective of the test rig experiments was to assess the response of pressure and

flow rate to varying speeds. Subsequent sections will correlate the results with values

predicted by the computational model.

6.1 Test rig components

Replicating a PD pump operation, as seen in the field, starts by identifying the main

elements of the assembly. A triplex PD pump is crankshaft driven with the same

mechanical ratio between the main elements (i.e. crank diameter, con-rod length and

diameter) to the full size original presented in section 2.5. An electric motor will be

used to power the PD pump motion. A frequency variator will be used to provide

variable motor speed and to enable the necessary operating flexibility. In addition to

speed adjustment (the only form of control currently being used in PD pumps on site)

the inclusion of pressure modularity will enable different loading conditions. This is an

added feature not used on a real hydraulic fracturing site but necessary in the current

lab setup to artificially simulate well pressure.

The main limitations of the system compared to the full size unit are in the operating

fluid. Laboratory test rig uses water as opposed to typical slurry mixture which in

112



CHAPTER 6 PUMP TEST RIG DATA 113

HPS 400 Pump specification

Plunger Diameter (m) 0.022
Number of Plungers 3
Stroke (m) 0.045
Operating speed (rpm) 789
Gearbox ratio (-) 2.28:1
Displaced volume (m3) 1.7 · 10−5

Maximum operating pressure (MPa) 40
Maximum flow rate (l/min) 41
Maximum power requirement (kW) 30

Figure 6.1: Essential operating parameters from the test pump [117]

reality can vary from water to high viscosity gel to multi-phase flows including solid

particles.

The complete P&ID diagram of the test rig setup can be found in the Appendix,

Figure B.2.

6.1.1 Pump

The key component of the test rig is the triplex positive displacement pump. Figure

6.1 summarises important parameters associated with the chosen PD pump. Pump is

comparable to full size unit by several criteria: (1) Suction and discharge valves are

regulated by pressure differential, (2) Ratio between crankshaft rod length and radius

is the same to the full size unit, this is important for providing same sinusoidal plunger

motion, (3) Fixed speed gearbox is also assembled as a part of pump unit.

Main differences between the scaled pump model and the full size unit are: (1) Pres-

sure head is provided from an elevated tank, instead of a charge pump, (2) Maximum

flow rate and pressure are not linearly proportional to the full size unit, (3) Speed of

the model pump is higher than the full size unit. Suction head was sufficient and no

cavitation was detected in any of the tests. Pressure and flow were expected to differ

from the full size unit because of the difference in plunger size. Finally, pumping cycle

is presented in crank angle degrees, therefore, difference in time measurement did not

affect the data quality.
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Model Voltage No load Performance at max efficiency Stall Technical info

Brook
Crompton

Range Normal
Speed
(r/min)

Current
(V)

Speed CurrentTorque Output Torque CurrentPoles Phase
Frequency
(Hz)

Series 10 400 4800 1489 51.2(A) 31.08(kW) 4 3 50

Table 6.1: Electric motor performance specification[118]

Normal
ratings

No
over-
load
use

Light-
overload
use

Heavy-duty use Noise
level
dB(A)

Heat
dis-
sipa-
tion
(W)

Air
flow
(m3/h)

Type
designation

Frame
size
(mm)
HxWxD

Weight(kg)

Ic.max

(A)
Imax

(A)
Pc.max

(kW)
IN (A)

PN

(kW)
Ihd

(A)
Phd

(kW)

72 86 37 69 30 49 22 65 810 250 ACS800-
04-0040-3

602x265x276 32

Ic.max - Rated current available continuously without overload availability at 40◦C
Imax - Maximum output current for 10s at start, or as allowed by drive temperature. Max. motor shaft power is 150% Phd

Pc.max - Typical motor power in no-overload use
IN - Continuous current allowing 110% IN for 1-5min operation at 40◦C
PN - Typical motor power in light-overload use
Ihd - Continuous current allowing 150% Ihd for 1-5min operation at 40◦C
Phd - Typical motor power in heavy-duty use

Table 6.2: Variable frequency drive performance specification [119]

6.1.2 Motor

The pump is driven by an electric motor which was selected based on the maximum

pump power requirements. The motor chosen for this application is rated at 37 kW

and designed to operate at 1,800 rpm. Table 6.1 summarises key figures.

6.1.3 Inverter drive

The pump’s operating speed is regulated using a frequency variator. Selected variable

speed drive main characteristics are shown in Table 6.2.

6.1.4 Solenoid valve

Downstream flow restriction was implemented to increase the pressure inside the PD

pump. The level of PD pump loading is directly proportional to the discharge pressure

which is governed by using a pneumatic actuator. The chosen valve features electrome-

chanical control of the pneumatic actuator by regulating the input current. Further

explanation can be found in section 6.3.2. Figure B.1 in the Appendix presents technical

drawing of the solenoid valve.
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6.1.5 Tank

The PD Pump is operating in a closed fluid circulation system. The pump needs to

be supplied with a constant source of clean water at ambient conditions. A 500 litre

stainless steel water tank is provided within the specification and mounted directly

above the PD pump on the assembly skid to provide pressure head. When fully filled

it provides the PD pump with an inlet pressure of 1.13 bar absolute. Considering the

fact that only a single pump will be operating in the system the pressure provided was

sufficient to prevent any undesired cavitation. The water tank is fitted with an inlet

point for initial filling from an external water supply source and an inlet float valve to

prevent over filling.

6.1.6 Pipework

Other pipework includes selection of valves and hoses. A manually operated drain valve

is installed to allow the system to be emptied when required. An additional, manually

operated, ball valve is fitted to isolate the PD pump inlet from the tank. This ball

valve also includes a limit switch to prevent the PD pump from operating if the valve

is closed.

6.2 System requirements

The test rig is assembled on a single skid, in Figure 6.4 the main components are shown.

WATER TANK CONTROL PANEL

EL. MOTOR

PD PUMP

PNEUMATIC
RAGULATOR

Figure 6.2: Skid assembly with major com-
ponents

PNEUMATIC VALVE

PD PUMP

POWER END

FLUID END

Figure 6.3: PD pump assembly with regulat-
ing pneumatic valve

Figure 6.4: Test rig assembly
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Variable
Frequency
DriveElectric Motor

Water Tank

Ball
Valve

Solenoind
Valve

Pressure
relief
valve

PS PS

PS

FS

RS

PS

o
u
tl
e
t

inlet

PSL

Pressure sensor - discharge

PS Range:0-600bar(a)
Response time: 1ms

Pressure sensor - low

PSL Range:0-1.6bar(a)
Response time: 1ms

Rotational encoder

RS Sensor type: Digital counter

Flow rate meter

FS Range: 0-41l/min
Accuracy: 0.1%

Figure 6.5: Test rig schematics and essential sensor information

The entire system operation can be concisely described as follows: the electric motor

is operating at its optimum speed and is being directly coupled to the input shaft of

the pump. Final gear reduction on the PD pump decreases shaft speed by a set gear

ratio, as shown in Figure 6.1. Speed regulation is done by frequency alteration in the

inverter (VFD) unit. Inside the power end of the pump rotational movement of the

driveshaft is transferred into a linear motion of the plungers via the crankshaft. Fluid

is being supplied to the pump from the tank by providing sufficient NPSH (net positive

suction head). A choke valve is placed downstream of the pump and by gradual closing

of the valve pressurisation in the pump outlet is achieved. Downstream of the choke

valve pressure is approximately equal to the tank pressure. In the final phase, fluid is

led back to the tank.

Once the detailed design had been agreed the test rig was manufactured by Hughes

Pumps Ltd. and delivered to the University.

6.3 Instrumentation and data acquisition

A number of sensors are used in the current setup. Figure 6.5 represents a schematic

of the test rig with the sensor location.
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Pressure sensors

Discharge Suction

Power supply (v) 10-30 DC Power supply (v) 10-30 DC
Stainless steel wetted
parts

Stainless steel wetted
parts

Number of sensors 4 Number of sensors 1
Output signal (mA) 4-20, 2-wire Output signal (mA) 4-20, 2-wire
Pressure range (bar) 0-600 Pressure range (bar) 0-1.6
Accuracy 0.25% of span Accuracy 0.25% of span
Allowable fluid tempera-
ture

-30 to +100◦ C Allowable fluid tempera-
ture

-30 to +100◦ C

Response time <1ms Response time <1ms
EN 10204 3.1 inspection certificate

Table 6.3: Pressures sensors selected for this experimental setup [120]

6.3.1 Process control

Control of the PD pumps in the field during hydraulic fracturing consists solely of flow

rate regulation that is a direct function of PD pump speed. The pressure, a second

important parameter, is dictated by the condition inside the well. In the laboratory

setup well condition needs to be simulated. This is achieved using a flow restricting

valve.

Speed control

Motor speed is alternated using a variable frequency drive (inverter drive). Establishing

connection with this unit was done in two ways; the control panel is equipped with speed

control that can only be operated locally via an interface panel, secondly, the ModBus

device on the VFD that enables control via the ethernet connection is added. The

advantage of this feature is not only the ability to control the device remotely but

also the direct PC interface with the unit that will enable further speed adjustment

and feedback control. For the purpose of this experiment the first control method was

adequate and sufficient to satisfy the test requirements.

Pressure control

Pressure in the system is regulated by a pneumatic pressure adjusting valve. This valve

is installed on the PD pump’s discharge to provide a restriction to the flow and thereby
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generate a pressure in the system. The valve is adjustable by varying the air pressure

acting on the valve (0-5 bar). The valve controls (manual) are embedded in the control

panel of the PD pump. An alternative method includes an I/P (current to pressure)

convertor and a solenoid valve, thereby, the air pressure acting on the valve can be

adjusted remotely by a 4-20mA signal.

6.3.2 Sensor implementation

Monitoring of the operation was done predominately using three types of sensors. In

Figure 6.5 it can be seen that the monitoring of pressure variation was highlighted.

To accurately measure plunger position a speed sensor was installed on the driveshaft.

The overall pump output in terms of volumetric efficiency was monitored using a single

flow meter.

Pressure sensor

The inlet pressure was monitored by installing one low pressure sensor on the suction

side of the pump. One pressure transducer was fitted in each of the internal chambers

(x3) to record the pressure changes during the pump operation. The pressure in each

cylinder is expected to oscillate between 1 and 400 bar in every crank rotation. To

monitor cumulative output from an entire triplex PD pump one pressure transmitter

is to be fitted on the common discharge manifold. Table 6.3 provides all the relevant

information for each of the pressure sensors. Sensor calibration certificate can be found

in the Appendix, Figure B.3

Speed sensor

The pump’s driveshaft was aligned at a precise position to determine plunger’s starting

point. Using the reflective tape and infrared sensor, pointed to the marked part of

the driveshaft, the precise speed of the pump can be determined based on the number

of pulses per minute. The device is outputting a digital counter signal. Detailed

information on the sensor is available from the manufacturer’s data sheets [121].
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Flow sensor

A flow meter was included downstream of the solenoid choke valve. This is a stainless

steel pelton wheel turbine flow meter, with 1/2” inlet and outlet connections. The

output from the flow rate meter is fed to a digital display unit that was mounted to the

door of the pump control panel and an output signal, 4-20mA, was transmitted directly

to an external DAQ device. The flow meter installed is operating with an accuracy of

±2% for the upper 90% of the range.

6.3.3 Safety and failure prevention

Operating the equipment demands fully understanding the system. Untrained handling

can cause equipment failure and safety risks for nearby personnel. To prevent this from

happening safety measures were taken which consist of the following:

• Level switch - water tank (low). To prevent the PD pump from running with

an insufficient water supply level a switch was fitted that indicates failure in the

system and prevents pump startup.

• Temperature switch - water tank (high). Because the energy from the PD pump

is transferred to heat, safe pump operation is conducted at temperatures under

+70◦C.

• Temperature switch - pump oil (high). Lubrication of the PD pump power end

must not exceed +42◦C.

• Limit Switch - pump inlet feed valve. Placing the valve between the inlet of the

pump and the tank is necessary to isolate the tank from the remaining part of

the system. To prevent any attempt to operate the PD pump with the inlet valve

closed an indicator switch was installed to send a warning signal to the operator.

6.3.4 Data acquisition

The signal from the sensor was processed using the National Instrument’s USB DAQ

devices. A high acquisition rate (10 kHz), collection of analog channels and the overall
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Table 6.4: Data acquisition characteristics NI-DAQ[122]

USB-6210

Input range (v) Number of Channels Resolution (bits) MaxRate (kHz)
Analog In. Analog Out. Digital I/O

± 10,± 5,± 1,± 0.2 16 - 4DI/4DO 16 250

ease of use are features that align with the scope of the designed test rig. Key properties

of this device are given in Table 6.4.

Control of the solenoid valve, via an electrical signal, was established by an analog

output to the pneumatic actuator. For this purpose a secondary NI-USB device was

used. More details can be seen in the specification sheet provided by the manufacturer

[123].

6.4 Data analysis

The test overview lists all the test cases at all operating speeds and pressures. Table

6.5 summarises the entire test program. The performance variation of the PD pump

test rig can be seen in the speed and pressure output.

Data sampling rate is 10 kHz for all pressure sensors. Analysis is conducted for the

length of a single pumping cycle. Duration of the pumping cycle varies depending on

the operating speed of the test pump.

Individual analysis will focus independently on inlet conditions, outlet conditions,

chamber condition and volumetric flow rates. In Table 6.5 all the test cases are enu-

merated by establishing the main boundary conditions, i.e. speed and pressure.

6.4.1 Suction pressure

Analysis of the acquired inlet pressure data in time domain starts by presenting an

overview of the pressure ranges and mean values for each of the 36 test cases.

In Table 6.6 the main results from all test cases are displayed. It can be seen that

values are consistently within the range while excluding minor variances in particular

operating conditions.

Visually displaying values from Table 6.6 results in the following Figure 6.6.
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Table 6.5: Test outline

Test No. Overall
recording
time (ms)

Pump Motor
Speed
(rpm)

Pump
Speed
(rpm)

Pressure
(MPa)

Fluid Temp.(◦C)

1 2000 600 263 5
2 2000 600 263 10
3 2000 600 263 15
4 2000 600 263 20
5 2000 600 263 25
6 2000 600 263 30
7 2000 600 263 35
8 2000 600 263 40

9 2000 700 307 5
10 2000 700 307 10
11 2000 700 307 15
12 2000 700 307 20
13 2000 700 307 25
14 2000 700 307 30
15 2000 700 307 35

16 2000

H
P
S
4
0
0 800 351 5

w
a
te
r

2
0

17 2000 800 351 10
18 2000 800 351 15
19 2000 800 351 20
20 2000 800 351 25
21 2000 800 351 30
22 2000 800 351 35

23 2000 900 395 5
24 2000 900 395 10
25 2000 900 395 15
26 2000 900 395 20
27 2000 900 395 25
28 2000 900 395 30
29 2000 900 395 35

30 2000 1000 439 5
31 2000 1000 439 10
32 2000 1000 439 15
33 2000 1000 439 20
34 2000 1000 439 25
35 2000 1000 439 30
36 2000 1000 439 35

It is clear, from observation of the plot in Figure 6.6, that higher pressure oscillation

is seen at higher outlet pressures and with the increase of the operating speed.

Mainly all of the test cases at low outlet pressure have lower peak-to-peak varia-

tion compared to higher outlet pressures. Explanation for variation at higher outlet
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Table 6.6: Inlet pressure

Test No Peak (MPa) Mean (MPa) RMS (MPa)

Positive Negative
1 0.1213 0.0872 0.1078 0.1079
2 0.1266 0.0822 0.1077 0.1079
3 0.1350 0.0801 0.1077 0.1080
4 0.1391 0.0757 0.1077 0.1080
5 0.1363 0.0758 0.1077 0.1080
6 0.1428 0.0759 0.1078 0.1082
7 0.1471 0.0731 0.1078 0.1082
8 0.1464 0.0695 0.1077 0.1082

9 0.1268 0.0837 0.1077 0.1080
10 0.1316 0.0808 0.1076 0.1080
11 0.1386 0.0719 0.1077 0.1082
12 0.1467 0.0757 0.1077 0.1084
13 0.1508 0.0678 0.1077 0.1085
14 0.1520 0.0665 0.1077 0.1086
15 0.1540 0.0624 0.1077 0.1087

16 0.1392 0.0719 0.1077 0.1086
17 0.1408 0.0650 0.1075 0.1086
18 0.1435 0.0615 0.1075 0.1088
19 0.1441 0.0582 0.1076 0.1090
20 0.1457 0.0570 0.1075 0.1090
21 0.1524 0.0538 0.1075 0.1092
22 0.1575 0.0506 0.1076 0.1095

23 0.1392 0.0783 0.1075 0.1081
24 0.1442 0.0747 0.1075 0.1083
25 0.1516 0.0696 0.1074 0.1084
26 0.1559 0.0639 0.1075 0.1087
27 0.1577 0.0624 0.1075 0.1089
28 0.1590 0.0597 0.1075 0.1091
29 0.1655 0.0592 0.1077 0.1095

30 0.1604 0.0679 0.1073 0.1085
31 0.1637 0.0638 0.1073 0.1088
32 0.1556 0.0629 0.1072 0.1087
33 0.1635 0.0596 0.1074 0.1090
34 0.1615 0.0580 0.1074 0.1091
35 0.1655 0.0559 0.1075 0.1092
36 0.1706 0.0529 0.1072 0.1092

pressures is due to the compressibility of the fluid at higher pressures. Higher compress-

ibility means that during the suction stoke a suction valve will open later than usual.
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Figure 6.6: Inlet pressure variation showing most extreme values, 25th and 75th percentile and
median

This phenomenon signifies that force equilibrium between pressure in the suction man-

ifold and the chamber pressure is achieved later in the suction stroke at which point

the plunger velocity is higher. At higher velocity valve opening will be more sudden

and cause disruption in the flow pattern hence higher peak-to-peak oscillation.

Regardless of the peak variation the mean value stays relatively constant during all

phases of the operation.

A single test case (No.18) was identified for further analysis in order to establish

what is the operating envelope for the test rig model. Inlet pressure during one pumping

stroke can be seen in Figure 6.7. The number of peaks is approximately five over the

course of one pumping stroke.

Analysis of the frequency spectrum was performed on the limited length of the

recorded inlet pressure signal. In Figure 6.8 the highest impact frequencies are dis-

played.

The peak with the highest energy, in Figure 6.8, correlates to the plunger frequency

in 1:2 ratio.
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Figure 6.7: Inlet pressure during one pumping stoke in Test No. 18
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Figure 6.8: Frequency spectrum of the inlet pressure during one pumping stoke in Test No. 18
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Figure 6.9: Outlet pressure variation showing most extreme values, 25th and 75th percentile
and median

6.4.2 Discharge pressure

The outlet pressure from all three cylinders carries a high impact due to pronounced

pressure variations which, unlike in low pressure inlet conditions, convey high energy.

This is of particular significance in the field operation where discharge pressure pulsation

causes excessive equipment vibration and requires a specialised handling procedure.

The aim of this section is to examine and analyse the pressure fluctuations in scaled

PD pump unit and discuss the operational variance.

The results from the discharge pressure analysis for all 36 test cases are displayed

in Table 6.7.

In order to be able to recognize variations at different operating speeds and pressure

a boxplot was generated and presented in Figure 6.9.

The information presented in Figure 6.9 shows different effects of pressure fluctu-

ation at particular operating ranges. For instance, a higher amplitude variation can

be seen in cases 6, 8 and 34. Evidence show that higher amplitude variations occur

at higher pressures. Although, in some cases the peak-to-peak variation is quite low

even at high pressure, for example cases 7, 14 and 22. There is a strong possibility that

natural excitation is more pronounced at specific operating ranges.
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Table 6.7: Outlet pressure

Test No Peak (MPa) Mean (MPa) RMS (MPa)

Positive Negative
1 7.8480 3.6696 5.6293 5.6522
2 13.0716 7.6577 10.1789 10.1955
3 18.7252 11.3840 15.4157 15.4279
4 24.2528 17.2649 20.4132 20.4251
5 28.6240 20.3388 24.5979 24.6112
6 33.6722 23.5486 30.7451 30.7594
7 36.6374 32.6146 34.7000 34.7128
8 44.6360 34.3813 40.5049 40.5215

9 6.3333 3.9710 5.4741 5.4919
10 11.0207 8.5596 9.8412 9.8561
11 18.4114 12.0610 15.4017 15.4153
12 24.9768 17.0820 20.5269 20.5410
13 28.4460 21.3173 25.4487 25.4627
14 31.0109 27.3390 29.1989 29.2119
15 37.4380 33.0520 35.4115 35.4264

16 6.3382 3.8673 5.3012 5.3212
17 12.3007 8.3471 10.2150 10.2324
18 19.3133 12.4984 14.9094 14.9257
19 20.9614 17.6973 19.2189 19.2324
20 27.0821 21.0825 25.3981 25.4126
21 31.7522 27.5614 29.6479 29.6628
22 37.3935 32.7900 35.1967 35.2135

23 6.7237 3.9834 5.2880 5.3087
24 11.7027 8.1519 9.9584 9.9769
25 17.1018 13.6474 15.2813 15.2965
26 22.0734 18.3397 20.0968 20.1125
27 28.9131 22.8345 25.7761 25.7935
28 35.9331 27.0055 30.3555 30.3743
29 37.5665 32.7159 35.2393 35.2593

30 5.5772 3.3113 4.4083 4.4303
31 12.4687 7.4378 9.7509 9.7745
32 18.9945 10.8799 14.3822 14.4029
33 21.9869 18.0062 20.0871 20.1055
34 31.2135 20.3141 25.2500 25.2722
35 32.3502 22.5453 28.5447 28.5668
36 37.7888 32.6319 35.2964 35.3199

Selecting one test case to represent one pumping cycle was decided arbitrarily. A

single pumping cycle for case 6 can be seen in Figure 6.10. This case presents a single
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Figure 6.10: Outlet pressure during one pumping stoke in Test No. 6

pumping cycle recorded at the outlet manifold of the PD pump. The spikes in the time

series data in Figure 6.10 could be a result of pressure sensor inaccuracy at acquisition

speed of 10 kHz.

The frequency spectrum analysis for the outlet pump pressure was performed on the

specified length of the signal. In Figure 6.11 dominant impact frequencies are displayed.

The peak with the highest energy, in Figure 6.11, correlates to the excitation fre-

quency of the reciprocating plunger.

6.4.3 Internal chamber

Because of the highly transient pressure state inside a PD pump chamber and the

passage from low suction to high discharge pressure there is a characteristic behaviour

exhibited by the reciprocating motion of the plungers.

In Figure 6.12 pressure data was measured inside the individual PD pump chambers.

It can be seen that PD pump chambers have comparable performance to one another.

The low pressure part of the cycle, seen during a suction stroke, is predominantly

oscillating around 1bar. Some difference can be seen at the middle cylinder where low

pressure peaks fall below average pressure.

On the high-pressure side each of the cylinders exhibits three peaks where the middle
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Figure 6.11: Frequency spectrum of the outlet pressure during one pumping stoke in Test No. 6
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Figure 6.12: Chamber pressure from the internal side of the pump from all cylinders in Test No.
2
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Figure 6.13: Chamber pressure from the internal side of the pump from only one cylinder in
Test No. 2

peak is more dominant. Outlet pressure cylinder interaction can be seen in sections

where the pressure patterns from two cylinders overlap.

The plotted pressure history of one PD pump chamber, together with the crank

angle position of its reciprocating plunger, is shown in Figure 6.13.

A frequency analysis plot is displayed in Figure 6.14. Data was limited to the

discharge part of the stroke, as shown in Figure 6.13 and subtracted from the mean

value of the discharge pressure. In Figure 6.14 two plots display the manipulated time

series and the evaluated frequency data. Results show that the most accented is the

frequency of the plunger movement.

6.4.4 Flow rate

The second operational output from a PD pump is the flow rate. In the current setup

the cumulative product of all three cylinders is recorded using a flow rate transducer.

Due to the noisy signal output the results were averaged for ten recorded measurements

at sampling rate of 1 kHz.

In Figure 6.15 the flow rate output from a triplex PD pump is presented.

The results show the accurate PD pump output which was compared to the number
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of pumping cycles. In Figure 6.15, due to the position of the sensor in the hydraulic

system, identifying an individual plunger action was not possible.

6.5 Summary

In this section the aim was to present the test rig design and advancements in the

field of PD pump condition monitoring and control. The chapter was structurally

divided into two parts; first the equipment selection, technical overview and operational

functionality and the second data analysis, presentation and discussion.

Based on the operational practices seen in hydraulic fracturing a system design was

selected to enable equipment scaling and process replication for a laboratory environ-

ment. Experimental priority was assigned to the scaled model of an original PD pump.

Using the frequency variator and the pneumatic choke valve, the PD pump operates

in a condition similar to the real fracturing site application. Owing to the fact that

only one PD pump was tested the system interaction between multiple units was not

evaluated which may be the subject for further development.

Performance metrics of a tested PD pump were classified into one of the three

categories, pressure, speed and flow rate. Seven simultaneous measurements were made,

four high-pressure (cylinder and discharge), one low pressure (suction), one flow rate

and one plunger speed.

Results of the experimental model have indicated the following:

• Suction pressure is affected by individual plunger motion.

• Inlet pressure variation is influenced by the operating speed. At higher PD pump

operational speeds the pressure variation will be higher. Pressure fluctuation

could have possibly been avoided by using an additional pump to pressurize the

inlet manifold.

• Discharge pressure displays a consistent number of pressure pulses during one

pumping stroke. Discharge pressure variation does not indicate a relation to

operating speed. Specific pressures show less peak-to-peak variation, for example

35MPa shown in Figure 6.9.
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• Speed measurement, using the digital pulse output, shows satisfactory results.

Sensor measurements accurately correspond to the speed measurement displayed

on the VFD. Aligning the crankshaft position with the speed pulse provided a

precise indication of the plunger motion for an entire triplex PD pump.

• Flow rate measurement was designed to take into account the overall PD pump

output. Recorded results accurately display the fluid flow rate. The initial expec-

tation of being able to identify an individual plunger action was not accomplished.

This may be accounted for by insufficient sensor accuracy or the complex flow in

the discharge. A possible test rig modification could investigate locating the

sensor on a different part of the hydraulic system.

Test rig model also enabled model validation comparison between Flowmaster R©

multi-cylinder design and the experimental setup, discussed in section 4.4

Experimental study has shown that reproduction of a full size PD pump is achievable

in the laboratory environment. The ability to control external pressure state and

PD pump speed from a local workstation enables operational flexibility that is not

attainable in the field operation. Modularity of the PD pump test stand allows the

addition of various instrumental measurements currently not possible in the field units.

For example, the test rig was equipped with high speed pressure sensors on each of the

cylinders and flow rate transducer, both of which are not used on PD pumps in the

field. The test rig PD pump has a triplex design which could be modified for individual

analysis of each of the chambers in isolation.

The next chapter quantifies the degree of correlation between the computational

model, field and the test rig data.



Chapter 7

Validation

7.1 Problems and Opportunities

Before using the computational model to explore the design space it must be validated

to ensure that it accurately predicts the behaviour of the system.

Measuring the model’s accuracy will establish the level of the model’s dependence

on the experimental input. Quantifying the correlation factor will enable an estimation

of the computational model’s effectiveness.

7.2 Methodology

The validity of the results presented was established by performing a comparison study

between two experimental tests and the results of the computational model. Research

steps towards validating of the computational model consists of following:

• Choosing the appropriate statistical method to process the results

• Engineering evaluation of the presented data

• Discussion of results and identification of areas for improvement

7.3 Statistical model

The selected method for comparing the test cases and computational model was the

Pearson’s correlation coefficient, also known as the “product moment”. This mathemat-

133
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Figure 7.1: Theoretical understanding of the correlation value of product moment [125]

ical formulation evaluates the strength or the linear relationship between two variables

of equal length.

The value of Pearson’s correlation coefficient can vary from -1 to 1 where a value of

zero indicates no association between the two variables. Positive and negative values

of Pearson’s correlation coefficient indicate different data association as seen in Figure

7.1. More detailed explanation of the importance of this measure is discussed by Taylor

[124].

All the figures in this section, handling data comparison, will contain correlation

coefficient factors embedded in the figure itself, expressed by rxy. All values higher

than 0.7 will be denoting strong correlation. Values between 0.3 and 0.7 are to be

considered moderate in their strength and values below 0.3 can be regarded as weak.

Although the aim of this validation method is to confirm the accuracy of the model,

which means comparison of the data in the same units of measurement, in reality this

is not a limitation for Pearson’s correlation coefficient. Variables can be measured in

different units and a correlation can still be established. Pearson’s correlation coefficient

does not consider dependent and independent the variables as different.

Mathematical formulation of the Pearson’s correlation coefficient is the covariance

of the two examined variables divided by the product of variable’s standard deviation.

The equation for Pearson’s correlation coefficient can be simplified as shown in Equa-

tion 7.1. In this equation two data sets are assumed x1, ..., xi, ..., xn and y1, ..., yi, ..., yn

each containing n data points.



CHAPTER 7 VALIDATION 135

0 0.1 0.2 0.3 0.4 0.5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Time (seconds)

Two matching sine signals

r
xy

 = 1

0 0.1 0.2 0.3 0.4 0.5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

r
xy

 = −0.68147

Time (seconds)

Two matching sine signals offset by π/2

Figure 7.2: Problems with correlation coefficient in cyclic systems

rxy =
n ·

∑

xi · yi −
∑

xi
∑

yi
√

n ·
∑

x2i − (
∑

xi)2
√

n ·
∑
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∑

yi)2
(7.1)

Any uncertainty of this statistical method is its dependency on the precise phase

synchronization of two examined models, an example of which is shown in Figure

7.2. Two identical signals were evaluated using Pearson’s correlation coefficient. The

results of which are embedded in the Figure 7.2. It can be seen that any phase offset

can influence results significantly therefore it is important to align evaluated data sets

in the best possible way.

7.4 Data analysis

Output from the computational model was compared against experimental and field

data.

7.4.1 Suction pressure

Examining test rig data recoded on the inlet side of the pump and the computational

model is the first step, Figure 7.3 shows correlation between the two data.

Data was plotted against crank angle and both y-axis show pressure values.
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Table 7.1: Correlation data between test rig experimental and computational model for suction
pressure

Suction
pressure

mean RMS rxy RMSExy

Experimental
rig

0.107 0.107
0.128 0.007

Model 0.110 0.110

Table 7.2: Correlation data between field experimental and computational model for suction pressure

Suction
pressure

mean RMS rxy RMSExy

Experimental
field

0.358 0.359
0.491 0.054

Model 0.374 0.379

Pressure field inside the suction chamber is expected to be influenced by the indi-

vidual plunger motion. In the field data and the test rig data measurements triplex

pumps were used, therefore, three transient pressure states are expected at equal offset

of 120◦ of crank rotation.

First inspection of the data in Figures 7.3 and 7.4 shows higher level of pressure

fluctuation in the test rig signal compared to the field data. In the test rig data, shown

in Figure 7.3, three pressure spikes are identified at 30, 150 and 270 degrees of crank

angle rotation which is associate with motion of individual plungers. Observed pressure

fluctuation in the inlet manifold of test PD pump resulted in correlation data factor

rxy to be below 0.3 which indicates weak correspondence between the data. In Table

7.1 mean and RMS values show sufficient correlation between the experimental test rig

and the computational model.

Suction pressure in the field conditions is affected by the complex system predom-

inately influenced by the reciprocating plunger movement and the interaction from

other elements of the hydraulic system. In Figure 7.4 association between computa-

tional model and the field data experiment is shown. In the field data pressure pulses

are more recurrent with the exact phase offset of 120◦ of crank rotation.

In the field metrics inlet data, shown in Figure 7.4 was plotted for one pumping

cycle so that all operational speed difference and time adjustments are avoided. The

most accurate way of displaying and comparing results required data to be plotted with

respect to crank angle.
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Figure 7.4: Comparison between the field data and the computational model. Correlation factor
is stated as rxy

The two dominant peaks associated with the plunger movement are synchronized

and show a good relationship with the model. However the remaining part of the

recorded field metrics were not captured in the computational model. The result of the

correlation study, as illustrated in Table 7.2 is close to 0.5 which presents a moderate

strength of correlation.
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Table 7.3: Chamber pressure correlation data between the CFD and the computational model in a
simplex PD pump

Chamber
pressure

mean RMS rxy RMSExy

CFD 46.01 55.29
0.989 4.757

Model 46.09 55.85

Table 7.4: Correlation data between experimental and computational model for chamber pressure

Chamber
pressure

mean RMS rxy RMSExy

Experimental
rig

14.90 15.0937
0.988 1.16

Model 14.47 14.76

7.4.2 Chamber pressure

The profiles of the chamber pressure, suction pressure and discharge pressure are differ-

ent. Essentially fluid phenomena inside the cylinder are creating a connection between

the inlet and outlet by forming transition between low suction pressure and high dis-

charge pressure.

A chamber pressure monitoring system is seldom carried out in the field operation.

Results obtained from the actual hydraulic fracturing processes do not include inter-

nal chamber pressure, therefore this section will only look at the test rig experiments

and the established CFD model discussed in section 4. The CFD model, previously

compared in Figure 4.12, considers isolated chamber performance and the comparison

between two models is shown in Figure 7.5.

The CFD model, developed for a simplex PD pump, considers the fluid pressuriza-

tion due to the compressing action of the plunger without the added effect of chamber

interaction. Plunger displacement is given on the right hand y-axis and it illustrates

motion from BDC to TDC.

In Figure 7.5 pressure increase takes place after 180◦ and the main transient phe-

nomenon can be seen in the oscillation (180◦ - 210◦) prior to achieving pressure balance

at the system’s discharge pressure. The end of the discharge stroke sees the rapid pres-

sure drop and the new cycle is reestablished. The computational model shows matching

behaviour with a correlation coefficient of approximately 1 (which is considered high

association between the two variables). Table 7.3 shows accurate model prediction of
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mean and RMS values.

The advantage of using a scaled size test rig was proved to be effective by enabling

custom instrumentation, monitoring and control at different stages of a PD pump op-

eration. Understanding cylinder performance will help establish an operating envelope

to which all PD pumps need to be modelled.

In Figure 7.6 one pumping cycle is compared between the experimental test rig and

the MatLab computational model of a simplex pump. Displacement motion is plotted

on the right y-axis and for the comparison study the second (middle) chamber of the

experimental PD pump was used. All chambers show close operational similarity as

shown in Figure 6.12 and Table 7.4.

Plunger motion triggers a pressure increase in the chamber and Figure 7.6 illustrates

a relationship between the computational model and the experimental data. Because

the pressure trend in the computational model closely follows plunger motion and both

sets of data are synchronized to the same operating speeds the correlation coefficient

is high which denotes the high confidence between the experiment and the model.

A key difference in two sets of data is the outlet pressure value. In the CFD model

the outlet pressure stays nearly flat during the discharge stroke due to simulation of the

simplex (one chamber) pump. In reality, because of the multi-cylinder pump design,

more than one plunger is compressing in one cycle of crankshaft rotation so the pressure

field in the cylinder is dominated by other interfering elements, as explained in sections

2.5.1 and 4.4.

However, the same type of computational model was accurate enough to satisfy

both single cylinder (simplex) and multi-cylinder (triplex) PD pump designs showing

sufficient level of association. Increasing the precision of the model for demonstrating

behaviour in multi-cylinder pumps will require more analysis and understanding of the

accurate source for pressure variation seen in Figure 7.6.

A final chamber analysis was done for the triplex PD pump operating condition.

In section 4.4 a 1D-CFD model was presented that takes into account the pressure

interaction between chambers in PD pumps using Flowmaster R© software. In Figure

7.7 a comparison was presented between the experimental results and the numerical

model. Results show the correlation factor of 0.75.
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Table 7.5: Correlation data between experimental and computational model for discharge pressure

Discharge
pressure

mean RMS rxy RMSExy

Experimental
rig

15.40 15.41
0.727 0.771

Model 15.36 15.40

Examination of Figure 7.7 conclusion can be made that the pump design made using

Flowmaster R© overestimates pressure spikes and interaction between cylinders. Further

model refinement could provide added fidelity to the multi-cylinder pump system.

7.4.3 Discharge pressure

The last section of pressure field appraisal in the computational model and experimental

sets of data is related to the common discharge manifold located inside the PD pump.

This section of the PD pump is directly connected to the downstream system so any

change in pressure field downstream will affect the PD pump operation.

Evaluation the result will start by comparing the discharge pressure from a test

rig PD pump to the computational model, shown in Figure 7.8. Both data sets (com-

putational model and test rig results) are plotted against the crank angle to achieve

sufficient accuracy.

The outlet pressure field is greatly dependent on the plunger velocity. A difference
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Figure 7.8: Outlet pressure from the test rig compared to the computational model. Correlation
factor rxy is 0.72

can be seen in the second pulse wave following the higher amplitude one. The model

does not consider the variance between the two, clearly illustrated in the test rig data.

The correlation factor presents a strong association between two sets of data, as shown

in Table 7.5, which is satisfactory.

Following the same approach experimental field data is compared to the established

numerical model. In Figure 7.9 one pumping cycle is illustrated and two sets of com-

parison data are plotted with respect to the crankshaft angle.

Unlike test rig data, where it was demonstrated that dominant pressure pulse is

followed by a lower energy pulse, in the field experiment all discharge pulses vary in

their intensity yet they are all equally spaced throughout one pumping cycle.

However, comparison between field data and the computational model shows weak

association. Pressure drop seen at 0◦, 120◦ and 240◦, marking each plunger motion, is

evident in both sets of data. Subsequently, results from correlation analysis illustrate

this quite clearly. A factor close to zero, statistically speaking, signifies no relationship

between data.

It is evident that analyzing field data on the outlet pressure chamber is more chal-

lenging. Owing to the fact that the pump is seldom operating isolated in the field it is

fair to assume that there is a system influence on the presented results.

Despite the fact that Pearson’s correlation coefficient shows insufficient association
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Figure 7.9: Outlet pressure recorded in the field and the computational model. Correlation
factor is stated as rxy

Table 7.6: Correlation data between the field data and computational model for discharge pressure

Discharge
pressure

mean RMS rxy RMSExy

Experimental
field

59.60 59.76
0.079 6.223

Model 61.57 61.72

between the field experimental data and the computational model both mean and

RMS values show consistency between the examined data sets as illustrated in Table

7.6. From the qualitative analysis standpoint the compared signals show similarities in

amplitude variation, peak phase and mathematical mean value.

Several tests were conducted using a manufacturer’s test facility (unconnected to a

wellbore) in Texas and analysis of this data shows only three peaks per pumping cycle

which, for the given operating speed, takes 0.46 seconds. Figure illustrating this test is

given in the Appendix C.1.

Further optimisation model considers mean pressure output which means that the

level of accuracy, of the discharge pressure, between field data and computational model

should not affect the design accuracy.
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Figure 7.10: Comparing the computational model’s flow rate response to the CFD. Correlation
factor is stated as rxy

7.4.4 Outlet flow rate

In addition to the pressure output mass flow rate is the second most important parame-

ter in PD pump performance. Depending on the applications high-pressure or high-flow

capacity may be required. In hydraulic fracturing both are critical and high demand is

mandate for a specific part of the process.

Validation of mass flow rate is more demanding and challenging to measure and

analyse especially if the effect of chamber interaction is to be taken into account. Mass

flow is, in theory, related to plunger motion. The computational model relies on the

reciprocating motion of the plunger to produce the integral of flow rate. In Figure 7.10,

previously examined in Figure 4.11, a theoretical computational model is compared

to CFD. Correlation coefficient shows a strong association in all aspects between the

numerical computational model and the CFD simulation, shown in Table 7.7.

Measuring flow rate from the experimental test rig can only be achieved by ac-

counting for the cumulative output from all three chambers. Discharge flow rate is the

function of each of the plunger’s reciprocating motion and the swept internal volume.

Figure 7.11 shows flow rate measurement from the experimental test rig.

Data illustrated in Figure 7.11 shows approximately four pumping cycles, previously

presented in Figure 6.15. Flow rate measurements obtained from the experimental
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Table 7.7: Correlation data between experimental and computational model for chamber flow rate

Chamber
flow
rate

mean RMS rxy RMSExy

CFD 23.63 25.55
0.991 1.809

Model 22.60 24.76

rig were averaged every ten values. The model is calculating integral value from all

three cylinders and value is presented in litres per minute. The model is therefore

outputting constant value at one operating speed. It can be seen in Table 7.8 that

mean values show a well matched association between the computational model and

the experimental test rig, up to a second decimal point (centilitre). The correlation

coefficient was not applicable in the analysis as the computational model’s constant

average and recorded test rig data do not show same transient changes.

Table 7.8: Correlation data between experimental and computational model for discharge flow rate

Discharge
flow
rate

mean RMS rxy RMSExy

Experimental
rig

13.47 13.47 N/A 0.0597

Model 13.48 13.48
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7.5 Summary

In conclusion, this chapter analyses, compares and discusses the results from the test

rig, field data and computational model that were presented in earlier chapters (4,6 and

5). Key emphasis, in this chapter, was given to pressure and flow rate examination with

one section covering relationships between the computational model and CFD data.

By identifying the statistical method a comparison between the experimental and

numerical models was carried out. The operation was examined for one pumping cycle

by measuring suction pressure, discharge pressure, chamber pressure and the output

flow rate. Results show different levels of numerical association between the computa-

tional model and the experimental tests. Summary of all the individual validation data

sets and their relationship to the computational model are listed as follows:

1. Field data comparison

• Results from the field data show moderate correlation to the computational

model.

• Suction pressure shows good correlation to the computational model owing

to the fact that a pressure spike is triggered from an oncoming plunger.

• Discharge pressure from the field unit shows an increased number of pressure

peaks compared to results obtained in the lab setting.

• Peaks in the field data appear to be equally distributed during one pumping

cycle.

• Chamber pressure was not measured in the field operation so could not be

compared.

• Flow rate in the field condition is a function of PD pump speed. No physical

measurements of flow rate are currently being carried out in the field, so

again these could not be compared.

2. Test rig comparison

• Suction pressure from test rig data shows a highly oscillating trend and only

some amplification can be seen at the points associated with the plunger
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motion. The computational model is only accounting these timed 120◦ spikes

as important operational variations.

• Discharge pressure from all cylinders matches the computational model ver-

ified with the high correlation factor.

• Chamber pressure in a triplex PD pump computational model shows more

pronounced peak-to-peak variation compared to experimental test rig. Cor-

relation was satisfactory.

• Chamber pressure in a simplex PD pump shows higher correlation coeffi-

cient to test rig’s triplex PD pump due to less pressure variation in the

computational model

• Test rig data shows satisfactory relationship compared to computational

model.

• Flow rate measurement satisfies the evaluation criteria.

3. CFD comparison

• The majority of the approaches used for designing a computational model

are similar to those employed in the complex CFD model.

• Chamber pressure for a single-cylinder (simplex) PD pump models shows

strong association between CFD and the developed computational model.

• Mass flow rate for a simplex PD pump design indicates satisfactory correla-

tion between CFD and the developed computational model.

In conclusion, validation between the different research domains proved to be very

useful for quantifying the current level of fundamental understanding of PD pump

performance. The aim was to evaluate an analytical model and compare it with experi-

mental data obtained from the field data and a laboratory test rig. Field data contains

valuable details, suction pressure and chamber pressure match well with the developed

model. However, it raises questions related to the influence of the downstream dis-

charge and the upstream suction system on an individual PD pump. The resolution of

the identified issue exceeds the scope of this project.
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Comparison between test rig data and the computational model shows satisfactory

relationship. Chamber pressure, discharge pressure and outlet flow rate all show suf-

ficient degree of accuracy in numerical and experimental simulation. Suction pressure

proved to be extensively variable in the experimental test. Although the overall low

pressure did not cause any cavitation future test rig development should consider prim-

ing the suction side of the PD pump (i.e. boosting suction pressure) to assess the

nature of suction pressure fluctuation.

The computational model shows strong correlation to CFD results.

The overall conclusion is that the simplex model can reasonably be used for the

optimisation study but the results must be understood to be limited until a full under-

standing of the pump’s interaction with manifold and wellbore are available.
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Optimisation study

This chapter presents two optimisation studies: first for a single pump and then for

a multi-pump system. Although Monte Carlo is used in both cases the first uses the

computational model (detailed in Chapter 4) while the multi-pump study uses an ap-

proximate analytical model to represent the system’s response to key design parameters.

Figure 8.1 illustrates schematically how parameters such as pumping pressure, speed,

plunger diameter, stroke length and rod load all interact. The objective of the work

reported in this chapter is to find the best combination of values. In other words could

there be scope within the design space to select values that result in a smaller more

compact pump more appropriate for the European transport specification, environmen-

tal and societal constraints? To investigate this thesis a numerical model was used to

systematically explore the system’s design space with the aim of optimising the size of

the reciprocating components for a given pressure and flow.

This process of multivariable analysis has five steps:

1. Identify the functional requirements (i.e. specification) of a hydraulic fracturing

pump

2. Define the system’s model

3. Coarse grid exploration of the design space

4. Identification of possibilities for system improvement

5. Finer grid search through Monte Carlo optimisation

149
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Figure 8.1: Process map for developing optimisation algorithm in high-pressure pumping systems

8.1 Hydraulic fracturing: functional requirements

To investigate the impact of the optimised design on a hydraulic fracturing process

case studies are used. The mechanical properties associated with a rock formation in

Woodford basin (Oklahoma) are summarized in Table 8.1[53]. Zhang [126] presents an

“energy” study for which typical hydraulic fracturing was modelled using the STIM-

PLAN software [127]. The reservoir properties in the [126] study are similar to the

recorded reservoir data used in our model. The analysis in this chapter will use a sin-

gle stage in ”Well 3’s” stimulation program, shown in Table 2.1, as a representative

example for energy estimation.

8.1.1 Pumping period

The pumping rate for a single stage of hydraulic fracturing will be determined in ad-

vance of the propagation phase. The overall time is influenced by the size (width, depth

and length) of the well and the mechanical properties of the rock (determined by rock

type and depth). For this case study the time of the stage is set to 210 minutes (ex-

perience in North American shale reservoirs suggest that this estimate is toward the

upper limits of a pump stage, i.e. longer than the average time required).
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Formation Details— Well 3 - Shale properties

Formation Woodford Parameter Variable Value

Lithology Shale Depth (m) H 4,649
Top MD(m) 3,522 Poisson’s Ratio υ 0.2
Bottom MD(m) 4,649 Vertical stress

(kPa/m)
σv 0.2

Pore pressure (kPa) 39,330 Poroelastic con-
stant

α 0.8

Pore pressure (ppg) 9.8 Pore pressure
(kPa/m)

pr 11.51

Fluid content gas
Max. Horizontal
stress (kPa)

σHmax 72,180

Frac gradient 0.72 Tensile strength
(kPa)

T 1,722

Total pump power
requiremtns(kW)

14,155

Breakdown pressure (kPa) 62,100

Table 8.1: The case study shale formation properties are listed. This case study is used to
quantify the potential impact of the optimal pump design. Values for North American shale are
used due to lack of available data for European shale.

8.1.2 Pump pressure

The formation’s breakdown pressure for this experimental well can be derived from

equation 2.7 using the parameters in Table 8.1, and is approximately 62MPa.

pb = 3

[(

υ

1− υ

)

(σV − βpr) + βpr

]

H − σHmax + T − βprH = 62MPa (9, 000PSI)

(8.1)

For our case study, propagation pressure (pp) is therefore approx. 43MPa (assuming a

30% reduction of the breakdown pressure). This pressure will be maintained throughout

the propagation stage.

8.1.3 Flow rate

The total volume of liquid required for the fracturing operation (over the chosen 210

minute period) needs to be estimated to determine the magnitude of the flow rate.

The total volume is the sum of the volume of liquid needed to fill the bore, calculated

using equation 2.11 and the volume needed to push the proppant into the rock fissures.

In order to calculate the volume of the production well casing it is necessary to define
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both the measured depth of the well and the casing diameter. The standard production

casing diameter is 73mm (27/8”). Using equation 2.11 the calculated volume of the

well bore is 19,500 l. The combination of the calculated casing volume and the recorded

field data suggests the total volume of pumped fluid for this example well stage is

approximately 2.45Ml. It is interesting to note that the casing volume is only 0.7% of

the overall fluid needs. In other words the casing volume is negligible compared to the

quantity of fluid pumped into the rock during the fracture propagation stage.

The entire hydraulic fracturing process can be modelled using the calculated volume

requirement parameter and formation breakdown pressure.

8.1.4 Pump Requirements

The pump pressure needed to fracture this well (62MPa) is obtained from the mid-

range of the performance curve of the pump, Figure 2.25b, confirms that the optimised

pumps will be capable of delivering this required pressure to the wellbore. Given that

the volume of liquid needed is approximately 2.45Ml and the time to deliver this volume

is 210 minutes, the pumping rate must be 16,000 l/min. To generate this flow, a total

of 14 positive displacement pumps would have to be used in parallel requiring a power

of 25MW.

8.1.5 Environmental Footprint

Having determined the overall fluid volume needed to fracture a single stage in the

example well, and the number of pumps required to achieve these flow rates, it is

important to consider the physical issues of delivering the equipment to site. One

of the principal impacts on the local community is nuisance (noise and traffic) and

air pollution from trucking [92]. Additionally, road traffic accidents (and subsequent

spillages of e.g. frac-chemicals) are one of the most likely risks to the environment

posed by hydraulic fracturing operations [5]. Thus the infrastructure for equipment

delivery to the site has important implications for the environmental and social impact

of hydraulic fracturing activities, which operators should seek to minimise.

A tanker, in accordance with EU road legislation [60], is able to transport a maxi-

mum of 32,000 litres of water or petrol (this volume is limited by mass restrictions). For
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this case study, 78 water tankers would be needed to transport the required amount of

fluid (outlined in section 8.1.3) to the well location. There will be additional trucks to

transport the frac-chemicals and proppant - the volumes of which will be proportional

to the total fluid volume pumped. However, the volume of both sand and chemicals

required are an order, or even two orders of magnitude smaller than the water needed

as discussed in section 2.2.4.

Due to strict road (load) and transport regulations, pump manufactures and final

assembly companies are very conscious of the physical size of the frac-trucks. Council

Directive 96/53/EC [60] specifies a maximum authorized dimension for national and

international road traffic. Similarly pump assembly manufactures specify maximum

overall dimensions of their units [59] to fit the size limits. These limits (designed for

the North Americas) are approaching the very limit of the acceptable range for the

European roads.

8.1.6 Case study summary

The mechanical properties of the rock and the time scheduled for each stage of the

hydraulic fracturing largely dictates the amount of pumping hardware required. While

it may be preferable to process a stage in a shorter time (for economic reasons and

to reduce the period disturbance to local environment), doing so would require more

pumps in operation at a given time. For the purpose of this study, an example of a

hydraulic fracturing process from North America has been adopted. For this operation,

2.45Ml (2450m3) volume of liquid must be delivered to the rock over a period of

210 minutes, requiring pump flow rates of 16,000 l/min. All the positive displacement

pumps on the site individually must be capable of exceeding the formation breakdown

pressure (62MPa in this case study).

After the breakdown phase, pumping shifts from a low speed, high-pressure regime

to a high speed, high flow rate (the propagation phase). The pumping profile associated

with this case study is shown in Figure 8.2, which details the fluid pressure, flow rate

and fluid density requirements. The case study demonstrates that an optimised pump

could deliver adequate pressures and flows for a typical job.

The number of pumps and their duty cycle can be used to determine the power
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Figure 8.2: Experimental case study values (obtained from North American well stimulation
operations) used to determine pumping requirements for hydraulic fracturing [53].

needed to run the site. These will determine both the traffic and environmental foot-

print of a single hydraulic fracturing stage. All the other variables present in the process

such as sand and chemicals are affected by the size of the reservoir and the total water

requirements.

8.2 Single pump optimisation

The following section details each step of this process.

8.2.1 Current design

Identifying performance parameter values from the current equipment performance is

the first step in developing full multivariable analysis. Figure 8.3 shows hydraulic

horsepower (HP) curve and the key design parameters used as a starting point for our

analysis.

8.2.2 Model

A mathematical model, detailed in sections 4.2 and 4.3 was used to explore the design

space using the parameters illustrated in Table 8.2.

The system’s outputs are rod load (i.e. cylinder pressure) and flow rate. The rod
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D Plunger Diameter (m) 0.111
R Crank Radius (m) 0.102
L Con-Rod Length (m) 0.65
X Plunger Speed (rpm) 200
m Plunger mass (kg) 400
mtot Total mass (kg) 1200
C Number of Plungers 3

Nom Resulting parameters

F Force (N) 7.2 · 105

Ff Friction force (N) 300
p Pressure (MPa) 75
Q Flow Rate (l/min) 1248
Ptot Power(MW) 1.350

Figure 8.3: Pump’s operating range is shown in grey. Focusing on single operating point helps
identify how can series of inputs and outputs be improved.

Table 8.2: The ranges of values used in the initial coarse grid exploration analysis to identify the
range of performance values in current pump design.

INPUT OUTPUT

Description Var. Current
Design.

Min Max Descr. Var.

Plunger
Diameter (m) Di 0.111 0.008 0.134 Rod

Load
RL

Crank
Radius (m) Rj 0.102 0.01 0.164 Flow

Rate
Q

Con-Rod
Length (m) Lk 0.650 0.05 0.750
Stroke
Rate (RPM) Xl 300.0 100.0 700.0
Number of cylinders Co 3 1 12
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load is a cyclic function dependent on the plunger placement during the operating phase.

The rod load variation over one pumping cycle is shown in Figure 2.25c and modelled

using equation 8.2.

RL(INijklo) =
D2

i π

4
· sin

(

2π ·Xl · t

60

)

· p (8.2)

Similarly, flow rate also varies with the cyclic piston movement during the compression

stroke. Integrating the discharge flow gives a single value that is associated with the

internal displaced volume (Q), Figure 2.25a. The displaced volume from three cylinders

over specified time (t) is defined by equation 8.3 (which assumes that there are no losses

in the volumetric efficiency.)

Q(INijklo) = Co ·
D2

i π

4
·



−Rj · sin

(

2π ·Xl · t

60

)

−
R2

j sin (
2π·Xl·t

60 ) cos (2π·Xl·t
60 )

√

L2
k −R2

j sin
2 (2π·Xl·t

60 )



 · 998.2

(8.3)

8.2.3 Coarse grid exploration study

Every combination of the five input parameters was generated (equation 8.4) [128]

by incrementally varying them between minimum and maximum values that represent

physical or functional limits to that quantity. Table 8.2 shows the values used in coarse

grid exploration. Step size is 1% of the range.

INijklo = (Di Rj Lk Xl Co)
∣

∣

i=n1

i=1

∣

∣

∣

j=n2

j=1

∣

∣

∣

∣

k=n3

k=1

∣

∣

∣

∣

∣

l=n4

l=1

∣

∣

∣

∣

∣

o=n5

o=1

(8.4)

The values of the connecting-rod length and crank radius are constrained by the

ratio limit. Therefore, some values of INijklo were excluded. The following equation
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8.5 defines the combinations of parameters excluded by this design constraint.

INijklo =

{

Di, Rj , Lk,Xl, Co

∣

∣

∣

∣

Lk

Rj
≤ 5.2 and

Lk

Rj
≥ 2.8

}

Where:

i = 1 . . . n1, j = 1 . . . n2, k = 1 . . . n3,

l = 1 . . . n4, o = 1 . . . n5.

(8.5)

The final multivariable space of possible PD pump designs can be represented as

an array of input and output values, equation 8.6.





































IN11111 RL(IN11111) Q(IN11111)
...

IN1111n1 RL(IN1111n1) Q(IN1111n1)
...

INn1n2n3n41 RL(INn1n2n3n41) Q(INn1n2n3n41)
...

INn1n2n3n4n5 RL(INn1n2n3n4n5) Q(INn1n2n3n4n5)





































(8.6)

A discrete fixed step approach was adopted because incremental changes to the

output (i.e. no step changes) make the impact of the parameters easier to distinguish.

8.2.4 PD pump design space results

Initial evaluation of the design space was done using five parameters. The fixed step

size produced a characteristic design area in which incremental parameter alteration

provided a specific result feature.

The results show that a wider plunger is associated with a relative increase in rod

load as the pressure rises. Similarly, it is unsurprising that the stress on the crankshaft

increases as the plunger area increases, where stress ultimately limits the maximum op-

erating pressure. Since energy changes in the design parameters (i.e. plunger diameter,

crank radius, con-rod, etc.) will result in different output characteristics, four areas of

output characteristic can be identified in Figure 8.4.
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• Large plunger area and low speed (top left corner of Figure 8.4): low flow and

high rod load performance.

• Medium - large plunger area and a range of speeds (top right corner of Figure

8.4): large variations in rod load and flow rate.

• Small - medium plunger area and mid to low speed (bottom left of Figure 8.4):

relatively low rod load and low flow rates.

• Small - medium plunger area and high speeds (bottom right of Figure 8.4): rela-

tively low rod load and high flow rates

For each area, the parameters can be expanded to explore in more detail the possi-

bilities of different pump designs.

Low-order equations in the coarse grid optimisation study did not provide solution

with local optimum between sample points. Increasing the number of evaluated data

points in a more restricted design space will be the objective of the upcoming fine grid

Monte Carlo analysis.
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8.2.5 Monte Carlo optimization

The aim is to maximize flow rate while minimising the rod load. An optimized design

needs to be able to deliver both high-pressure capability and sufficient flow capacity.

Indeed, the flow rate of the pump is a significant factor in the overall time taken for a

stage.

The next step would be to identify the possibility for obtaining the same level of

performance with the improvements in the equipment footprint. This is to be achieved

by running another simulation with the system’s objective functions defined. The

second phase of the multivariable analysis involves a more detailed exploration of the

reduced parameter space identifier through the previous coarse grid search, section

8.2.3.

Optimisation was done using a Monte Carlo analysis with filtering to provide in-

formation about model sensitivity and parameter ranges around optimum values. The

process has three distinct steps:

• Exploration of the reduced parameter space using a Latin Hypercube,

• Filtering and weighting the simulation according to the chosen criteria,

• Inferring the posterior distributions for each parameter according to the calcu-

lated weights.

The filtering has been conceived in order to explore the possibilities for improving

the current design while maintaining the same performance output (i.e. flow rate).

The flow rate represents the first objective function, boundaries for (Q(ijklo)) must

be defined and only simulations returning flow rate values within the limits defined in

equation 8.7 and highlighted in Figure 8.4 are to be retained.

Q0 < Q(ijklo) < Q1 (8.7)

Values Q0 and Q1 present an acceptable range for the new design. These val-

ues are centred around the current operating range shown in Figure 8.3, where Q =

1, 472 l/min.
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Figure 8.5: Histograms of the evaluated data. Four histograms identify optimum values for best
performance. Con-Rod length is not as important as other variables because it is equally uniform
in posterior as in prior distribution

The input vector weighting defines a score (or weight) to each retained simulation

according to the probability that it would return the minimum rod load (i.e. the

optimum).

f(RL(ijklo)) =

(

1

RL(ijklo)

)N

(8.8)

Rod load, equation 8.8, is the second objective function designed to weight the

combination of parameters according to their minimum value.

The posterior distributions were inferred by sampling with replacement the simu-

lation input vectors, defined by the initial Latin Hypercube design, with probabilities

proportional to the calculated weights. The optimal value and range for each parameter

was calculated by taking respectively the mode and the 95% confidence interval for such

distribution. The value of coefficient N (in equation 8.8) was elected following a number

of model trials. N = 2 was deemed to adequately define the posterior distribution.

Histograms illustrated in Figure 8.5 show optimised design characteristics for stud-

ied PD pump. All five parameters are displayed and impact on the performance varies
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Comparison between two design states

Nom INPUT
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Nom OUTPUT

C
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O
p
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%
C
h
a
n
g
e

D
Plunger
Diameter
(m)

0.111 0.037 -194% F Force
(N)

7.2 · 105 8.3 · 104 -860%

R
Crank
Radius
(m)

0.102 0.155 +52.6% Ff Friction
force
(N)

300 50 -600%

L

Con-
rod
Length
(m)

0.650 0.640 -1% p Pressure
(MPa)

75 75 -

X
Speed
(rpm)

200 334 +67% Q Flow
rate
(l/min)

1248 1207 -3.2%

n
Number
of
plungers

3 11 +260% Ptot Power
(MW)

1.350 1.288 -4.6%

m(kg)
Plunger
mass

400 43 -89%

mtot(kg)
Total
mass

1200 864 -28%

Table 8.3: Optimised PD pump parameters, identified by the multivariable analysis, indicates a
4.6% energy and 28% mass saving.

as seen in presented graphs. Parameter variation is displayed on the individual x-axis.

Frequency annotates the number of times in which particular design solution resulted

with an optimal design. In the diagram where plunger diameter was assessed it is clear

that the smallest value resulted in the best performance. Crank radius shows less varia-

tion finally settling on the optimal increase for the best output results. Optimised value

for Con-Rod length coincides with current specification so no significant change was

reported. Speed was increased towards the top end of the range. This is to be expected

in order to maintain the same flow rate with lower swept volume resulting from smaller

plunger diameter. Examination of the final histogram suggests an increase in number

of cylinders. This is again oriented towards compensating for the loss in the individual

cylinder volume.

The final estimation for new modelled parameter values can be seen in Table 8.3. In

addition to the qualitative benefits the mechanical structure of the pump that will result
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Figure 8.6: Effect of vehicle mass on fuel consumption in HGVs [130]

from the reduction in plunger diameter the analysis suggests a 4.6% energy saving.

8.2.6 Mass reduction

Opportunity to expand on previously done analysis considers the impact of novel design

and its influences on the overall mass. Mass calculation can be assessed by using laws of

scaling when examining optimised design. In equation 8.9 the formulation for plunger

assembly mass evaluation is given.

The result analysis, presented in Table 8.3, suggest that plunger size should be

reduced by three times. Mass of the resulting crank shaft assembly is a function of

diameter cubed (square-cube law) [129].

New optimised design model predicts energy saving by using smaller diameter

plungers while increasing the number of plungers in a single pump unit. In the fol-

lowing equation the main variables that determine pump mass are listed.

mtot =
D2π

4
· Lpl · ρ · ac ·Ncyl (8.9)

The main basis for this approach is to take account of the plunger diameter. As

plunger diameter is a square function it is clear that it carries a high impact in this

equation. Other constants such as crankshaft assembly constant and the assembly
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support are also considered. The final result of mass evaluation is shown in Table 8.3.

Mass saving in a single pump unit is naturally reflected in the entire frac-truck

assembly. Following assumptions are considered:

• A single PD pump weighs 5,400 kg and whole assembly weighs 30,800 kg (PD

pump assembly takes 17.5% of the total mass)

• Assuming a 28% mass reduction in pump design the new pump weight will be

3,888 kg.

• The whole assembly would be reduced by 1,512 kg. So a new total weight would

be 29,288 kg.

• The total truck weight reduction is 4.9%.

Therefore the second great advantage of the new design would be the weight reduc-

tion. Pump weight reduction has an influence on an entire truck assembly. Previous

calculation estimates weight reduction of the frac-truck assembly to be approximately

5%. European commission and Institute for Energy and transport published a study

related to heavy duty vehicles which quantifies the relationship between weight and

fuel savings [130]. In Figure 8.6 graphical representation was reprinted to show results

of this research. According to this publication 5% of weight reduction in heavy duty

vehicles generates 1% fuel saving.

8.2.7 PD pump design space discussion

Figure 8.4 illustrates one projection of the five dimensional design space. Each point

of the plot represents one set of input parameters. Two of the current functional (Flow

Rate - Q) and physical (Rod Load - RL) limits are shown on the graph to illustrate

the boundaries of the current design. The low gradient dashed line in 8.4 illustrates

the impact of increasing the maximum pump speed by roughly 33% to 380 rpm.

Since pressure is directly dependent on the rod load limit, decreasing rod load

requirements could achieve an increase in performance. Similarly, the same pressure

output could be attained by optimizing the crankshaft to save weight and size.

The multi-variable model presented gives the initial basis for the optimized pump

design. The advantage of this approach is the overall flexibility of the model and the
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capability to implement any physical constraint of the real system. Evaluating design

changes on the mass properties has resulted in the approach which has been presented

to quantify the effect on mass reduction. Reducing the mass therefore benefits the

complete system in several ways:

• Reduction of the physical properties of the units

• Decreasing the road damage caused by the truck load. Studies related specifically

to the aspect of road haulage detail road deterioration due to excessive axial load

[131],[132].

8.3 Multi-pump system optimisation

Optimising equipment on site to specific well requirements is an essential motivation

for development of this model. The aim of this study is to understand the equipment re-

quirements and respective loading condition which will result from an optimised system

with higher efficiency. This study considers the different fuel consumption from two

diesel engines at different operating conditions (PD pump loading) by defining bound-

ary conditions associated with reservoir requirements, number of stages and operational

brake-power available on site.

Number of constraints need to be considered in this model, for example, as shown

in section 8.1, geology is closely related to the specific well requirements. This analysis

aims to replicate performance from a typical North American well stimulation site. The

focus of this study is analysing the pump engine and truck engine used to power and

transport individual PD pump on site.

8.3.1 Methodology

The computational model is applied and further developed to assess its function on

site level. To do this a simplified mathematical formulation of the pumping fleet have

been implemented to include the required operational outputs, such as pressure and

flow rate, with respect to engine emission and power consumption. The case study,

presented in section 8.1, has shown pressure and volume demand for a single pumping
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stage. Component manufacturers document the operational data for pump engine,

truck engine and PD pump which will be used in the subsequent analysis.

Objective function will be defined based on the optimisation criteria, in this case,

the aim is to minimise fuel consumption for a single fracturing stage by maintaining;

flow rate in the range of current systems, operate each of the pump engines in the

efficient range (i.e. beyond the point of maximum torque) and not exceed the maximum

available power from each of the pump engines. Results should give an optimal solution

for a single stage.

In order to test the validity of the optimised model benchmark values need to be

defined. To do this hydraulic fracturing experts were asked to independently assess the

presented case study in section 8.1 and propose an adequate pumping system capable

of answering the well demands. Final step was to present and compare the optimisation

results to one of the benchmark cases and quantify the operational improvements.

The summarised methodology of the site optimisation model includes the following

steps:

• Mathematical formulation of the system

• Defining boundary conditions

• Defining objective function

• Presenting the results of the analysis

8.3.2 Multi-pump system modelling

Key elements of a PD pump are listed in Table 2.24. In order to compute flow rate and

power consumption in a fleet of PD pumps equations are modified to include multiple

units. Formulation of plunger velocity in equation 8.10 is a reproduction of equation 4.8

with the alteration of driveshaft speed to accommodate input in rotations per minute.

Mathematical expression for PD pumps power and flow rate is illustrated in equations

8.11 and 8.12.

vpl = −Rj · sin

(

2π ·Xl · t

60

)

−
R2

j sin (
2π·Xl·t

60 ) cos (2π·Xl·t
60 )

√

L2
k −R2

j sin
2 (2π·Xl·t

60 )
(8.10)
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Ptot = np · rms(vpl) · (mtot · rms(apl) + p ·Apl + Ff ) (8.11)

Qtot = np ·Ncyl ·
D2π

4
· vpl · 998.2 (8.12)

Based on the computed power consumption the optimisation method is developed

by using the manufacturer’s lookup table including BSFC (Brake specific fuel consump-

tion). The derived value corresponds to a particular operating condition. Internal di-

mensions will be kept constant for this model having the speed and number of pumps as

the only variables in the optimisation process. The speed of the pump is proportional

to the power, as long as there is constant output pressure. Direct reading from the

engine graph will produce BSFCs for a single pump. Once both values are derived

multiplying the number of PD pump and consumption per single unit output indicates

the consumption for the whole site (per fleet of PD pumps) - BSFCtot, equation 8.13.

BSFCtot = np ·BSFCs (8.13)

8.3.3 Boundary conditions

The following boundary conditions are necessary to define the optimisation model. The

site requirement is based on a well stage presented in section 8.1. Each of the plotted

data sets in Figure 8.2 is associated with power consumption, pressure and flow rate.

Since successful well stimulation needs to deliver the required treating pressure and

flow rate critical values have been identified and summarised in Table 8.4.

Similarly a frac-truck assembly with a pump engine needs to maintain the same size

limit as in the already established equipment setup currently used in North America.

This means that the pump power requirements must not exceed the power available

from the driver (pump engine). For this model commercial engine metrics, shown in

Figure 8.7, were used [67] in which the engine’s torque, power and consumption are
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Table 8.4: Frac site and engine boundary conditions

Frac site requirements

Flow rate Qtot 0.263 m3/s<x< 0.266 m3/s
Pressure at wellhead p 75 MPa

Truck requirements

Pump engine power Ppow < 1664kW
Pump engine speed Erpm 1400 rpm <x< 1900 rpm

plotted against the engine’s speed. The model, by default, considers an operation in an

efficient regime at a selected speed range. This value, together with the power available

from a pump engine, is shown in Table 8.4.

Finally, pump metrics used in the optimisation are employed from current hydraulic

fracturing standards in North America. Internal geometry of the mechanical parts of

a PD pump are outlined in Table 8.8. However two variables, pump speed and the

number of pumps on site, present two main optimisation objectives in this analysis.

Speed of the pump regulates the level of pump loading. Because downstream pressure

is determined by the well condition keeping this pressure constant means that the pump

engine speed is the only control variable of a PD pump loading. Second optimisation

criteria is the number of PD pumps which determine the collective flow rate being

delivered to the well. Remaining variables associated with the PD pump are shown in

Table 8.8.

8.3.4 Defining objective function

The objective function is defined by applying the following criteria. First phase consid-

ers values only in the desired flow rate range.

0.263<Q(ij)<0.266m3/s (8.14)

Power consumption from a PD pump must not exceed the pump engine power limit.

Therefore power is limited so that:

Ppow(ij)<1664kW (8.15)
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Figure 8.7: Engine performance was modelled using manufacturer’s data [67]

α

Lpl

Rpl

Dpl

Plunger
Crankshaft

Positive displacement pump data

Plunger Diameter D (m) 0.1143
Stroke Lst (m) 0.203
Con-rod length Rl (rpm) 0.65
Number of Plungers Ncyl 3
Pump speed vpl(i) (rpm) variable (150-300)
No. of pumps on site np(j) variable (10-20)

Figure 8.8: Defining pump simulation input data



CHAPTER 8 OPTIMISATION STUDY 169

190 200 210 220 230 240
0

500

1000

1500

2000

2500

3000

3500

4000

Pump speed

F
re

qu
en

cy

 

 

11 12 13
0

500

1000

1500

2000

2500

3000

3500

4000

Number of pumps

F
re

qu
en

cy

 

 

v
pl

(i) n
p
(j)

Figure 8.9: Optimisation results showing histograms of best operational practice on site in terms
of number of PD pump and their operating speed

In addition, an engine is assumed to be operating in the efficient speed range. There-

fore, engine speed is considered to be within the following range:

1400<Erpm(ij)<1900rpm (8.16)

Lastly, all pump parameters that satisfy the above criteria are scored (or weighted)

according to the probability that it would result in the minimum fuel consumption for

the entire site (BSFC). This assumption considers consumption from all the pumps on

site with respect to their speed (i.e. throttle).

w(ij) =

(

1

BSFCtot(ij)

)N

(8.17)

Posterior distribution was extrapolated by sampling with replacement the simula-

tion’s input vector that was defined initially using Latin Hypercube. Evaluating optimal

value and the range for each of the simulated parameters was done by taking the mode

and a 95% confidence interval for each distribution. The value of coefficient N was

decided after a number of model trials. Value of N=2 was considered to be suitable for

defining the posterior distribution.
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8.3.5 Optimised model

Results shown in Figure 8.9 present the optimal solution for site management. It can

be seen that a higher frequency denotes a better correspondence with the assigned

boundary condition. A lower number of pumps and higher operating speed result in

better energy use and lower emission factors.

The number of backup units is a percentage of the overall unit count on site. From

private communication with the operators it was established that 25% of frac-truck

assemblies should be kept as a backup [133], [134], [135]. The number of PD pumps on

standby, for all test cases, is presented in Table 8.5.

Detailed analysis of the results shown in Table 8.5 illustrates three representative

scenarios, a benchmark case study, and personal correspondence with experienced field

operators. Simulation output displays three cases, shown in Figure 8.9, each of which

is associated with the different number of PD pumps and the different loading ratios

(throttle) driving a PD pump. In Table 8.5 simulation outputs are shown indicating

that PD pump loading (throttle) is directly related to the PD pump speed. In the

equation 8.12 it was shown that pump speed directly influences the flow rate output.

Similarly, specific pump engine speed has its corresponding BSFC, as seen in Figure

8.7. The total consumption of fuel is derived from multiplying the overall number of

PD pumps and the BSFC per individual pump.

The total consumption from three scenarios is now compared to the benchmark case.

Full loading conditions in the benchmark example demonstrates 100% throttle position.

Since all simulation cases run at lower pump speed, and therefore lower load, its throttle

position is calculated based on maximum speed. Results show that case number 1 (11

PD pumps) has the best power consumption performance for the selected boundary

conditions. This is the minimum number of units for this design specification. Analysis

has shown that 10 PD pumps at full throttle speed would not meet the requirements.

Number of units on standby, being a proportion of the overall unit count, will reduce

to 3 backup PD pumps. This improvement is also reflected in the overall fuel saving

seen in the last column of Table 8.5.
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Table 8.5: Optimisation results for site management
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Operator 1[133] 16 (4) 246 100 0.0253 0.404 1881 1645 26320 215 3440 -3.8
Operator 2[133] 17 (5) 173 70.0 0.017 0.289 1356 1152 19584 210 3579 benchmark
Operator 3[134] 15 (4) 196 80.0 0.0201 0.301 1418 1307 19605 207 3105 -13.2
Operator 4[135] 18 (5) 148 60 0.0152 0.273 1308 985 17730 215 3870 +8.1
1 11 (3) 232 93.8 0.0237 0.264 1782 1561 17171 212 2339 -34.6
2 12 (3) 211 85.5 0.0219 0.263 1522 1424 17088 207 2487 -30.5
3 13 (4) 196 79.4 0.0203 0.265 1433 1322 17186 207 2691 -24.8
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8.3.6 Multi-pump system optimisation summary

In conclusion it can be seen that each site needs to be considered as an individual

engineering problem. Geological requirements and brake-power available on site are

key determinants that need to be evaluated before commencing any well stimulation

process. In this study a simplified model of pumping units was developed and presented

indicating clear opportunities for improvement. Specifically, in this section a detailed

analysis of PD pump energy use, together with its driver (pump engine), was presented.

The importance of precise pump control is evident and improvements on site can be

obtained with the right performance matching. Results of this study show that 34.6%

fuel reduction can be gained with same equipment by keeping key components of the

system in accordance with environmental aspects of hydraulic fracturing.

8.4 Assessing environmental impact

In order to evaluate the extended impacts of PD pump and site optimisation, associated

carbon footprint must be identified for each of the components in the assembly. Table

8.6 quantifies the emission, weight and cost of the components comprising a single

frac-truck assembly.

8.4.1 Input data - assumptions

The mass of a single PD pump and an entire frac-truck assembly was identified. In

section 8.2.6 the results of pump optimisation were quantified in terms of mass reduction.

The remaining components on a frac-truck assembly were not modified so the overall

weight reduction will derive entirely from a PD pump.

The system optimisation has appraised improved site management to achieve re-

duced number of PD pumps on site. To understand the economic benefit the value of

each of the frac-truck components, such as an engine, transmission and PD pump, were

estimated by the industry’s experts [136].

From an environmental perspective, each of the components on frac-truck assembly

has associated noise which was modelled as part of the planning process for a proposed

development in Lancashire, UK [7]. Cumulative noise from each of the frac-truck
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Table 8.6: Environmental optimisation in hydraulic fracturing - input data

Elements of frac-truck assembly

Pump
engine

Truck
engine

PD pump Auxiliary Total Source

Weight
(kg)

5,400 25,400 30,800 [65], [59]

Cost (£) 168,000 105,000 175,000 367,500 815,500 [136]

Noise
(dB)

105 96 114 115 [7]

Emission
(g/hr)

[67], [68]

CO2 1,176,278 217,210 1,393,488 [137],
[138]

PM 162.7 162.7 [137]
CO 5,873 10.5 5,883 [139],

[138]
NOx 11,914 1,281 13,195 [137],

[138]
HC 10,739 1.16 10,740 [139],

[138]
EC 78.8 78.8 [137]
OC 99.0 99.0 [137]

Embedded
carbon
(tonnes
(CO2e))

10.26 48.26 58.52 [140]

Operational input data

Well management Transport management Site management

Wells on
pad

Number
of stages

Stage
length
(hours)

Travel
time
(hours)

Travel
distance
(km)

Operating
frac-
trucks

Frac-
trucks on
standby

3 5 1.5 5 322 17 5

assembly units can be numerically derived. A reduced number of units on site, discussed

in section 8.3, will have the benefits of reduced noise levels and decreased radius of noise

propagation.

Each of the frac-truck assemblies uses two main power generators, previously re-

ferred to as pump engine and truck engine. Pump engine is used predominantly to

drive the PD pump operation on site during hydraulic fracturing and truck engine is
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used to transport the frac-truck assembly to and from a site. The associated emission

factors for each of the two engines were assumed using previously published laboratory

tests [137], [138] and emission standards published by EPA (Environmental Protection

Agency) [139].

The frac-truck assembly is predominately manufactured from steel, and the weight

of different rubber and sealing elements is comparatively negligible. Therefore, the

embedded carbon is evaluated based on the mass of current systems, using values from

average global carbon emission from steel. [140].

All of the data in Table 8.6 is related to a single PD pump unit and its accompanying

power systems. In order to scale the impact of developed optimisation algorithm size of

well operation must be considered. Number of wells on a single pad, number of stages

and length of operation at each stage was given in Table 8.6 based on current North

American practices [37].

Reducing the weight of a frac-truck assembly will have environmental and financial

benefits in terms of traffic and on site operation. Industrial upscaling in terms of time

and distance of truck transport, based on [89], is required.

Finally, site management was considered with respect to the number of frac-truck

assemblies on site, number of back-up systems and their operational regimes (low,

medium, high). Based on the system optimisation in section 8.3 and Table 8.5, in-

depth comparison between the two highlighted models will be presented.

8.4.2 Results

In section 8.2 PD pump optimisation resulted in mass and energy saving as summarised

in Table 8.3. Evaluation of the energy saving and the improved emission, illustrated in

Table 8.7 was done for a single frac-truck assembly and the fleet of 17 units.

Reduction in CO2 emission was divided into two categories; transport and efficiency.

Site transport assumes reduced fuel consumption for transporting lighter PD pumps.

Site efficiency is based on improved pump design and the resulting power saving, illus-

trated in Table 8.3.

Reduction in CO2 embedded is a function of the weight of a frac-truck assembly.

Reduction in emission of pollutants assumes the combined effect between lighter
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and more efficient PD pumps. Effect of the lighter PD pump is seen in the truck engine

saving as illustrated in Figure 8.6. More efficient PD pump indicate reduced emissions

from a pump engine due to the lowered power demand.

Financial saving is the result of a lowered fuel consumption on site and in trans-

portation due to lighter units.

Table 8.7: Environmental optimisation in hydraulic fracturing - results

PD pump optimisation - scenario 1

Reduction in
CO2 emitted

Abbrev.
Per single
Frac-truck

Per Frac-truck
fleet (17)

Site transport T 1.46 kg/hour 24.74 kg/hour
Site operation E 54.11 kg/hour 919.85

kg/hour
Total 55.56 kg/hour 944.59

kg/hour

Reduction in
CO2 embedded

Per single
Frac-truck

Per Frac-truck
fleet (17)

Lighter PD pumps 2872.8
kg/pump

48.84
tonnes/fleet

Reduction in
Pollutants

Per single
Frac-truck

Per Frac-truck
fleet (17)

NOx 560.85 g/hour 9.53 kg/hour
CO 270.26 g/hour 4.59 kg/hour
HC 2666.1 g/hour 45.32 kg/hour

Financial
savings

Per single
Frac-truck

Per Frac-truck
fleet (17)

Fuel saving 17.49 £/hour 297.32 £/hour

In section 8.3 PD pump fleet performance on a hydraulic fracturing site was analysed.

It was necessary to understand what is the best combination between a number of PD

pumps on site and their operating regime (low, medium, high).

Site management results presented in Table 8.5 display a characteristic operating

practice and the enhancements obtained through the computational model. A single

benchmark model was selected, based on correspondence with operators, for comparison

with the optimised model. The difference between the two operating states, highlighted

in Table 8.5, is quantified in Table 8.8.

Reducing the number of PD pump units operating on a site has resulted in decreased
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Table 8.8: Environmental optimisation in hydraulic fracturing - results

Site optimisation - scenario 2

Reduction in
CO2 emitted

Abbrev.
Per Frac-truck
fleet (from 17 to 11)

Site transport T 8253.98 kg/hour
Site operation E 1303.26 kg/hour
Total 9557.24 kg/hour

Reduction in
CO2 embedded

Per Frac-truck
fleet (from 17 to 11)

Fewer PD pumps 82.08 tonnes/fleet

Reduction in
Pollutants

Per Frac-truck
fleet (from 17 to 11)

NOx 56.37 kg/hour
CO 0.46 kg/hour
HC 0.05kg/hour

Financial
savings

Per Frac-truck
fleet (from 17 to 11)

Operational saving 337.21 £/hour
Transporting saving 2,023.27 £/hour
Acquiring saving £10,601,483

CO2 emission. In Table 8.8, the optimised number of PD pump units on site will first of

all require less units to be transported to site (T). In addition to the PD pump directly

engaged in the process evaluation also considers backup units the number of which will

be reduced as well. Although PD pumps will run at higher operating regimes, and

therefore induce higher pump engine emission as shown in Table 8.5, the process will

demand lower number of units altogether which produces a cumulative power saving.

This is directly reflected on the optimised efficiency (E) and the reduced CO2 emission

in Table 8.8.

Embedded CO2, being proportional to the number of frac-truck units involved in

the process, will decrease due to less units operating in real time and less units on

standby.

Reduction in emission of pollutants assumes the combined effect of less PD pump

operation and fewer PD pumps on standby. Each frac-truck assembly carries associated

pollutants from pump engine and truck engine used to deliver frac-truck assemblies to

and from a site. Quantified emission reduction for units in operation and units on
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Figure 8.10: Quantified environmental and financial savings from PD pump optimisation (sce-
nario 1), system optimisation (scenario 2.1 and 2.2) and their cumulative impact (scenario 3)

standby is displayed in Table 8.8.

Finally, financial saving associated with the improved site design is illustrated as

follows; the operational running cost is reduced due to improved fuel efficiency with less

operating PD pump, improved fuel consumption because fewer frac-truck assemblies

are transported and reduced expenditure as additional frac-truck assemblies will not

be required.

In Figure 8.10 the effect of the environmental impact was plotted for each of the

two optimisation scenarios. Results show 17 PD pumps in fleet operation in scenario

1, the difference between the current and the optimised system (17-11 PD pumps) in

scenario 2.1 and the effect of reduced standby units shown in scenario 2.2. In addition

to PD pump optimisation (scenario 1) and the site layout optimisation (scenario 2) the

aggregate of the two was also presented as scenario 3. Four charts, shown in Figure 8.10,

display design and operational saving in the three scenarios. Reduced CO2 emission,

shown in the first plot on the right, is quantified for improved efficiency and transport.

Second plot on the right evaluates the savings in the embedded carbon for the three

scenarios in which the first bar accounts for the reduced weight from the optimised

design, the second bar for lower unit demand and the third for their cumulative effect.

Third and fourth plot on the right in Figure 8.10 detail the financial savings, third plot

shows operational saving in the fuel and transport and the fourth presents the capital

saving from having to acquire fewer frac-truck units.
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8.5 Summary

The preceding discussions have clearly demonstrated that there is considerable scope

for redesign of current hydraulic fracturing technology to create smaller, light units

with lower environmental impact.

In the case study section 8.1 it was shown that using principle equation for charac-

terizing well is sufficient to derive values for treating pressure and the operational flow

rate.

Optimisation of a single PD pump, illustrated in section 8.2, has indicated redesign

capabilities to improve operational performance. Early plunger pumps were designed

to operate at pressures significantly less than current demands. Given the need for

higher treating pressures there are clear advantages from increasing the pump speed

and reducing plunger diameter. This reduction in rod load and cylinder stress will lead

to a change in the required material properties of the pump frame and components.

The analysis presented in section 8.2 has demonstrated that a 4.6% improvement in

energy efficiency is theoretically obtainable by optimizing the relative proportions of

the established design. Such a change would directly impact on the hydraulic fracturing

site’s fuel consumption and the associated CO2 emissions.

Section 8.2 has shown conceptual mass improvement resulting from the novel PD

pump design. Mass reduction of a single PD pump could be reduced by up to 28% in

which case the overall frac-truck assembly will achieve 4.9% in weight reduction.

In section 8.3 the computational model further emphasizes the system response to

well demands and the effect of fleet operation on levels of exhaust emissions. Emis-

sions from pump and truck engines were modelled using previously published emission

analysis. The engine model was integrated in the developed computational model of a

PD pump. An optimisation algorithm identified the objective function and boundary

conditions of the model. Results compare the optimised model to the selected bench-

mark scenario quantifying the fuel saving of up to 34.6% by operating PD differently

to current practices.

Final section 8.4 summarises the results from the two optimisation scenarios by

detailing the environmental aspects of improved PD pump design and site operation.

Both optimisation models indicate possible system improvements. Reduced fuel con-
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sumption and the novel site management system have environmental and economic

benefits on the whole hydraulic fracturing site.

This chapter has outlined the engineering rationale for creating a compact, low

energy hydraulic fracturing technology. The optimum PD pump and system design

ought to be established for better process management and enhanced efficiency of the

system. In short, key advances in hydraulic fracturing will come from the improved

operation from equipment on site.



Chapter 9

Discussion and conclusion

This thesis has presented design optimisation studies of machinery used in hydraulic

fracturing. Based on the developed computational and experimental model new engi-

neering insights have shown the prospects of improving energy efficiency in the high-

pressure slurry systems. Redesign of the current pumping system is necessary for the

equipment adaptation and European use. This work has presented an optimisation al-

gorithm that performs the re-evaluation of current systems quantifying the parametric

modifications for specific hydraulic fracturing requirements in Europe. The study also

shows empirical methods of quantifying emission levels on site associated with current

drive systems and the opportunity to decrease the size of air and noise pollution on

site.

The literature review section presented the global understanding of oil and gas

formation and extraction. Well stimulation method focused on hydraulic fracturing

and the engineering objectives that define this technology. Subsurface practices, such

as well isolation, operation in stages and perforation methods, illustrate technologi-

cal practices deployed in hydraulic fracturing. The calculation of downhole mechanics

quantified the operational requirements that top surface process equipment needs to

provide for successful well stimulation. Subsequent sections focused on surface equip-

ment, their operating regimes, performance limitation and control on site. Positive

displacement pumps, as equipment bearing the highest working impact, were analysed

from a mechanical and fluid dynamic standpoint identifying critical areas and current

design challenges. Based on the information presented the project’s concern with envi-

180
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ronmental questions was identified based on a morphological chart and the overview of

different technical solutions.

Development of the environmentally driven optimisation required a detailed com-

putational model that will be able numerically to assess different operational scenarios.

Owning to the engineering setup used in hydraulic fracturing and the units with the

highest impact, frac-truck assembly was chosen for further optimisation development.

The methodology section identified the stages of model development and validation

identifying the need for the experimental analysis.

The developed computational model considers power and transmission units driving

the operation of a multi-cylinder PD pump. Results show a fully functional computa-

tional model that uses integrated solutions from CFD, lookup tables and fundamental

physics of PD pump operation.

The validated computational model gives accurate and effective results for a rela-

tively low calculation time (up to five minutes). This is an ideal result that can easily

be modified by defining objective functions to compute an optimum solution. The first

phase of model validation was performed using the experimental field data recorded in

the actual hydraulic fracturing operation in North America. Results show an accept-

able level of consistency between the two sets of data. The second phase of validation

was conducted using the scaled-down experimental setup. Operational limitations that

are inevitable in the actual field work were overcome by scaled-to-measure equipment.

The computational model shows an accurate correlation in different operating states

(i.e. speeds and pressures) with the scaled test rig setup.

Results of the optimisation studies show performance gains in a PD pump and

the system of frac-truck assembly. An optimised parametric model of a single PD

pump indicates a 4.6% efficiency saving through having different internal geometry of

the fluid-end. New design has potential for mass saving due to reduced dimension of

principal components (i.e. plunger diameter and crankshaft assembly). Mass reduction

was quantified to be around 28% for a PD pump which transcends to 4.9% of the overall

mass of the frac truck assembly.

Optimisation of the hydraulic fracturing site operation considered using the ideal

number of frac-truck assemblies to minimise the fuel consumption and pollutant emis-
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sion on the process location. A developed computational model was upgraded to ac-

count for emission data, as specified by equipment manufacturers. Based on the opera-

tional speed of the pump, which corresponds to engine loading, the consumption map

was developed for a single frac-truck assembly. Satisfying the models’ boundary con-

ditions, for maintaining sufficient flow rate and pressure, the objective function of the

optimised model concludes with the most appropriate number of frac-truck assemblies

and their operational regime. Comparing optimisation results with current site opera-

tor’s practices indicates savings in the number of units, fuel consumption (for transport

and site operation) and pollutant emission. All the quantified reductions, shown in Ta-

ble 8.7, are advantageous the for local community besides providing financial benefits

to the site operator.

Research presented in this thesis was done for specific operating condition and prede-

fined system considerations. For example, in the section 2.2.4 uniform rock structures

were considered. Evaluating heterogenous shale structure would have deviated from

the selected research path. Subsurface frac-fluid pumping was also assumed to have

same flow characteristics as in measured surface operation. Validating pressure waves

downstream of the wellhead was not possible but recommendation for future research

is the analysis of pressure waves in long pipe sections.

Fluid properties in all simulations is assumed to be water although, as previously

discussed in section 2.2.4, parts of the pumping stages will use different density fluid

as well as solid particles. Experimental test rig does not allow more complex fluid

operation. Possibility for future work may lie in evaluating fluid impact on specific

parts of the system.

Modelling of pumping and drivetrain system was established using current auto-

matic transmissions to replicate field practices. Even though this research led to con-

clusion that more dynamic systems need to be considered this work concludes with

recommendation for further research and model expansion.

Field data evaluation was limited to one pumping unit. More in-depth field anal-

ysis will need to consider multiple frac-truck assemblies during hydraulic fracturing

processes.

Power evaluation on site was considered only for PD pumps. Auxiliary equipment,
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such as blenders, sand auger and suction pumps, were not considered due to their

relatively low power share (less than 5%). Time for equipment processes on site was

based solely on fluid injection downhole. Well preparation activities, such as wireline,

perforation and equipment testing was not under investigation. Recommendation for

further work may consider financial and time constraints related to operating schedules

on site.

For the case study evaluation in section 8.1 North American shale basin was used.

To date on-shore oil and gas exploration in Europe is still in early stages with limited

quantities of operational results. Site practices and pumping schedules discussed in this

work are also affiliated with the North American shale. The ongoing work of external

agencies and institutions will develop operational guidelines for test wells in the UK.

The environmental impacts were constructed using diesel engine data previously

recorded in academic literature. In cases where laboratory testing was not available

official emission guidelines were used. Diesel emission on site could vary depending on

the quality of filtration system and the engine rating which exceeded the scope of this

analysis. Despite many challenges associated with the on-site air quality measurements

this work has proved that there is a great opportunity for improved equipment operation

which demands further experimental work and field testing.

9.1 Key developments

To enable equipment redesign and its application in Europe this work has developed

and validated a computational model which is able to assess the performance of a

parameterized representation of a PD pump used in hydraulic fracturing. The com-

putational model was designed by implementing data from academic and commercial

literature and validated through an iterative process using experimental field data and

an experimental test rig. The final phase of the computational model has demonstrated

the model’s ability to evaluate on-site practices and demonstrate changes for improved

energy efficiency.

Key milestones in the project development are:

• Mapping the process requirements that need to be met on site, i.e. pressure and
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flow.

• The simulation of the operating conditions in a PD pump.

• The analysis of the experimental field data to validate the computational model.

• The design and construction of the scaled-down test rig to enhance model valida-

tion.

• The acquisition of the test rig and field data to verify the computational model.

• The application of the computational model to perform a multi-variable optimi-

sation process.

• The calculation of the emissions on site using the computational model.

9.2 Contribution to knowledge

The main contributions to knowledge of this work are:

• The quantification of the internal PD pump design changes by varying mechanical

geometries using the established computational model.

• The specification and commissioning of a laboratory test rig whose behaviour is

analogous to a full scale frac-pump.

• Holistic view of fracturing machinery impacts

• The quantification of the effect of different speeds and loading conditions on

engine emission from a single and multiple frac-truck assemblies.

9.3 Future work

Based on the output from this thesis a number of future projects can be identified

which could:

1. Develop a better understanding of flow and pressure interaction between individ-

ual frac-truck assemblies on site; current hydraulic fracturing sites lack sufficient
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control of discharge pressure. Due to the cyclic nature of the discharge pressure

propagation it is possible that a measurable size of energy is lost between individ-

ual units. Further experimental data development should consider introducing

pressure measurements on critical parts of the pumping network.

2. Installation of accelerometers on current test rig setup which will enable compar-

ison with previously recorded and analysed field data.

3. Expand the computational model to include different drive and transmission sys-

tems by replacing current finite ratio gearboxes. Numerical modelling of infinitely

variable PD pump speed will increase the efficiency of the frac-truck assembly by

allowing the pump engine to operate at its optimum power/consumption regime.

4. Implement closed loop control system to utilise higher efficiency from the current

systems. The developed scaled-size test rig can be upgraded to dynamically con-

trol boundary conditions, such as speed and pressure. This will enable further

studies to be undertaken related to PD pump response to a sudden operating

change commonly found in real hydraulic fracturing applications.

5. Improve levels of CO2 and pollutant emission on site. Further on-site experi-

mental measurement is recommended to understand the realistic emission per

frac-truck assembly.

6. Expand the computational model to include sound pressure level from individual

field components. Alternative mechanical solutions should also be rated according

to noise emission. The developed scaled-size test rig can be upgraded to evaluate

different noise prevention systems in a controlled laboratory environment which

will improve the understanding of noise propagation and noise attenuation on a

hydraulic fracturing site.

7. Develop a simplified hydraulic fracturing process calculator by integrating the

key performance inputs (engine, PD pump, well data) and the resulting outputs

(flow rate, fuel consumption, CO2 and pollutant levels, etc.) that can be used to

quickly assess the results of different site configurations.
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8. Expand the current experimental setup by constructing a new scaled PD pump

assembly which will enable system analysis and interference between individual

units to be performed. A new system could be constructed with a different

transmission system to assess the advantages of infinitely variable hydrostatic

drive.

9. Experimentally verify the influence of different valve dynamics on the PD pump

operation. The current laboratory setup can be modified by introducing external

actuators to drive the valve motion. Providing proof of these concept on the

scaled unit will justify the investigation and development on a full size PD pump.

10. Integrate top surface operation with downhole rock mechanics by injecting high-

pressure fluid into a compressed rock specimen and monitoring crack formation

and propagation. The current experimental test rig is modular and transportable

to the site which adds to the flexibility of the system.
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Appendix A

Appendix

A.1 Field data

In addition to the speed encoder (measuring the PD pump’s RPM) and discharge pres-

sure sensor, location of which can be seen in Figure 5.1, the pump is also instrumented

with two accelerometers. In Figure A.1 their precise orientation and placement on two

main subsections of the pump, power-end and the fluid-end, can be seen.

A different amplitude of vibration can be seen in Figure A.2. Vibration in the

direction of x-axis on PE is an order of magnitude higher than in the other two. Y-axis

on FE is also showing a similar amplitude difference compared to others. Dominant

acting forces are coincident, both are oriented facing each other which is to be expected

because power is continually being balanced between PE’s crankshaft and FE’s plunger

assembly.

xy

z

PowerEnd
Orientation

FluidEnd
Orientation

x

y

z

Fluid End - accelerometerPower End - accelerometer

Figure A.1: Orientation of accelerometers on the PD pump
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Figure A.2: Pump metrics during formation breakdown - state one
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Figure A.3: Pump metrics obtained in steady state conditions prior to formation breakdown - state one at one second
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Table A.1: Data from tri-axial accelerometer located on the PD pump’s Power
End

Sensor Peak (g) Mean (g) RMS (g)

Positive Negative
x-accelerometer 5.0947 -5.0063 -0.0309 0.8373
y-accelerometer 0.3945 -0.3698 -0.0283 0.0805
z-accelerometer 0.6283 -0.6920 -0.0305 0.1172

A.1.1 Power End Tri-axial accelerometer

Time domain analysis of the crankshaft accelerometer in state one is shown in Table

A.1.

Analysis in time domain demonstrates significantly higher energy in the x-axis of

the crankshaft assembly. Calculating RMS values shows approximately 10 times more

energy in x-axis compared to y-axis and 7 times more energy than in the z-axis.

Peak values are mostly symmetrical in positive and negative magnitude. Mean

values are relatively low in all three orientations.

There has not been enough evidence to prove interaction between the vibration in

the three axes, so it can be concluded that each of the axes is to be considered as

an independent function. Because of the comparatively high energy in one direction

further PE accelerometer analysis and discussion will focus solely on the x-axis.

Time series data obtained from the PE accelerometer can be further developed by

implementing double integration thereby evaluating crankshaft displacement. Noisy

signal was processed with 50 Hz filter. Final result can be seen in Figure A.4.

Analysis in the frequency domain of the accelerometer in x-axis is displayed in

Figure A.5.

A.1.2 Fluid End Tri-axial accelerometer

Time domain analysis of the accelerometer placed on the Fluid End chamber in the

state one is shown in Table A.2.

Once again energy in the direction of one of the axes is visibly higher compared to

the other two. Further analysis will take into account this measurement. Displacement

can also be evaluated using double integration of the acceleration. Figure A.6 shows
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Figure A.5: Frequency plot of accelerometer placed on the PD pump’s Power End in the direction
of the x-axis

Table A.2: Data from tri-axial accelerometer located on the PD pump’s Fluid
End

Sensor Peak (g) Mean (g) RMS (g)

Positive Negative
x-accelerometer 0.2745 -0.2877 -0.0305 0.0498
y-accelerometer 4.6588 -5.4990 -0.0322 0.1769
z-accelerometer 0.2871 -0.2940 -0.0290 0.0681
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Figure A.6: Acceleration, velocity and displacement plot from accelerometer located on the
Fluid End in the direction of the y-axis
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Figure A.7: Frequency analysis plot from accelerometer located on the Fluid-end of a PD pump
in the direction of the y-axis
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Fluid End displacement over the course of ten seconds.

Because of the nature of the signal it was decided that no filtering is needed as it will

affect the final output. Because of this it is clear that pulses are equally spaced. This

means that a pump running at a constant speed will produce synchronized pulses that

correspond well with the plunger movement inside the pump. This effect is naturally

more prominent on the Fluid End side of the pump because of the closeness to the

reciprocating source (plunger) and the operating medium (slurry).

Analysis of the Fluid End accelerometer in the frequency domain can be seen in

Figure A.7. Data presented is taken from the same time segment as in the analysis of

the crankshaft metrics.

A.2 Operational states two, three and four
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Figure A.8: Operating metrics in the state two
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Figure A.9: Operating metrics in the state two - one second data
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Figure A.10: Operating metrics in the state three
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Figure A.11: Operating metrics in the state four
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Figure B.1: Pneumatically actuated pressure adjusting valve to generate back pressure for the pump
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Figure B.2: P&ID schematic of the test rig
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Appendix C

Validation

Two pumping cycles from a PD pump were recorded in test facilities in the USA. Pump

is operating at 130 rpm which translates to 0.46 seconds per crank rotation. It can be

seen that pump is showing three distinctive pressure pulses per single crank rotation.

Figure C.1: Factory test rig data from full size experiment conducted in the USA.
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