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ABSTRACT 

New Generation Valves and Seats for Reciprocating 

Well Servicing Pumps 

by 

Toshimichi Wago 

Valves and seats in well servicing reciprocating pumps have a short life as a result of the 

severe operating conditions. In this work, I present the development of valve and seats 

concepts that have the potential to last longer than the current industry average. The work 

performed discusses the failure analysis of valve and seats to facilitate identifying the 

development areas that can lead to life improvement. The concept of a seat with an 

embedded insert is presented, tested and evaluated. Finally, I suggest modifications that 

allow optimizing the design and manufacturing process in order to achieve a robust 

commercial product. 
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Chapter 1 Introduction 

Schlumberger is a global oilfield services company with major activity in the energy 

industry. The company consists mainly of two primary business segments: Schlumberger 

Oilfield Services and WesternGeco. Schlumberger Oilfield Services is a leading oilfield 

services company supplying a wide range of technology services and solutions to the 

international oil and gas industry. WesternGeco is the world's largest surface seismic 

company [1]. 

One of the main areas of the Schlumberger Oilfield Services segment is stimulation, 

which is a treatment performed to restore or enhance the productivity of a well. 

Stimulation treatments fall into two main groups, hydraulic fracturing treatments and 

matrix acidizing treatments. Fracturing treatments are performed above the fracture 

pressure of the reservoir1 formation and create a highly conductive flow path between the 

reservoir and the wellbore. Matrix acidizing treatments are performed below the reservoir 

fracture pressure and generally are designed to restore the natural permeability of the 

reservoir following damage to the near-wellbore area [2]. 

1 Reservoir: A subsurface body of rock having sufficient porosity and permeability to store and transmit fluids. Sedimentary rocks are 
the most common reservoir rocks because they have more porosity than most igneous and metamorphic rocks and form under 
temperature conditions at which hydrocarbons can be preserved. A reservoir is a critical component of a complete petroleum system. 
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As a major oilfield company, Schlumberger has been performing hydraulic fracturing 

for their clients for several years and every day great efforts are made to optimize the 

overall process in order to reduce the costs and increase the revenues. 

Currently, for frac jobs there are more pumpers on location than what is ideally 

required. An example to illustrate that situation is that for a given district, the average 

HHP3 required on location was 5900 HHP, and having in mind that a frac pumper4 can 

deliver up to 2000 HHP; a simple calculation suggests that only 3 pumpers operating 

close to their full capacity are needed. In fact, that district had on location an average of 

13700 HHP (Around 7 pumpers) [3]. 

There are two main reasons that make the situation described above so prevalent. The 

first one is that the pumpers are usually operated at around 50% of their maximum 

capacity. The second reason is that once the job starts, it has to be finished on schedule 

(Service quality is a key factor in the Oil and gas business), and if a pumper fails, it has to 

be replaced so that the job can be completed, so extra units are needed on location for 

backup. 

The main problems can be summarized as low equipment utilization and poor 

reliability. If the power levels are increased significantly, transmissions and fluid ends 

start to fail prematurely, and this causes maintenance costs to increase dramatically. 

Pumper utilization can be increased by designing more rugged pump components such as 

valves and seat so that the power levels can be increased without causing premature 

failures. 

2 Frac job: Hydraulic fracturing job 
3 HHP: Hydraulic horsepower 
4 High rate and pressure pumps used in hydraulic fracturing jobs 
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1.1 Motivation 

The oilfield companies spend a significant amount of capital in replacing pump 

replaceable parts. There is a constant effort to reduce operations cost and improve 

efficiency. The valve and seat design in the well servicing pumps has remained the same 

for decades. The focus of this work is on increasing the lifespan of the valves and seats in 

order to generate savings and improve operations efficiency. 

1.2 Overview 

Chapter 2 covers the background information required to be familiar with the 

concepts that will be discussed. It starts from a global perspective with the theory of 

hydraulic fracturing, and then it discussed the fracturing pump, pump kinematics and the 

valves and seats. 

Chapter 3 presents the failure analysis of valves and seats. The failure analysis is 

required to define what portions of the design to focus on for improvements. Chapter 4 

presents three concepts that address the issues discovered in the failure analysis 

evaluation: Seat with embedded urethane insert, seat with proppant-free metal to metal 

contact area, and seat with tough material. The concepts are manufactured, tested and the 

results are analyzed. 

Chapter 5 is a summary of the main results and presents design recommendations for 

future work. 
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Chapter 2 Background 

This section provides the basic background information required for the reader to be 

familiar with some of the concepts that will be covered throughout this document. 

2.1 Reservoir stimulation 

Reservoir stimulation and artificial lift are the two main activities of the production 

engineer in the petroleum and related industries. The main purpose of stimulation is to 

enhance the property value by faster delivery of petroleum fluid and/or to increase 

ultimate economic recovery. Matrix stimulation and hydraulic fracturing are intended to 

remedy, or even improve, the natural connection of the wellbore with the reservoir, which 

could delay the need for artificial lift. Hydraulic fracturing allows oil or natural gas to 

move more freely from the rock pores where they are trapped to a producing well that can 

bring the oil or gas to the surface. 

After a well is drilled into a reservoir rock that contains oil, natural gas, and water, 

every effort is made to maximize the production of oil and gas. One way to improve or 

maximize the flow of fluids to the well is to connect many pre-existing fractures and flow 

pathways in the reservoir rock with a larger fracture. This larger, man-made fracture 

starts at the well and extends out into the reservoir rock for as much as several hundred 

feet. The man-made or hydraulic fracture is formed when a fluid is pumped down the 
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well at high pressures for short periods of time (hours). The high-pressure fluid (usually 

water with some specialty high viscosity fluid additives) exceeds the rock strength and 

opens a fracture in the rock. A propping agent, usually sand carried by the high viscosity 

additives, is pumped into the fractures to keep them from closing when the pumping 

pressure is released. The high viscosity fluid becomes a lower viscosity fluid after a short 

period of time. Both the injected water and the now low viscosity fluids travel back 

through the man-made fracture to the well and up to the surface [3]. Figure 1 shows how 

the fluid is pumped down into the reservoir and also how it fractures the rocks in order to 

create a more permeable environment. 

Fracturing can be one of the more complex procedures performed on a well. This is 

due in part to the high rates and pressures, large volume of materials injected, continuous 

blending of materials and large amount of unknown variables for sound engineering 

design. 

The fracturing pressure is generated by single acting reciprocating pumping units that 

have between 700 and 2000 hydraulic horsepower. These units are powered by diesel, 

turbine or electric engines. The pumps are purpose-built and have not only horsepower 

limits, but job specification limits. These limits are normally known (e.g., smaller 

plungers provide a higher working pressure and lower rates). Because of the erosive 

nature of the materials (i.e. proppant5) high pump efficiency must be maintained or pump 

failure may occur. The limits are typically met when using high fluid velocities and high 

5 A granular substance carried in suspension by the fracturing fluid that serves to keep the cracks open when the fracturing fluid is 
withdrawn after a fracture treatment 
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proppant concentrations (+18PPG6). There may be numerous pumps on a job, depending 

on the design. 

Figure 1: Hydraulic fracturing schematic 

Mixing equipment blends the fracturing fluid with the proppant and supplies this 

mixture to high-pressure pumps. The slurry7 can be continuously mixed by the equipment 

or batch mixed in the fluid storage tanks. The batch-mixed fluid is then blended with 

proppant in a continuous stream and fed to the pumps. The typical layout and equipment 

in a Hydraulic Fracturing job is shown in Figure 2. 

6 PPG: pounds per gallon 
7 A mixture of suspended solids and liquids. Muds in general are slurries, but are seldom called that. Cement is a slurry and is often 
referred to as such. 
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Figure 2: Hydraulic fracturing job layout 

2.2 Frac pump 

Frac pumps Figure 3 are the units in charge of pumping the fluids down the well in 

the hydraulic fracturing jobs. These pumps are specially designed to meet the demands 

placed by the well servicing industry: 

• High pumping pressures (Up to 22,500 psi) 

• High pumping rates (Up to 20 BPM) 

• Fluids pumped are slurries with high concentrations of proppant 

• The fact that the machinery must be portable and as light as possible in order to be 

mounted on a truck or skid 

• Reliability 
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Figure 3: Frac pump 

The main parts of the Frac Pump are: 

• Cooling fan 

• Engine: Figure 3 shows a pump with 2250HP brake power output 

• Transmission 

• Pump 

The reciprocating pump imparts a pulsating, dynamic flow to a liquid, and consists of 

one or more single or double acting positive displacement elements (pistons or plungers). 

The reciprocating pumps discussed throughout this document are single acting triplex 

(three cylinder) units. The elements in the fluid end are driven in harmonic motion by a 

slider crank mechanism. The liquid flow generated by this reciprocating motion is 

directed from the pump inlet (suction) to the pump outlet (discharge) by the selective 

operation of self-acting check valves located at the inlet and outlet of each displacement 

element [4]. A single acting pump is one in which the liquid in each cylinder is 

discharged only during forward strokes for one half of the crank revolution [5]. 
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The power end and the fluid end are the two main components in reciprocating 

pumps. Figure 4 shows a cross section view of a pump with its major components 

identified. The power end is the component of the pump where the rotating motion of the 

crankshaft is converted to a reciprocating motion. The power end consists mainly of the 

frame, crankshaft, connecting rod, crosshead and crosshead pin (Figure 4). Figure 5 

illustrates where the Power end is located in the Frac pump. 

The Fluid End is the part of the pump that is in charge of handling the fluid. It 

consists of a liquid cylinder, valves and other components. Figure 5 illustrates where the 

Fluid end is located in the Frac pump. 

ftETAWEft 

# t » t E CRWfCSWFT CONNECT WSflOO 

mm€M 
CSOSSHEAD PIN mm 

•SCA? 

Figure 4: Reciprocating pump cross section 
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Figure 5: Frac Pump back view 

Figure 6: Fluid end side of the frac pump 
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Figure 7: Power end side of the frac pump 

2.3 Pump valves and seats 

The suction and discharge valves allow the pump to have a low pressure cycle 

(suction stroke) and a high-pressure cycle (discharge stroke) by allowing the inlet or 

outlet of the pump to be in contact with the cylinder bore. Figure 8 shows a cross section 

of the fluid end and identifies where the suction and discharge valves and seats are 

located. 

During the suction stroke, the suction valve is open and the plunger travels backwards 

(right to left) drawing fluid from the inlet into the cylinder. After the suction stroke is 

complete, the plunger starts traveling forward (left to right), the discharge valve opens 

and the fluid is pumped through the outlet at a higher pressure. Figure 9 shows an actual 

valve and seat. Several valve/seat assemblies are used in reciprocating pumps. Two 

assemblies are required per cylinder in a pump. 
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Figure 10 shows a cross section view of the valve/seat assembly. These valves are 

closed when the force on top of them is greater than the force pushing them up and 

conversely they open when the force underneath them is greater than the force on top. 

The following are the main components of the valve and their main function: 

• Legs: Provide guidance while the valve is moving up and down. 

• Insert: Create hydraulic seal when there is contact with the seat 

• Body: Provide structural support to the valve and prevent excessive insert 

deformation. 

The valve legs, body and seat are made out of alloy steel whereas the insert is made 

out of a polyurethane compound. 

Discharge valve 
and seat. 

Suction valve 
and seat. 

Figure 8: Fluid end cross section 
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Figure 9: Valve and seat 

Insert Valve Both 

Seat 

Valve legs 

Figure 10: Valve and seat assembly cross section 

During each cycle of the reciprocating pump, each valve will open and close. When 

the valve is closing, the insert makes the initial contact with the seat and provides 

hydraulic seal. As the pressure on top of the valve increases, the insert starts to deform up 

to the point when the valve body makes contact with the seat (metal to metal contact). 
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2.4 Pump kinematics 

To understand the kinematics of the reciprocating pump system, it is better to take a 

look first at a single cylinder system and then add the extra cylinders to the model. Figure 

11 shows a simplified geometry of the cross section view of the pump for the simplex 

(One cylinder) kinematics. 

Figure 11: Slider crank geometry 

The position, velocity and acceleration of an individual plunger are approximated by: 

R2 

x(0) = R(l-cos(e)) +—sin2(0) 

v{e\ = — ^Rw v ; dt 
sin (0) +—sin (29) 

v ; dt 
cos (0) + - cos (20 ) 

(1) 

(2) 

(3) 

Where x(6) represents position, V(9) velocity and A{6) acceleration. It must be 

noted that the exact solution is an infinite series that rapidly converges. Integer multiples 

of the fundamental frequency can be found with relatively low amplitudes compared to 

the fundamental amplitude. Figure 12 shows the plot for position, velocity and 
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acceleration for a PT series pump with R=3 in, L=18 in and W = 42 rad/sec (400 

rev/min). 

Individual plunger position 

---""* J i i i i i " -~\ 

Individual plunger velocity 

£ -100 

-200 
150 200 

Individual plunger acceleration 

100 200 

Figure 12: Plot of position, velocity and acceleration for an individual plunger 

The equations for multi-cylinder pumps in particular triplex can be found by 

summing three velocity or acceleration functions for an individual cylinder with a phase 

shift of 120° each. It must be noted that for the velocity and acceleration functions, 0° to 

180° represent the suction phase and 180° to 360° represent the discharge phase. The net 

effective discharge velocity and flow can be approximated by, 

V(0) = RWYd 
H=0 

sin(0 + 12On) + — sin(2(0 + 12O«)) 
JLLu 

180<#<360 

Flow(0) = V (0)x6Ox PlunDia x X-
0.1781 

144 

(4) 

(5) 
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Figure 13 shows the plots of velocity for individual plungers, net effective plunger 

velocity and flow for a PT series pump with a plunger diameter of 4.5in. 

2h 

50 

Simplex velocities for discharge 

-_ > " - • • ••'" ] • I . . . - - " ~ " > - . . > 

: >i i i ,-•-:"' i i \ 1 
! ! ! / ! ' I 1 ! \ 

100 150 
I 

200 
. 1 _ . 
250 

. . _ l . - „ ' . . 

300 

Net effective plunger velocity 

350 

4f-

50 100 150 200 250 

Flow (BPM) 

300 350 

50 100 150 200 

Crank Angle 
250 300 350 

Figure 13: Triplex net effective plunger velocity and flow 

It can be observed that the velocity variation during discharge stroke results in a flow 

variation for the triplex discharge. The pressure variation across a choke is proportional 

to the flow variation squared. In mathematical terms: 

P(0) = 
Flow(0) 

(l. 35 xChokeDia2) 
(6) 

Figure 14 shows the net discharge pressure through a 0.25-inch choke and the 

theoretical waveform for each chamber. Note that cylinders on discharge stroke at the 

same time are in communication and have a common pressure. 
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Figure 14: Triplex discharge and chambers pressure 
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Chapter 3 Valve and seat failure analysis 

This chapter will discuss the main valve and seats failure modes. Insert failure is the 

most common valve failure mode, and excessive metal wear is the most common seat 

failure mode. 

3.1 Insert failure analysis 

In a fracturing job, the valves open and close between 2 and 5 times per second for up 

to 6 hours. This is around 50,000 cycles per job. In addition, the fluid pumped is usually 

slurry with proppant. The insert has to create the hydraulic seal when the proppant 

particles are present. Due to the high fluid velocity at closure, the strength of the 

particles, and the number of cycles, the insert can rapidly show fatigue signs and loses its 

integrity. Throughout the life of the valve, the most pronounced damage of the insert is a 

localized ring along the outside diameter of the valve. Figure 15 show a valve that 

presents a circumferential insert crack. This damage is caused in part due to the point 

contact generated by the mismatch in angles between the insert strike face and the seat. 

Figure 16 shows the initial point of contact when the valve is closing. It is recommended 

to match the insert strike face angle to the seat angle. Matching the angles will provide a 

more homogeneous stress and strain distribution at the time of closing impact. 
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In addition to the insert fracture around the OD, the insert also presents nibbling at the 

interface with the valve body. The nibbling is caused in part by the body pinching the 

interface at the time of closure. 

Figure 17 shows the maximum principal logarithmic strain simulation results for the 

insert for a 5,000 psi load. It can be observed that the areas of high-strain concentration 

coincide with the failure more in real life. 

Figure 15: Insert degradation example 
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rfl .Point 
Contact 

Figure 16: Insert angle mismatch 

Figure 17: Max principal LE8 strain for baseline configuration 

' LE: Logarithmic strain 
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It must be noted that the finite element simulation does not take into account the 

presence of proppant particles. Proppant greatly accelerates the damage to the insert. 

Once a small fracture is created around the OD, the proppant particles penetrate the 

cavity and exacerbate the fracture creation. Figure 18 shows proppant particles embedded 

in the urethane insert. This is described in more detail in section 4.2. 

Figure 18: Damage caused by proppant 

3.2 Metal failure analysis 

Metal degradation in the valves and seats is a major issue since it significantly 

decreases the life of the parts [9]. Figure 19 shows an example of a valve and a seat with 

metal degradation evidence. The valve/seat assembly observes a large number of 

open/close cycles (In the order of hundreds of thousands) during operation. The metal 
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surfaces where the valve and seat make contact degrade as a function of the number of 

cycles. As the metal degrades (especially the seat), the valve has to travel further down 

for the metal to metal contact to occur. It can be observed in Figure 19 that the seat area 

where the metal to metal contact occurs has significantly more erosion than the area in 

contact with the insert. Because of the surface mismatch in a used seat, the valve insert 

has to deform significantly more than in a new seat. The dramatic difference in insert 

deformation between a valve operating in a new and a worn seat can be observed in 

Figure 20 and Figure 21. The strain in the valve insert at this load is very large and causes 

rapid damage accumulation. Field test results have demonstrated that the life of a valve is 

reduced by a factor of two if installed in a used seat. 
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Figure 20: Insert strain with new seat Figure 21: Insert strain with worn seat 

Replacing the seats in a pump is a very labor intensive task and in many occasions, 

new valves are installed with old seats. Figure 22 shows a case of severe damage to the 

valve and seat. It can be observed from the picture that there is substantial metal 

degradation on the seat, whereas the metal surface on the valve is almost new. This 

particular case suggests that since the metal degradation in the seat was so large, the 

insert in the valve was exposed to greater than normal deformation and eventually it was 

pushed out of the valve. Once the insert is gone, the valve and seat can not provide 

hydraulic seal and the fluid pumped that contains particles that cuts the metal. In this case 

the valve leg and a substantial portion of the seat have been cut. This type of failure is 

classified as catastrophic since the pump has to be shut down during the pumping 

operation. 
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Figure 22: Severe valve/seat failure 

3.2.1 Erosion wear 

One of the factors that cause the failure mode shown in Figure 23 is wear caused by 

erosion. This hypothesis is acceptable since the fluids pumped contain a significant 

amount of solids. In addition, the slurry flows at high velocity and pressure when the 

valve is almost closed. Figure 6 shows wear patterns in the radial direction of fluid flow. 

The seats are made out heat treated and carburized alloy steel. Figure 24 shows the cross 

section of a seat where the carburized layer (case) and the core can be identified. 
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Figure 23: Erosion pattern 

Figure 24: Seat cross section 
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The effect of wear due to erosion can be determined by testing a used part. If the 

cross section view of the used part shows that a significant amount of case is missing, 

then erosion can be assumed, conversely, is the case depth is still the same but has been 

"pushed in" then contact stresses may be the main factor. The metallurgy of a used valve 

and used seat were tested. Figure 25 and Figure 26 show the respective cross sections. It 

can be observed that the case is significantly shallower at the interfaces where metal to 

metal contact exists. In addition, it can be noted that there are no cracks in the material or 

deformation. This suggests that the main failure mode in the metal is abrasion and 

erosion and that deformation are not significant. 

Figure 25: Cross section of used valve 
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Figure 26: Cross section of used seat 

3.2.2 Contact stress 

The first stress that can be analyzed in the valve/seat assembly is the one generated at 

the metal contact surface under static conditions. The total force applied to the top of the 

valve assuming an operating pressure of 10,000 psi is: 

FTop=PT*AreaTo= 10,000 psi*n* 
^4.938^2 

Top in2 = 191 Klb (7) 

If the force absorbed by the insert is ignored, the 191 Klb can be applied to the metal 

contact surface. The metal contact surface can be calculated by subtracting the area of 

two cones, the one generated by the valve strike face OD (B) and the seat strike face ID 

(E), both using the strike face angle. 

Table 1: Valve and seat dimensions 

Parameter 

Valve top diameter (A) 

Value 

4.938 in 
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Valve strike face OD (B) 

Valve strike face ID (C) 

Seat strike face OD (D) 

Seat strike face ID (E) 

Strike face angle (0) 

3.938 in 

3.01 in 

4.92 in 

3.367 in 

30° 

Using the example values from Table 1, the valve strike face OD cone is given by: 

D 3 938 
/!1=tan(0)*— = t a n ( 3 O ° ) * ^ ^ = 1.136 in (8) 

Cone Area, =/c* — * 
rB\2 

\^j 
+ (hlf =14.064 in2 (9) 

The seat strike face ID cone is: 

h2 = tan(0)*— = 0.971 in (10) 

Cone Area0 =7U*—* 
2 2 

r T?\ 

\^J 
+ (h2f =10.281 in (11) 

The metal to metal contact area is: 

Contact _ Area = Cone _ Areax — Cone _ Area2 =3.782 in (12) 

And the equivalent pressure (normal stress) at the metal to metal contact area is: 

Top 

Contact _ Area Contact Area 
= 50,626 psi (13) 

Two hardness values must be considered in the valve and the seat: core and case 

hardness. Table 2 shows the hardness for the core and case and the approximate 
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equivalent tensile strength [11]. The tensile strength values suggest that the stress due to 

metal to metal contact under static conditions (50,626 psi) is low compared to the tensile 

strength of the material. In addition, the tensile strength values presented are theoretical 

and based on the metal hardness. In reality the yield and the tensile strength of the core 

for the AISI 4320 steel quenched and tempered with an approximate case depth of 

0.100m is closer to 173,000psi and 212,000 ps/ respectively [13]. 

Table 2: Hardness and tensile strength values 

Parameter 

Valve core 

Valve case 

Seat core 

Seat case 

Hardness (HRC) 

30 

56 

30 

56 

Tensile strength (psi) 

138,000 

317,000 

138,000 

317,000 

Even though the static conditions stress is low compared to the tensile strength of the 

material, fatigue and particle contact stresses must be considered. 

3.2.3 Hertzian contacts 

The stresses generated by the particles contained in the fluid can be analyzed using 

the Hertz contact theory. Hertz stated that when two curved bodies get in contact, they 

will initially touch at a point. Then, after a small load is applied, elastic deformation 

occurs and the contact surface starts to enlarge and the loads are distributed as pressures 

in these contact areas. Figure 27 shows a diagram of a sphere on a flat plate subject to a 

load. 
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Figure 27: Hertz contact for a sphere on a flat plate 

A first approximation is made by assuming the sand particles to be ideal spheres 

acting on a flat plate. The following parameters will be assumed: 1)2=0.025 in, 

P=0-10 Kpsi, vi=v2=0.29, E1=E2=29,700 Kpsi. Figure 28 shows the results for contact 

area radius, maximum and mean pressure. It can be observed that at very low pressures 

(less than 1,000 psi), the contact stresses are higher than the material tensile strength. 

This suggests that contact stresses may have a significant impact on the parts wear 

mechanism. 
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Figure 28: Contact area and pressure for sphere on flat plate 

30 



It is difficult to calculate theoretically the exact stresses caused by the sand crushing 

because the hetzian theory is more focused on spheres that do not crush. However, based 

on the results found in this section, it is demonstrated that the sand particles are crushed 

and generate contact stresses that can be higher than the material strength. In addition, 

once the particles are crushed, the valve continues to move downwards towards the seat 

and continues to crush smaller particles which generate high stresses again. 

3.2.4 Impact loading 

The impact for the valve and seat assembly can be analyzed with the simple mass 

spring model shown in Figure 29. In this model, the valve body is represents by the mass 

m and the urethane and the buoyancy force of the fluid are represented by the spring k. 

The impact in the assembly will occur when the valve is about to close. In order to 

determine the force generated due to impact, the valve speed at the time when it makes 

contact with the seat has to be determined. 

//////// / / / / / / / / 

Figure 29: Impact mass-spring model 

The valve lift was calculated using the model proposed by Miller in reference [4]. 

The model was adapted for use in a high-power pump (2000 HP). The results for the 
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valve lift and velocity are shown in the top graph in Figure 30. It must be noted that the 

calculation was performed only for 180° since during the second half of the cycle the 

valve remains closed. The bottom graph shows the absolute value for valve velocity 

which is the derivative of the position overt time. It can be seen from the graph that the 

approximate velocity when the valve hits the seat (180°) is close to 1 in/sec. 
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Figure 30: Valve lift and velocity 

The blue trace in Figure 31 represents the signature from an accelerometer attached to 

the frame of the pump. It can be seen from the waveform that every time the valve closes 

there is an associated "shock" spike. From the waveform it can be determined that the 

approximate duration of impact is 7.5ms. Assuming that the urethane takes the impact 

during one third of the time, the metal to metal impact is 5ms. Based on the spring-mass 

model, the valve insert and the fluid damp the impact and therefore the worse case 

scenario will be when the insert and the fluid buoyancy force are not present. Based on 
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impulse and momentum: FAt = mv2 - mvx where At is the impact duration, m is the 

valve mass, v2 and v, are the valve velocities at the time of impact and after the impact 

respectively. mvi = 0 given that the valve stops completely after the impact. The 

calculation presented in the MECH 593 study [9] it was assumed that the mass m was 

6 lb which produced a resultant force of 100 — - . However, for a pump in real life the 

sec 

value m is substantially larger due to: the spring force on top of the valve and the pressure 

buildup on top of the valve at the time of impact due to the valve lag. 

For HHp, p *«* Fl X-e-00'00. (8625G0 dXW.ghK V-46 tnXpii m 

Figure 31: Impact duration 

For a frac pump, the spring pre load can be assumed to be 100 lb. In addition, the 

pressure on top of the valve at the time of impact can be very high! Figure 32 shows that 
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the pressure on top of the suction valve is 1000 psi when the impact starts, and around 

330 psi at the time where the largest spike in the impact occurs. 330 psi applied to the 

20 in2 area of the top of the valve is equivalent to 6600 lb\ 

F = 
(6 lb+ 100 lb + 6600 lb)xl in 

sec _ 
5 ms 

111,766 
Ibft 

sec 
(14) 

The equivalent pressure applied to the metal to metal contact area is close to 30 Kpsi. 

Therefore, the conclusion made in the previous study: "It can be concluded that the 

pressure due to impact is negligible compared to the operating and contact pressure even 

in the worse case scenario." can be refuted. The short duration impact combined with the 

presence of proppant has a substantial effect on the valve wear mechanism. 

Figure 32: Pressure on top of the valve at time of impact 
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3.2.5 Fatigue 

At the beginning of the study it was thought that the seat material could be affected 

by fatigue due to the cyclic nature of the pumping process (up to 300 RPM). However, 

the metallographic results presented do not show cracks in the material which are 

common in fatigue failures. In addition, the metal contact area of the valves and the seats 

are always in compression and not in tension which makes the fatigue impact on the 

metal problem less probable. 

3.2.6 Finite element modeling 

An axisymmetric model of the standard valve and seat design was created in order to 

analyze the stresses in the valve and the seat. Figure 33 shows a spot that indicates the 

presence of a high-stress concentration. The cause is the sharp transition added by the 

chamfer between the strike face and the bore inner diameter. It is recommended to 

replace the chamfer with a fillet to reduce the point stress. 
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Figure 33: Mises stress 
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Chapter 4 New generation valve and seat 

This chapter presents three concepts that address the issues discovered in the failure 

analysis evaluation. The advantages and disadvantages of each concept are evaluated. 

4.1 Reduced wear in metal to metal contact area 

It was determined that the seat wear has a big impact in valve life. The first approach 

to improving valves and seats consists in making the metal to metal contact area wear 

slower. The wear rate can be decreased by using a material that is stronger and has better 

abrasion resistance properties than the current carburized steel approach. 

4.1.1 Coated seats 

The first approach is to reduce the wear rate by applying a coating of a harder 

material to the seat. Two coatings were selected: Chromium Oxide and Tungsten Carbide 

(WC). Both of these materials have better abrasion resistance properties than the 

carburized steel. Figure 34 shows from left to right a standard seat and two seats coated, 

one with chromium oxide and the other one with tungsten carbide. The coating applied 

was 0.015" thick for both materials. 

The standard and coated seats were tested in real fracturing job conditions. All the 

parts were installed in the same pump. Each cylinder in the pump had a different seat 

type. Figure 35 to Figure 38 show the valve and seat condition after the test was 
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conducted. It can be observed that the coatings were not successful. The tungsten carbide 

coating cracked and peeled off, and the chromium oxide coating made the valve wear 

faster due to its rough surface finish. In both cases, the coating was completely used up in 

the metal to metal contact area. Some of the coating remained in the valve insert to seat 

contact area. 

Figure 34: Seats with chromium oxide (middle) and tungsten carbide coating (right) 

Figure 35: Seat with WC coating Figure 36: WC coating matching valve 
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Figure 37: Seat with CR02 coating Figure 38: CR02 coating matching valve 

The results from this test suggest that a thin coating is not suitable for the application. 

In addition the area that requires a decrease in abrasion and wear resistance is only the 

metal to metal contact area. 

4.1.2 Tungsten carbide seat insert 

A more aggressive approach to the seat wear problem is to embed a ring of a harder 

material in the seat. The ring can have a greater depth than a coating. In addition, it can 

be designed in a way that it only has an effect in the seat metal to valve metal contact 

area. Figure 39 shows a CAD model of the seat with an insert made out of a different 

material. 

The material chosen for the insert was tungsten carbide (88%WC, 12%Cobalt) 

because of its hardness, the fact that it is virtually unscratchable, and it offers good 

abrasion resistance. To create this part, a groove in the seat has to be machined and then 

the insert has to be installed by heat shrinking and press fitting. After the insert is 

installed it is under compression. Because of this restriction, tungsten carbide insert is a 

good choice because of its good compressive strength characteristics. 
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Figure 39: Seat with WC insert 

Precise details were taken into account when designing the WC insert. First of all, the 

outside diameter of the insert was made slightly smaller than outside diameter of the 

strike face of the valve. This is because the valve strike face hits the seat in different spots 

each cycle due to the slack between the legs and the seat inner diameter. With this 

dimension restriction, it is ensured that the entire WC insert surface will be worn evenly. 

Figure 40 show a drawing of the insert with the main features identified9: 

• Bevel at the bottom of the outer diameter to distribute the force evenly around 

the circumference of the insert and seat. Furthermore, it allows the 

compression to occur gradually instead of all at once, therefore helping the 

pressing operation to be smoother, more controlled, and to require less force. 

• Concentricity, outer diameter, height and perpendicularity have tight 

tolerances to ensure correct fit within the seat groove. 

• Fillet added to the top of the insert inner diameter to reduce stress 

concentration as discussed in section 3.2.6. 

Exact dimensions are not shown for confidentiality reasons. 
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Figure 40: WC insert drawing 

Press fitting is a simple process and consists in fastening parts using the large friction 

generated after pushing the larger insert into the smaller seat groove. The goal after the 

installation is performed is that the insert will stay in place during operation providing 

hydraulic isolation between the seat ID and the top of the strike face. The following are 

calculations for contact pressure, stresses and force which the insert will sustain as a 

result of the interference between the seat and the insert 10. 

Insert elastic module: E{ =82.2xl06 psi 

Insert Poisson's ratio: r]l =0.28 

Insert inner radius: r. =1.6325 in 

Seat elastic module: E2 = 30xl06 psi 

Seat Poisson's ratio: TJ2 = 0.28 

Seat outer radius: rn = — = 2.5985 in 

' Dimensions used in this example are not real. They have been modified for confidentiality reasons. 

41 



• Coefficient of friction: m = 0.5 

• nominal radius at the interference (common radius): r = 1.95 in 

• contact length is: L = 0.396 in 

Typical interference fit as a rule of thumb is .001/inch of the part. In this case the 

common diameter is close to 4 inches. A 0.004m interference fit is desired. The 

calculations for the interference fit are: 

p = 5 = = -2 = 10553.25-^ (15) 
r ,rn +r r ,r +r . in 

E2 r0 -r El r -#; 

^ i = ~P(V1^) = -60006.23 -^ (16) 
r -rt in 

r1 

ai2 = -2p- = -70559.48 (17) 
r -rt 

r2 + r2 lb 
<*o=-P(—2 f) = 37761.9 — (18) 

r0 —r in 

F = pxxxDxLxm = 25601.52 Ibf (19) 

Where p is the contact pressure, crn is the tangential stress at the outer surface of the 

insert, oi2 is the tangential stress at the inner surface of the insert, <T0 is the tangential 

stress at the inner surface of the seat, and F is the force. 

Another way to make the installation process easier is by heating the seat and cooling 

the insert. The heating makes the steel seat expand and the cooling makes the insert 

contract. The seat has been previously heat treated and carburized, if it is heated too 

much (more than 300°F), the quenching and carburization treatment can be affected. The 

thermal expansion coefficient for steel is 0.0000065 and for tungsten carbide 0.00000266. 
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The seat was heated to around 200°F (without affecting the heat treatment). The steel 

grows about 0.0013 in. The insert is cooled to around -40°F. It shrinks 0.0001064 in. The 

change in dimensions is 0.0013 in + 0.0001064 in = 0.0014064 in . It means that it is 

required to apply a press fitting force in addition to heat shrinking. Figure 41 shows the 

WC insert and the seat with the machined groove before installation and Figure 42 shows 

the assembly after heat shrinking and press fitting. 

This seat concept has not been tested under field conditions because if the WC insert 

breaks, larger pieces will be pumped to the reservoir and can cause a major service 

quality incident. Schlumberger is currently building a valve and seat test bench that will 

allow evaluating this concept under controlled conditions. 

Note that the best combination for valve and seat life will be achieved when the rate 

of wear of the WC (or other material) insert is the same as the erosion rate for the surface 

of the seat that is in contact with the urethane. If the entire surface wears evenly, the 

valve insert extrusion will be minimized. It is recommended to evaluate the wear rate of 

the two surfaces and achieve a homogeneous rate by: 
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• Using different seat insert materials 

• Changing the wear rate of the seat area that is in contact with the valve insert, 

(i.e. changing carburization depth) 

• Combining the effect of the two above 

4.2 Seat with urethane insert 

As discussed in section 3.1, most of the valve insert damage is caused by high strain 

generated by high-pressure sealing between proppant particles and a seat hard surface. 

The situation is depicted as follows: Figure 43 shows the steel base at the bottom, a 

proppant particle in the middle and the undeformed insert on top; Figure 44 shows the 

insert wrapped around the proppant particle to create hydraulic seal against the steel base. 

Observe how much strain the valve insert has to endure before it touches the rigid base. 

Figure 45 shows the same scenario with a matching urethane base instead of steel. It can 

be seen that the insert only has to wrap around half of the proppant particle. It must be 

noted that the strain is decreased in more than half since the insert does not have to wrap 

around the bottom half of the proppant particle. The seat with urethane concept aims at 

reducing the valve insert damage by adding a soft insert compound to the surface that 

mates with the valve insert. Figure 46 shows a cross section view of a seat with a groove 

that holds a urethane insert that mates with the valve insert. 

In addition to reducing the valve insert strain, the seat with insert concept makes the 

valve last longer by reducing the effect of seat metal wear. As described in section 3.2, 

the wear in the metal to metal contact area of the seat makes the valve deform 

significantly. In this concept, the amount of deformation in the valve insert is reduced 

since the insert in the seat is compliant. 
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Figure 46: Seat with urethane insert concept 

4.2.1 Design optimization 

Large deformations and strains must be reduced in order to improve valve insert life. 

The following four design iterations present modifications made to the valve and seat 
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urethane insert configurations that minimize the strain. The first iteration (Figure 47) was 

conceived with a proppant flushing mechanism in mind. The angles in the valve and seat 

insert were different than the metal strike face angle. As the valve and seat close on each 

other, the difference in inserts angle creates a channel that can squirt the proppant 

particles out of the strike face. In addition, the insert in the seat has extra material to 

make the insert last longer. The parts deformation under working conditions was 

modeled. The results revealed very large strain (1.365) concentrations at the metal to 

metal contact area interface. Figure 48 shows the entire assembly strain results. Observe 

the large deformation of the seat compared to the undeformed shape. Figure 49 shows a 

close up of the strain results at the interface between the inserts and the metal to metal 

contact area. The shape of the insert at the boundary with the metal strike face needs to be 

modified to reduce the strain. In the second iteration, the insert angles match and the 

chamfer at the outer edge of the valve is increased. These modifications were made to 

asses the impact on the strain by just material reduction. The overall maximum strain 

results (1.28) are similar since the geometry at the interface with the metal strike surface 

was not modified. However, it can be observed in Figure 51 that the overall deformation 

was reduced compared to the previous iteration, specially the bulging at the valve insert. 
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Proppant flush 
mechanism 

Figure 47: Iteration #1 geometry 

Figure 48: Iteration #1 LE strain Figure 49: Iteration #1 LE strain close up 
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Larger 
chamfer 

Figure 50: Iteration #2 geometry 

Figure 51: Iteration #2 LE strain Figure 52: Iteration #2 LE strain close up 

There are two differences between the second and the third iteration. First, the valve 

insert shape at the interface with the valve body is horizontal to reduce the "pinching" 

observed in the previous iterations. In addition the seat insert is flush with the strike face. 
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This reduces the amount of material and therefore deformation. It also reduces the strain 

at the interface with the metal strike face area. The strain is reduced by a factor of three to 

0.426. Note that the scale in the plot has been decreased for visualization purposes. 

Horizontal 
interface 

Figure 53: Iteration #3 geometry 

Figure 54: Iteration #3 LE strain Figure 55: Iteration #3 LE strain close up 
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In the fourth iteration, a small portion of the metal has been removed to allow the seat 

insert deforming more freely. The maximum strain result is slightly reduced to 0.397. The 

seat insert deformation and strain concentrations are reduced substantially (Figure 57). 

Metal 
removed 

Figure 56: Iteration #4 geometry 

l E a l 

Figure 57: Iteration #4 LE strain Figure 58: Iteration #4 LE strain close up 
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The seat and valve were manufactured based on the configuration presented in 

iteration number three. The configuration from iteration number four is better but it was 

not built since by the time the simulation was completed, the parts were already in the 

manufacturing line. Figure 59 shows the completed seat with urethane insert. Figure 60 

shows on the left a valve with the old insert geometry and on the right one with the 

improved insert geometry. Observe the geometry difference at the interface between the 

insert and the metal strike surface. 

Figure 59: Manufactured seat with urethane insert 
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Figure 60: Old (left) and new (right) valve insert geometry 

4.2.2 Seat with urethane insert field test 

The parts were installed in a pump to assess the impact of the concept valve and seat. 

The test is a fair comparison in performance between assemblies because all the parts 

were installed in the same pump. All components observed the same amount of cycles, 

fluid type, proppant concentration and pressure. The test initial plan was to install 

standard valves and seats in the middle cylinder of the pump, and prototype valves and 

seats in the outside cylinders. However, for safety reasons, it was required to install 

valves with standard insert geometry in the suction side. This had to be done because 

suction valves have a burst disc for safety purposes. The prototype valves were 

manufactured with 22.5 Kpsi burst discs and the test pump was rated only to 15 Kpsi. By 
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chance, this inconvenience allowed comparing the performance between a standard and a 

new design valve acting on a seat with urethane insert. 

The test results were very encouraging and proved the seat with insert concept to be 

effective in decreasing the valve insert damage. Figure 61 and Figure 62 show the parts 

after taken out of the pump. Figure 63 shows on the left a valve with improved insert 

geometry that was used against a seat with urethane insert. It is evident that there is no 

damage at all to in the insert. The valve on the right has the standard insert geometry and 

was matched against a standard seat. The usual fracture around the outer diameter and the 

insert damage at the interface with the metal strike face are evident. In addition, the 

standard valve shows proppant particles embedded inside the insert whereas the 

prototype valve does not. 

As mentioned previously, the valve insert geometry was the same for all valves in the 

suction side. Figure 64 shows on the left the valve that was used against a standard seat. 

The standard failure modes can be identified. The valve on the right was matched against 

a seat with urethane. It can be seen that there is no fracture in the outer diameter, and that 

the damage to the insert at the interface with the metal strike face is less pronounced than 

in the standard valve case. 

From these results it can be concluded that: 

• The seat with urethane insert is effective in decreasing the valve insert damage 

• The new valve insert geometry is effective in reducing the damage at the 

interface with the metal strike face area. 

The test was stopped after for jobs because one of the prototype seats broke. The 

failure will be discussed in section 4.2.3. 
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Figure 61: Seat after field test Figure 62: Valve after field test 

Figure 63: Discharge valves - prototype left and standard right 
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Figure 64: Suction valves - standard left and prototype right 

4.2.3 Failure analysis 

One of the seats fractured after the pressure was increased to 10,000 psi during the 

fourth job of the field test. Figure 65 shows the broken seat and Figure 66 the 

corresponding cross section. The main reasons for the failure were: 

• The ligament between the seat shoulder and the inside of the groove that holds 

the insert is narrow. 

• The narrow ligament was carburized from top and bottom making it brittle 

and vulnerable to impact loading. 
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• Cracks initiated at the corners and groove indicated with arrows in Figure 67. 

In addition to the metallurgy analysis, a simulation of the stresses in the seat was 

conducted. The results revealed that before the metal to metal contact occurs, the groove 

that holds the insert is subjected to very large bending stresses in the clockwise direction 

(Figure 68). These stresses are generated by the hydrostatic pressure transmitted to the 

groove through the incompressible insert. Once the metal to metal contact is achieved, 

the some of the stress in the groove is transferred to the metal strike area. Once the valve 

is fully closed the bending stress at the shoulder groove acts in counterclockwise 

direction. The bending stresses that alternate direction and amplitude, in addition to the 

impact are a major factor in the failure of the prototype seat. 

Fortunately, the causes to the failure can be eliminated by changing the design. The 

next section covers the necessary modifications. 

Figure 65: Broken seat Figure 66: Cross section view 
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Figure 67: Cross section of seat with urethane insert 

Figure 68: Stress before metal to metal contact 

57 



Figure 69: Stress after metal to metal contact 

4.2.4 Final design 

In order to prevent a seat metal failure, the following design modifications were 

implemented: 

• Carburization inside the groove is not required since it is not an exposed 

surface. During the manufacturing process the groove should be masked to 

prevent carburization. By doing this, the ligament will not be as brittle. 

• The groove was modified to increase the ligament area. 

• The radius of the corners inside the groove were increased to prevent cracking 

Figure 70 shows the groove geometry of the part that failed and Figure 71 shows a 

groove design with the abovementioned recommendations implemented. Figure 72 

and Figure 73 show the stress results in the groove for the two configurations. The 
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stress in the final design is much lower than in the original configuration. It is 

recommended to implement the changes presented in this section in future prototype 

parts. 

Figure 70: Geometry that failed Figure 71: Enhanced geometry 

Figure 72: Stress in geometry that failed Figure 73: Stress in enhanced geometry 
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Chapter 5 Conclusions 

The results presented in Chapter 4 have demonstrated that the new generation valves 

and seats can potentially have a life greater than the standard components. This chapter 

summarizes the main findings from this work and makes recommendations for future 

work. Table 3 presents features that can be used to optimize the seat with urethane insert 

design. It refers to features identified with letters in Figure 74. 

Table 3: Recommendation summary 

Description 

A) Change seat chamfer for a fillet 

B) Match valve and seat strike face angle 

C) Horizontal valve insert geometry at 
interface with metal body 

D) Make groove for seat with insert 
round 

E) Add seat insert angle as flush 
mechanism 

F) Decrease distance between legs and 
seat ID 

G) Minimize height of groove insert 
holding area 

H) Evaluate removing carburization of 
seat shoulder area 

Reason 

Reduce metal to metal area stresses (Section 
3.2.6). 

Reduce point contact stress at valve landing 
instant (Section 3.1). 

Reduce insert "pinching" strain at interface 
with metal body 

Reduce stress inside the groove during valve 
insert landing. 

Flush proppant from strike face and add 
shock absorption during valve closing 

Improve guidance and even wear in the metal 
to metal contact area 

Reduce bending stress during valve landing 

Seat shoulder is not a high abrasion area. 
Removing carburization can help in reducing 
how brittle the shoulder is. 
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In addition, the following studies and tests are recommended: 

• Test different valve insert materials with high-strength and high-wear 

resistance. Insert study should include PU material with fillers for added 

strength and durability. 

• Test and qualify the seat with tungsten carbide insert concept presented in 

Section 4.2 

• Test seat ceramic material that wears at the same rate as the valve insert 

contact area, and evaluate removing the seat carburization in the hard seat 

concept as discussed in Section 4.1.2 

• Evaluate combining the tough insert and seat with urethane concepts into the 

same design. 
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