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CHAPTER 1. INTRODUCTION

Internal relief valves (IRV) are mounted as over-pressure protection devices on
internal gear pumps. The IRV’s main role is to reduce the pressure if an over-pressure
situation occurs. The IRV can be viewed as a robust safety feature, but most
internal/external gear pumps do not have them as part of a standard design. This is due to
a combination of cost and design criteria needed to implement the IRV on the gear pump.
Very little research has been done towards improving the IRV’s performance. The IRV
design specifically related to Viking Pump Inc. has been in existence for over 100 years
with very little change to the design. The major hurdles with researching these
components are mainly the accessibility in viewing the flow pattern and understanding

how the flow pattern changes if components are modified within the IRV.

Internal gear pumps are a positive displacement pump, which means that the
discharge head vs. flow characteristic is vertical, thus the flow is inherently independent
of the discharge head. Liquid is rotated from suction to discharge through cavities within
the gear teeth and casing. If there is a blockage on the discharge side of the pump, such as
a valve being closed in the discharge line, there will be an immediate pressure build-up.
This pressure build-up could be catastrophic if it is not mitigated immediately or at least
within a suitable time. If this occurs, the pump will fail internally, or the motor will stall,
or the drive equipment will fail, or the process piping will fail catastrophically. It is
because of these potential failures and the severe consequences that it is imperative that
some form of over-pressure protection be used in internal gear pump arrangements. This
protection could be through the use of an internal relief valve, an external relief valve, a

torque limiting device or a rupture disc.



There is great interest in improving the relief valve performance of internal gear
pumps. There are many key advantages related to internal gear pumps that could be
gained from research carried out towards improving the IRV performance. These
improvements could help pump companies be more competitive from an applications
standpoint by reducing the customers’ operating costs while improving safety. A detailed
understanding of the liquid flow inside the IRV will also help to design more efficient
internal gear pumps for applications involving thin liquids operating at high pressures.

Further details with regard to potential improvements will be discussed later in this thesis.

The internal relief valve is composed of three main components, the poppet,
spring and adjusting screw. These three components are essential for setting the cracking
pressure (pressure at which the IRV begins to open) at which the poppet begins to lift,
forming an orifice with the seat while pushing against the spring to create full by-pass in
an over-pressure situation. The concepts behind this full operation will be highlighted and

explained later in this thesis.

A preliminary computational fluid dynamics (CFD) study was first performed on
a simple model of an external RV, primarily to get a feel for the main characteristics of
the flow fields associated with RVs, such as: the pressure field, velocity field, regions of
separation and flow streamlines. This exercise included preliminary validation of the
numerical models and the opportunity to become more familiar with the software and
how results are affected by different parameter settings. Based on the experiences gained
in the preliminary study, a CFD model of a Viking Pump Inc. IRV has been set up and

analyzed at the fully open condition.



The main goals/motivation of this thesis are:

1.

to understand how CFD can be leveraged, in lieu of the availability of physical
hardware and instrumentation typically reserved for laboratory research
simulations;

to optimize the parameters that favour a reduced range of cracking to full by-pass
pressure in internal and external relief valves and therefore improve their
performance. The pump is sized at the differential pressure. The cracking pressure

is equivalent to the differential pressure.



CHAPTER 2. LITERATURE REVIEW

2.1. Introduction

Several journal articles, papers and reports produced by valve companies were
reviewed to evaluate the performance status of relief valves. No research exists with
respect to internal relief valves. The following review of the available literature, however,
highlights those results which offer some guidance and reflections on the goals of this

thesis.

2.2. Previous Studies Related to Internal/External Relief Valves

Mayer et al. [1] conducted a study to obtain information on the operation of the
Viking Pump IRV. The main characteristics studied involved flow vs. pressure as well as
poppet lift (calculated and measured). The information obtained from the study was used
to develop the governing mathematical equations and a FORTRAN computer program to
model the flow through internal relief valves.

The steady-state flow force equation, spring force and drag force on poppet were
used in the force analysis of the poppet. Drag coefficient (Cp), discharge coefficient (Cq)
and velocity coefficient (C,) were determined from performance tests and poppet lift
measurements. From this analysis, the equation and computer program that was used to
determine the flow area for a given poppet lift, poppet seat angle and poppet diameter
was highlighted. Graphical relationships of poppet lift (measured and calculated) and
capacity vs. discharge were developed to predict relief valve performance at various

viscosity values.



For specific relief valves in operation while the pump was running at speeds in the
500 RPM to 1200 RPM range, it was noted that the calculated and measured poppet lift
exhibited the same approximate relationship. These findings were documented in
Viking’s Pump Internal Archive W.0O. 4592 [1].

Kourakos et al. [2] investigated the external relief valve (ERV). The main focus
of their investigation was to determine the forces imposed on the valve disc for different
inlet pressures and different disc positions using both experimental and CFD results.
They used a 40 mm (1.5 in.) ERV for the experimental setup. The ERV was modified by
removing the spring. A force measuring device was mounted on top of the valve. With
this experimental setup, they determined the forces applied on the disc at different inlet
pressures and disc positions. For each iteration, the disc was set at a new lift position
(static position). Chosen set pressures and valve lift from preliminary dynamic valve
operation investigations were provided to analyze the forces imposed on the disc.

The experimental apparatus consisted of two ERV models, viz. a metallic model
and a transparent model made of polymethyl methacrylate (PMMA), with slight design
differences. The metallic ERV model was used to analyze incompressible flow while the
transparent model was used to analyze compressible flow. One notable difference
between the two models is that the plastic model had a longer inlet nozzle when
compared to the actual metallic ERV. Another important difference was the ability for the
original metallic ERV to handle higher pressures. The differences between these valves

can be observed in Fig. 2.1.
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Fig. 2.1: Comparison of metallic and transparent valves

(from Kourakos et al. [2], by permission of ASME)

Having a transparent valve allowed for complete optical visualization and
observation of the flow through the valve as well as cavitation and two-phase flow.
Kourakos et al. [2] studied these effects in compressible and incompressible
environments. Further highlights of how Kourakos et al. [2] analyzed the transparent and

metallic valves are shown in Fig. 2.2 and Fig. 2.3.



Fig. 2.2: Transparent valve used by Kourakos et al. [2]

(by permission of ASME)
Original valve
Measurements of ~ F ] Spring removed

flowforce on valve disk (static ow behevior)

Fig. 2.3: Metallic valve used by Kourakos et al. [2]

(by permission of ASME)

In the experimental setup involving the metallic valve, the back pressure affects
how the valve disc behaves. In the transparent model several pressure sensors were
placed inside the valve. These allow for measurements of static pressure. In addition to
measuring pressure inside the valve, additional pressure sensors were placed directly on

the valve disc to obtain information on the disc flow force. As stated above, the metallic
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model is able to handle higher pressures compared to the transparent model. However,
there is limited optical access with the metallic model and only the set pressure and back
pressure can be measured with this model.

Since our interest in the current research is to study the flow of water through a
RV, only the incompressible environment of Kourakos et al. [2] will be discussed further.
In the experimental setup shown in Fig. 2.4, the metallic ERV is analyzed using water at
ambient temperature as the test fluid. The calming reservoir is connected to a pump
capable of producing pressure up to 78 bars (1146 psi) and 250 m’/hr (1101 gpm) flow
rate. The admission valve acts like a variable frequency drive (VFD) to control the flow
entering the calming reservoir which leads to the long pipe connected to the test ERV.
The admission valve admits a certain percentage of flow into the calming reservoir. The
author suggest that this is analogous to a variable frequency drive as it also acts as a flow
control device by reducing the motor speed of the pump which will only allow a certain
percentage of the flow to leave the pump going into the process. Pressure on the free
surface of the reservoir is fixed by compressed air. The flow rate entering the ERV is
measured by a flow meter. To obtain the best efficiency of the pump, the discharge valve
operates as a by-pass. This setup permits the observation of opening pressure, closing
pressure and the discharge coefficient. Also, the approximate flow force on the disc is
acquired as well with sensors mounted on top of the valve. The flow conditions analyzed
in the ERV test setup are Pset = 0.7 - 11.0 bar (10.2-160 psi) and lift values at 0.5 to 7.2
mm (0.02 to 0.283 in.)

Computational Fluid Dynamics (CFD) simulations of the test ERV were also

performed in [2] using ANSYS Fluent [version 13]. A simplified geometry was created



for the simulations, with a 2D axisymmetric grid as shown in Fig. 2.4. The grid, which
contained 1.45 x 10° cells, was designed with a particular focus on the disc region since
the primary interest was to determine the flow force on the disc. A steady-state case was
assumed and the k-o turbulence model was used with a second order discretization
scheme. The pressure based solver of Fluent (pressure-velocity coupling) was used. The
following set pressures and lift values were analyzed with the CFD model: Pset = 2, 3, 6
and 11 bar (29, 43.5, 87 and 159.5 psi) and lift values at 1.5, 3, 4.5 and 7.2 mm (0.06,

0.12,0.18, 0.28 in.)

Fig. 2.4: Axisymmetric grid for the metallic ERV [2]

(by permission of ASME)

To simplify the problem and to decrease computational time, the incompressible
flow was assumed to be steady and cavitation was neglected. From the CFD results,
Kourakos et al. [2] concluded that the lowest lift produced the highest pressure
concentration in the middle of the disc, whereas higher disk lift positions produced a
more uniformly distributed pressure over the valve disc. Due to these phenomena, the

force gradient is more severe for lower disc lifts compared to higher lifts. When



experimental and CFD results are compared, the measured and CFD computations
provide reasonable predictions in flow force with CFD computations. Small deviations
existed between the tested and computational values. The adjustment ring location for the
experiment created some experimental uncertainty.

The research conducted by Chabane et al. [3] concentrates on ERV’s subjected to
back pressure build up. They indicate that real world safety relief valves, having a back
pressure that is 30% of the set pressure, generally use a balancing mechanism called a
bellows. The bellows helps to facilitate the reduction of the forces downstream, resulting
in the balancing out of the downstream pressure. This helps to avoid vibration/chatter
usually caused by back pressure. A poorly designed ERV can prove disastrous if back
pressure values are high. It is stated that a conventional ERV at 10% of the set pressure
can be used without the balancing effects, however even with low values of back pressure
fluttering/chattering of the disc may still occur. Comparing the conventional ERV to the
balanced bellows ERYV, the balanced bellows ERV should be able to handle levels of
back pressure in the vicinity of 40 - 50% of the set pressure, while maintaining its
approximate capacity.

Chabane et al. [3] looked at the ERV and the effects of back pressure from a
theoretical perspective. In theory, correction factors for back pressure can be obtained
from the American Petroleum Institute (API) - API 520 Code. The code presents the
correction coefficient (Cyp) for back pressure values obtained from numerous ERV tests
and use an average value for C, for a particular case. They noticed one major flaw in the

analysis — that these coefficients do not take into account the instabilities due to dynamic
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effects caused by back pressure. According to the API 520 Code, experiments have
shown that instabilities could occur with as little as 15% back pressure.

An experiment to evaluate this concept further was setup by Chabane et al. [3]
using air with the ERV pressure set at 40 bar (580 psi). The air in the downstream
reservoir was at 200 bar (2900 psi). Flow rates were measured using four Coriolis flow
meters. The flow meters were linked to a buffer tank where the ERVs were tested.
Maximum pressure attainable was 40 bar (580 psi) and maximum mass flow rate was 13
kg/s (29 Ib/s). The effects of pressure are detected when back pressure rises to about 10%
of set pressure. When back pressure is higher, characteristics of the air flow change.
Vibration and chattering occur when back pressure reaches values that are 25% to 30% of
set pressure.

A CFD model was also developed by Chabane et al. [3] for the numerical
simulation of the ERV and was validated with the experimental data. The CFX-11 code
was used to solve the 3D Reynolds-Averaged Navier-Stokes equations. No symmetric
considerations were assumed. A 3D unstructured mesh was used, comprised of
15,500,000 cells (3,000,000 nodes). Tetrahedral/prismatic elements were used close to
the wall, at the nozzle and disc valve to ensure a Y+ value below 100. Unstructured
tetrahedral elements were used away from the walls. A steady flow approach was
assumed, using the k-¢ turbulence model with wall functions and 2"order discretization
accuracy. Three cases were analyzed and compared to the experimental results; Case 1:
disc in almost closed position. Case 2: disc ¥2 way closed, and Case 3: disc at fully open
position. Analysis of the flow patterns in these three cases confirms that the dynamics of

the flow are complex due to the moving disc. At full flow (Case 3) there is significant
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turbulence which causes load fluctuations. These fluctuations influence the movement of
the blocking area (disc). Fluctuations also occur at lower disc lift. Due to stiffness of the
valve at smaller openings, the hydrodynamic forces vary between two and three times the
value of the elastic force associated with the spring.

A thermodynamic model with test conditions was also developed by Chabane et
al. [3]. Due to compressibility of the air and gas the fast unsteady effects are normally
considered insignificant and are not taken into account. Since there is a possibility that
equilibrium cannot reached due to pipe and control valve downstream creating back
pressure, this could lead to chattering, which can be destructive to the safety valve
depending on its frequency. This model was implemented to better understand the
dynamic behaviour during a test with and without back pressure. Equations of motion
were developed to help understand these effects.

It was important to get an idea of how back pressure affects the ERV when at a
certain percentage of the set pressure. In this Thesis the assumption is made that back
pressure effects are accounted for in the calculation of the differential pressure. The pump
is sized at the differential pressure before the IRV setting is applied.

Follmer and Schnettler [4] proposed developing a series of new API ERVs by
investigating the fluid flow and looking into a new method to perform flow force
measurements. They were able to analyze which components in contact with liquid could
be removed or improved. This was done to implement a series of new API ERVs which
could meet industry certification standards.

With regards to approval testing, only combinations of flow force and spring

force were checked in accordance with API 526 designation, which is a specific method
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of measurement for flow force by API 526 Codes. This method permits the accurate
evaluation of flow force readings over a large pressure range. Thus, forces on the disc can
be evaluated from the flow force for various opening and closing values. The following
conditions have to be met. The interaction between flow force and spring force is
essential. This will help to determine what type of spring characteristics are needed. Also
the flow coefficient needs to be large enough to stay within the +/-5% tolerance band
while maintaining its consistency (constant) while subjected to a pressure of 1 bar (14.5
psi) and up.

Optimization of the components was carried out using gases, steam and liquids.
The blow down ring was removed as it does not impact the flow physically. The blow
down ring is a component which controls how slowly and how fast the disc closes. The
term blowdown defines the disc moving down to close. The position of the blowdown
ring will determine how slow or how fast the disc closes. Calculations (CFD) were
performed for 3D compressible and incompressible flows. Based on the CFD analysis,
which was confirmed experimentally, a special ERV was designed that provided a
proportional performance and consistent opening for 100 bar (1450 psi) pressure and hot
water at 265°C. This valve was designed to conform to all API 526 specifications along
with approvals by ASME. The valve also was improved and optimised to accommodate
equal flow geometry for liquids (incompressible), gases and steams and also incorporates
the ability to handle two-phase flows if needed.

Bilanin and Teske [5] investigated spring-loaded safety ERVs. Their goal was to
try to predict the performance of the ERVs numerically. They used the concept of a semi-

empirical non-linear model of a safety ERV and were able to derive dynamic equations
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from this model. Bilanin and Teske [5] implemented this model and developed the
COUPLE predictive dynamic model to simulate flow through an ERV. The COUPLE
model was used to explain the test data of the ERV such as chatter, lift characteristics,
etc. The COUPLE code incorporated the flow path of the valve by specifying spring rate
and the ring settings. The valve models were validated through experiments.

Using CFD, the Navier-Stokes equations (NSE) were also used by Bilanin and
Teske [5] to predict the flow field within the valve. The governing differential equations
used to model the flow field were the Reynolds-Averaged Navier-Stokes equations. A
comparison of the Navier-Stokes solution and the predictions from the COUPLE code
was performed. The NSE results replaced the experimental testing for validation purposes
with respect to the COUPLE code. Exit angle, mass flow through the valve, seat force
reduction and stem force on lifted ERVs were compared at different valve stem positions.

Oravec [6] investigated pressure rise rate characteristics and flow force acting on
a poppet in a charge pressure relief (CPRV). They are both direct acting poppet style
relief valves, where in an over pressure situation the poppet is lifted and allows flow to
recirculate through the relief valve and back to the process or through the pump. The
operation of the charge pressure relief valve is very similar to the internal relief valve.
However, it can also be used in the process line, unlike the IRV which can only be used
directly on the pump. The CPRV was analyzed using CFD and subsequently verified with
experimentation. Three stroke positions were considered with poppet lift values of 0.5
mm, 1.5 mm and 3 mm, while being subjected to a range of flow rates. ANSYS ICEM
CFD was used with a combination of a hexahedral, tetrahedral and wedge mesh. Velocity

inlet and pressure outlet boundary conditions were established, the flow was assumed to
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be steady and the fluid was taken to be incompressible (oil). Post-processing of the CFD
results was completed using three strokes (lift values) and three flow rates. From this
data, a quadratic equation was used to solve for flow rate, highlighting the relationship
between spring force and flow force. Graphs were generated from calculated points and
trend lines were implemented to support the data points.

For validation purposes, an experimental setup of the CPRV was prepared. It is
important to note that neither the CFD nor the experimental setup incorporated the
dynamic aspects. The CFD simulation was compared to the experimental simulation
using flow rate and pressure drop across the CPRV [6].

Pressure vessels normally have spring-loaded safety valves (SLSV) in the event
of an over-pressure situation. Sethi and Lai [7] explored the dynamic behaviour of
SLSVs. Generally, the forces acting on the moving parts of these valves are non-linear. A
differential equation model was developed to simulate the non-linear effects of the SLSV.
This model was used to predict the valve response time. In solving these equations, the
Advanced Continuous Simulation Language (ACSL) was used to facilitate solution of the
4" order differential equations utilizing the Runge-Kutta method. Sample tests of the
Farris 7000 valve were conducted to acquire pressure time history. The response to the
valve, related to the driving pressure, was illustrated graphically and compared to the
simulated study. There was close agreement between the simulated and experimental
data. In conclusion, the simulated results seemed to predict the actual results fairly well.

The articles reviewed above are mainly associated with the ERV. There is not
much published literature on the IRV. One main difference between the IRV and ERYV is

that the IRV spring is always in contact with fluid during by-pass. This is not the case
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with the ERV. However, the flow fields are in general very similar and the operation in
an over-pressure situation is identical when comparing the ERV to IRV. The similarity of
these concepts suggests a close relationship between the physics associated with ERV's
and IRVs which has been exploited in this thesis.

The major research motivation in this thesis is to reduce the cracking to full by
pass pressure in the IRV. A more in depth discussion regarding research motivation will

be discussed in Chapter 5.
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CHAPTER 3. INTERNAL GEAR PUMP AND RELIEF VALVE

OPERATION

It is essential to understand the internal gear pump operation and how it relates to
relief valve operation. The pump operation is explained in this chapter, followed by a

focus on the specifics behind the internal and external relief valve operation.

3.1. Internal Gear Pump Operation

The internal gear pump operates on a fairly simple concept. The term “positive
displacement” is a direct representation of how internal gear pumps operate. Referring to
Fig. 3.1, at Step 1 the liquid enters the rotor and idler gear as the pump develops pressure.
The arrows indicate the direction of the flow. At Step 2 the liquid travels between the
teeth of the rotor and idler gear teeth separately (gear within a gear principle). The moon
shaped crescent helps to divide the liquid and acts as a seal between the suction and
discharge ports. At Step 3 the pump is nearly flooded and the gear teeth have a finite
volume of fluid between them. In Step 4 the rotor and idler teeth are completely aligned
to form a seal. As the liquid now has nowhere else to go, it is forced out of the port into

the discharge process line.

Fig. 3.1: Internal gear pump operation

(from http://www.vikingpump.com [8], by permission of Viking Pump Inc.)
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3.2. Internal Relief Valve Operation

The IRV is the most important component on internal gear pumps with regards to
safety. It is directly mounted on the pump and is the sole device that provides protection
against over-pressure inside the pump. Figure 3.2 illustrates an IRV mounted on an

internal gear pump.

Fig. 3.2: Internal gear pump with IRV mounted on top

(from http://www.vikingpump.com [8], by permission of Viking Pump Inc.)

When an over-pressure situation occurs, the IRV allows the fluid to recirculate
inside the pump until the pressure is brought down below the setpressure point. The
mechanism by which this occurs can be explained by referencing Fig. 3.3. The spring (A)
holds the poppet in place. The poppet guide vanes rest on the internal wall of the IRV in
the valve body (C), while the spring (A) holds the poppet (B) against the valve seat. This
position of the poppet is maintained by a force which is determined by the spring size as
well as how tightly the spring is compressed by the adjusting screw (D). In an over-
pressure situation, the pump discharge pressure pushes against point (E) on the poppet.

When this occurs, the force exerted by the liquid under the poppet exceeds the force

18



exerted by the spring (set force or set pressure of the spring) and the poppet begins to lift.
When the poppet lifts the liquid begins to flow through the IRV and return back into the
suction port of the pump. As the pressure keeps building up past the set pressure, all the
liquid will eventually flow through the valve and back into the pump. At this point no
liquid will be leaving through pump discharge. This recirculation will continue until the
force or pressure drops below the set force or pressure value at which the spring was

originally set.

VALVE BODY (C)

POPPET (B)
POINT (E)

SPRING (A)

CAP (SHOULD ALWAYS
POINT TOWARD
SUCTION PORT)

s
-'-

ADJUSTING
SCREW (D)
LIQUID INLET  LIQUID OUTLET

Fig. 3.3: Cutaway of Viking internal pressure relief valve [9]

(by permission of Viking Pump Inc.)

3.3. External Relief Valve Operation
The ERV operates on exactly the same concept as the IRV with regards to the
spring set pressure. Figure 3.4 illustrates a typical ERV. The IRV and ERV have very

similar flow fields.
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Fig. 3.4: Detailed view of nozzle and valve disc [2]

(by permission of ASME)

The ERV operates on exactly the same principle as the IRV. When the spring
force is overcome by the force of the liquid coming through the nozzle, the spring
compresses and the valve disc opens. The valve disc will not close until the force of the
liquid drops below the spring force (set pressure of spring). It can be noted as well that
the cross-sectional area of the valve disc (A;) is designed to be larger than that of the
nozzle (A;). For a constant system pressure, when the fluid exits the nozzle and enters a
larger area the disc will experience a larger force that will prevail over the disc and thus
the spring force keeping the disc open. This could result in the valve subsequently
opening too quickly. Flow velocity could cause changes in valve lift by changing the lift
height. Due to this larger area, the valve disc will not close until the system pressure goes
below a certain value (percentage) of the set pressure, referred to as the blow down

pressure. The huddling chamber is located between the nozzle exit and disc as illustrated
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