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Control valves are used under severe service conditions for a wide range of applications. These
valves are installed with -$tream cage trims in order to control the flow rate and the pressure

drop within the valve. The X6tream cage trims have a specif@pacity rating, commonly

known as Flow Coefficient (or Cv). These values of th&tkeam are important as far as
FXVWRPHUYY UHTXLUHPHQWY DUH FRQFHUQHG DV DUH RWKHI
via velocity control and the prevention@dvitation viacontrolled pressure letown.

The X-Stream is a complex geometry part and is traditionally manufactured using a process
called electric discharge machining. This is considered a relatively expensive and time
consuming process and as a resalttrol valvesindustry haseen extensively reviewing other
methods of manufacture. A process known as selective laser melting has been identified as a
high potential for cost reduction and competiveness for the business, however early tests have
seen isges during the manufacturing process and significant reductions in the Cv of the X
Stream.

This study reviews the SLM method of manufacture and evalumprsvements in performance

of the X-Stream when reviewing the process of manufacture and the design ofStreaxn
component. Extensive flow loop testing ofStreams have been carried out to calculate Cv of

the trims. Then, Computational Fluid Dynamissed techniques have been incorporated to find

out the same. The results have been compared and validated. Further tests at higher pressures of
water have been conducted to evaluate Cv at severe service conditions

This report includes details of the ttggocedures, CFD modelling and full set of results for each
flow condition and the effect of manufacturing constraints like surface roughness on the final
Flow Coefficient (Cv) and other performance characteristics to improve the potential for SLM
specifcally for application with XStream
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CHAPTER #1
| NTRODUCTION

This chapter introducdse control valves and their variations, as well as an
explanation of severe service. Theralsoan introduction tsevere service
control valves and theicomponents The problem statemeritas been
defined, and the aims armdbjectives of this study have been drawn in this
chapter.
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1.1 Control Valves

Control valves are one of the most compfiow componentsused inmost production
processes(eg Oil & Gas)They are designed to provide accurate control of one or all of the
following;

X Fluid flow to or from a process
X Fluid level in a tank or column

X Fluid pressure up or downstream (of the valve)

X Fluid temperature up or downstream (of the valve)

Valves achieve thi®y constantly varying the position of a plug, against a seat, whereby
further away the plugs from the seating face, the more flow can pass through the valve.
Control valves come in many shapand sizes; the style of valve depends on the process
conditions that they are required to operate aga@wttrol valvesdiffer significantly from
standard on/off isolating valves because their inherent function is to provide aw#rdahe
process vaablesas opposed to isolation.

Control valves act as a variable resistance within the pipeline, and it is this function that
differentiates them from shut off valves, which are normally in either the closed or full open
positions. On the basisf this function, control valves are a mechanism for dissipating
energy; when the pressure is dropped across the systdnthe excess fluid energy is
dissipaté through noise, heat and vibratioh.standard modulating control va\consists of

2 main components:

X The valve body envelope
X The actuation device (Actuator)

Table 1.1 shows some of the standard control valve body styles and provides a brief
explanation of the services for which they might be used.

Tablel.1 Typical valves and theuses

Valve Body Style Typical Use
Globe £Single Port All Service typestThe most flexible body shape
Globe tDouble Port Low pressure, high volume services
Globe £Three Way Used for either mixing or diverting fluids
Angle (Choke Valves) Similarto globe, requiring specific piping design
Rotary Butterfly High volume, low pressure drop services
Rotary Ball High Volume, low pressure drop services
V-Notch Ball types Medium pressure drop medium volume services
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There are other types of valves tisted in table 1, that may be used on control services,
however they are also typically of the lower pressure drop type services. Severe service type
control valves, often simplified as a valve with a high pressure drop, would almost always
warrant the us of either a globe or angle type control valve.

1.2 Introduction to Severe Service

Severe services are the most interesting and lucrative services to control valve manufacturers.
They are generally defined by one or a number of the following;

X High pressure drop

x Erosive servicestFlashing liquids, multphase applications (wet gases or fluids with
entrained solids)

X A cavitating fluid twhen the pressure drops below the vapour pressure of the fluid,
vapour bubbles are formed which collapse and redue®W HfV UHPDLQLQJ XVH

X Noisy servicestTypicdly gases, or cavitating fluids

The determination of what constitutes high pressure drop can be somewhat subjective. The
valve type, operational mode and materials of construction can all come into play. Just as
LPSRUWDQW DUH WKH FXVWRPHUYV H[SHFWEWMDROOAN RI VHL
10bar pressure drop may be considered high for a sthieggh butterfly valve, but may not

be considered high for a cage guided valve. A 1000bar drop would be considered high for

just about any control valve application. While most contadl/& applications involve an

aspect termed high pressure drop, clearly this is insufficient information to determine the
severity of the application.

Erosion can be a problem even when pressure drops would not ordinarily be considered high.
Wet gasesrad flashing liquids can be erosive and require skilled selection of valve and trim
design and materials. Entrained solids are by far the most potentially damaging, and present
the most difficult problems for design and material selection. In some appisati
particularly in the Oil and Gas industry, entrained solids can be coincident with wet gas and
or flashing liquids. The amount of entrained solids in any fluid streaninca@asepressure

drop significantly even at relatively small concentratiorigot all cavitation is damaging.
Cavitationoccursin normal municipal water systems without damaging valves and piping
components. Some liquids, such as diesel fuel can cavitate at even elevated pressure drops
without causing damage to the syste@avitationcan almost always be eliminated in control
valves by using some form of mufitage trim.

Noisy services noise in excess of 85dBAglmost always involve compressible fluids.
Pressure drops that may be moderate for smaller liquid service valves cah badugh to
cause noise problems in larger gas control valves. Applications with low outlet pressures,
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such as many vent applications, are often the most difficult to achieve low enough noise
levels. Often, pipe schedule is thicker to reduce the nibésgo meet pressure requirements
Vent applications commonly have higher allowable noise than other gas letdown
applications.However, it is important to be mindful of the subjective definitions of severe
service. What may be considered a severe serviceotmatve in a municipal water system
might be thought of as mild service in a power statMore important is the definition of
severe service as it applies to the type of vdfoe.example severeservice ballvalveswill

not beusedby engineerin an application requiring a severe service reciprocating valve.
Hence this definition is subjective and selection oY&slfor appropriate applicatios made

based on specific service requirements. It is clear from the above that specific applications
will need special considerations in valve design and valve selection and this is the main
reason why this topic has been selected for investigation in the present work.

1.3 Typical Control Valves
Control valvesndustryoffersa wide variety of valvesuch as

Globe Control Valves

Top and Bottom Guided Valves

Double Seated Globe Valves (Double Ported Valves)
Three Way Globe Valves

Angle Control Valves

Choke Valves

De-Superheating Equipment

NoasMwdPRE

This research study reviews) particular, the internal equinent of the Globe, Angle and
Choke valve product ranges. These are all known as cage guided valves, which have various
features to aid in their control duty, such as:

Low pressure recovery

Can be fitted with multiple cages or a disc stack style trim.
Stable cage guiding, reducing pressure fluctuations and vibration
Balanceabletreducing actuator load requirements

Simple low cost idine maintenance availablevia clamped seats
No special tooling requiring

Contains erosive effects of the process Budthin the valve trim

X X X X X X X
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Figure 1.1 Globe Control Val&1]

Figurel.1l shows a typicalinch globe type contralalve with a diaphragm actuator

1.4 Components of Control Valves

A control valve, be it an angle type or globe type, is made upnoingber of components.
Although these components may change in design or size, their basic concept is applied to
each control valveélThe major components are discussed below.

1.4.1 Body and Bonnet / Pressure Envelope

The body, bonnet anthe method of canecting thetwo together to form the pressure
envelope are the most standard components with a valve. Their design will change based on
size, manufacturing standard, temperature and matArigiical control valve is shown in

figure 1.1. Typically control valvesindustry manufacture predominantly globe and angle
style bodies, which would traditionally be supplied with bolted bonnets; a bonnet design
connected to the valve through drilled and tapped holes in the body and connected by
standard studsha nuts or bhexagonal bolts.

The bonnet design will also alter slightly when dealing with temperature extremes; standard
bonnets are offered between temperature range$6d and 315%C. Above and below this

range, the valve will be supplied with extledl bonnets or normalising bonnets, to keep the
valve packing away from the pressure envelope to increase its life span, and to enable the
valve to be lagged. Valve packing is located at the top of the valve in the bonnet (an area
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called the packing box)na is a softer sealing element around the valve stem. The packing
prevents leakage through the stem area which is required to operate th®aekieg, Studs

and Nuts, body/bonnet and other gaskets/seals are all considered parts of the pressure
envelope.

1.4.2 Valve Trim

Thevalvetrim is made up of seat, the plug/stem and the cage/statie plug and seat are
standard components; the plug moves up and down in a vertical motion away from the seat to
allow the fluid to flow through the valve. When ljutlosed i.e. the plug is in contact with the
seat, the valve is considered to be closed preventing flow of fluid. The plug is connected to
the stem, allowing for its motion. The plugs can come in a variety of designs difiéiant
valvetypes are cadld discs, needles or balls, but the basic principle rerttzemnsame

The cage or stack is the main controlling element of a control valve. The cage controls the
amount of flow passing through the control valve based on the valve opening position. The
most common type of cage in a control valve is a multiple drilled hole. ¢daghis design,

the fluid is forced to change its direction, and is passed through orifices to reduce its pressure.
Multiple cages installed in series distribtite pressure dropased on the area of each gage

and are called multiple stage cages iongr

1.4.3 Actuator

The actuator is an important controlling device for the valve. It is mounted on the top of the
valve body via means of a yoke. A stem from the actuator is connected to the stem from the
YDOYH YLD D VWHP FRQQHF Wdeds thé Ktem Dg-andXdowv ReonfirvllirggR W L R (
the percent or degree of opening of the valve (termed in this study as valve opening position).

The actuator style varies; the most common types are pneumatically operated actuators,
where the air is used tmove apiston or a diaphragmap or down a cylinder or against a
spring.Other types of actuator include, Hydraulic (either from a ring main hydraulic supply

or a fixed source local to the actuator), electric or manual; which would be a direct
handwheebttachment.

The actuator type is generally determined by the custdeynding on the nature sdipply

they have on the planAn actuator type (piston, diaphragm, mudfiring, stepper) would

then be selected by the manufacturer, depending on the tlegsirements and the
requirements of the valve for operation i.e. operating loads. The user will then control the
motion of the actuator by controlling the supply to the unit.
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1.4.4 Control System

The final part of the control valve is the contrgstem. Not all valves have an independent

control system. If the valve is fitted with an electric actuator, then it is an internal system
VXSSOLHG ZLWK WKH DFWXDWRU DQG REYLRXVO\ PDQXI
Pneumatically operated valves, hawwe will always have some sort of control system

attached to the actuator for the end user to control the unit remotely (usually from the control
room).

The most common method of control is via a valve positioner. Positicroengert an
electrical inputsignal from the control room {20mA) into a pneumatic signal, deciphering
this milliamp signal into a required valve opening percentage, and then applying air to the
actuator in order to move the actuator to the required posiost modern positionerare
supplied with either an analogue HART signal or a digital control system (like Foundation
Fieldbus), whereby they will then be able to communicate back the position of the valve to
the control room

Positioners are the preferred method of control wdesling with modulating service control
valves;however, for some on/off duty valves, the position of the valve will be controlled via

a simple solenoid valve. Solenoids either apply air pressure or vent air, and are not suitable
for controlling to specit positions. They only move the valve to the extremities of its
motion. Instrumentation can become quite complex on control valves, depending on the
requirements of operation and the end users requirements for how they wish to control the
valve. There ara variety of additional instruments, some of which are listed below:

Limit Switches tReport back certain position limits to the controller

Volume Boosterstincrease the speed of air being sent to the actuator

Filter RegulatorstRegulate the air supptp the positioner and filter it

Volume TankszUsed as a baelp air supply to the actuator in case of air failure
Spool valvestUsed to change to another means of supply like a volume tank
Airlocks zLock the valve in position, used to make the valvkiffaits last position

X X X X X X

Valves that would be considered by the manufacturers as very simple and basic valves (with
a simple trim) may have some complex control systems, as the user is reliant on the valve for
certain functions within their process.

1.5 Disc Stack Technology

Cage guided trims are the most common trim design installed within globe and angle control
valves. Other designs, like seat guided trims or plug guided trims, are used in either small
(25-50mm) valves,or very low pressure servicegdther manufactures use axial (plug guided)
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trim designs in place of multiple cage trim designs, when dealing with higher pressure drops
(example inFigurel.2).

Figure 1.2Axial Trim Design[6] Figure 1.3Multiple Cage Trim Desigip6]

Multiple Cages (se figure1.3) use a series of multiple hole drilled cages to provide a
torturous path to the process fluid. They use the change of direction as a means to reduce
pressure by forcing the fluid to do work. &yhare a relatively low cost trim design, providing
lower pressure recovery values, and are of thecanitation and low noise configuration for

a control valve.

Figure 1.4Typical Disc Stack Desigf6] Figure 1.5X-Stream Disc Desigff]

They however are limited in the number of cages that can be installed within a single valve.

A standard valve will be able to accommodate ugivte cages in seriesfife stages of
pressure drop) where control valve manufacturers recommend a maxitffenental

pressure across a single cage as 50bar. They also have no consideration for flow velocity
control, as the cages assume an equal area for the process fluid. They use small holes and turn
the fluid through sharp 90 degree bends, which often l@adsues when used on services

with solid contamination. Many of the same features and problems exist with the axial trim
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designs, whereby the higher the number of stages of pressure drop, the larger the valve; thus
higher the cost.

Some control valve anufacturers have another trim design that they offer when the required
control cannot be accommodated within a standard cage or axial trim design. Often referred
to as disc stack trims, these designs are also of the cage guided design type. However, they
use a series of stacked discs, each with a complex flow path, typically turning the fluid
through a labyrinth of right angle turns, expanding the area after each stage of pressure drop,
in order to reduce the velocity of the fluid across the length ofliée and reducing the
overall trim exit velocityFigure 1.4 shows a typical design of distack An equivalent disc

stack trim is called Stream, and was developaal predictareas within the standard right

angle disc stacks that may be a cause of cavitation, high velocity (erosion) and noise. The
standard disc stack designs were identified to have limited capacities due to the resistance to
the flow inherent withthis style @ torturous pathThe X-Stream design also uses a series of
stacked discs, however achieves pressure reduction via 3 methods.

x Change of direction
x Contraction of the fluid
x Jet impingement

Figure 1.5 shows the latest design ofStream. This design has changed significantly since

its original conception to further improve its performan&e.can be seen iRigure 1.5, the

design uses columns/cylinders as obstructions to the process fluid, withiuhens installed

in a series of circularly arranged rows. These restrictions force the fluid to change its
direction around the cylinders (a stage of pressure reductiorgliamdng the fluid to take a
streamlined flow path, rather than passing throtogturous perpendicular bends. The fluid

flow is restricted as it passes between the cylinders, is then allowed to expand (increase of
area) prior to the next row of columns, and is also subject to jet impingement from another
stream of fluid passing froiine other direction rounthe column.There are many variables

to the design of the disc that control the capacity and the number of stages of pressure drop,
some of which are:

1. The number of rows of columnswhich links to the number of stages of pressur
drop by the expression 212, where n is the number of rows

2. Number of cylinders per row

3. The size of theylinders tMinimum and maximum

The latter 2 points control the size of the gaps for the fluid to flow between the cylinders, and
as such are relateto the pressure drop. All of these properties must also consider the
manufacturing constraints, whereby the minimum gap must be sufficient enough to be
manufactured cost effectively.
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1.6 Performance Characteristics of Control Valves

After a long era bresearch regarding fluid flow through control valves, a breakthrough in
valve sizing came with the developmentaoflesign parameteexperimentally derived by
Ralph Rockwell in the late  fV ,Q &KDLUPDQ $0O0 +DQVVHQ RI
commitiee of the control valve section of the Fluid Controls Institute (FCI) began an effort to
standardize the procedure for determining valve flow capacity, or Cv.

Test facilities were in place at Fisher (a major Control valve manufacturer) by 1952. The FCI
standardRecommended Voluntary standadiar Determining Control Valve Capacity was

issued in 1958. The FCI standard was the basis for control valve testing, and was adapted and

revised for incorporation into a later ISA standard, and subsequently a hamnGorspean
standard, IEC BS EN standard 60524 [1]. Cv is now the fundamental parameter used in
sizing control valves. The mathematical formulation for Cv varies, depending on whether the
fluid flowing through the valve is an incompressilfleid or a @mpressible fluid. Cv
formula for an Incompressibfauid is calculated as follows:

"L H —= (1.1)
where;

Q = Volumetric flow rate through the valve in US Gallons per minute
l, = Density of the working fluid in kg/f

lo = Relative density of Water at 15°C in kg/m

P1 = Inlet pressure to the valve in psi

P, = Outlet pressure from the valve in psi

This expression was derived from the principles of Daniel Bernoulli, who, in his
Hydrodynamica publication2], statedthat for an inviscid flow, an increase in the fluid
YHORFLW\ UHVXOWY LQ D GHFUHDVH LQ LWV SUHVVXUH
be written as follows, when referring to control valves:

Tl Leglge.l (1.2)

je 6e je 6e 6e

where;

P; = Pressure at inlet of the valve in Pa
P, = Pressure at outlet of the valve in Pa
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I 'HQVLW\ RI WKH ZRONLQJ IOXLG LQ NJ P
g = Acceleration due to gravity in m/$ec
k = A constantepresenting losses within the control valve

Assuming that:

X The inlet and outlet sections of the valve have the same geometrical dimensions
X The inlet and outlet of the valve are at the same elevation

Eq. (1.2) can be rarrangedo obtain the sizing eqtian for Cv for a control valve:

T. T t t .L
— F.-_e L?eF?eE e (1.3)
T.?T t
e L ’?e (1.4)

Since v (Velocity) = Q (Flow rate)A (Area):

T.2T i U
- L

e 6 eE- (1.5)
L §6E-:;F_.?T_; (1.6)
|
or,
L .. tee_gell (1.7)
|
Now,
L_.7L
L ... ftee—Tfet (1.8)
™
Hence,
L .. tee—frm (1.9)
i)
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The constant in equation (1.9) could bemten as Cv, and this constant is related to the
area.After understanding the Caf the process conditions, the valve manufacturers need to
supply a valve that is capable of achieving the Cv requirements of the process. The valve
itself is a restriction to the flow. There is a pressure drop across the valve, even when is at
100% openSRVLWLRQ 6R WKH YDOYH DOVR KDV LWV RZQ &Y
each of the three restricting elements of the valve, i.e.:

X Valve Body
x Valve Trim (Cage / Disc Stack / Plug)
X Valve Seat

These restrictions add up to give the total Cv ofvildee system, which is defined as:

5 5 5 5
L E E 1.10
Gwrwbi] Gbezo Gbh'c OClwj ( )

which becomes,

~

z_jteb— : : (1.11)

?|>eZb ?IPh_'C ?IO[Wj

Furthermore, as shown abofex).1.6) Area A and the loss constantwere replaced with a
single value constanCv, thus Cv can be shown to be related to Area as:

"L H (1.12)
w!
i-
H L H' (1.13)

Thus, when area is known, and with a given set of process conditions, K can be determined
for each element of the valve. These values fofdZeach element can then be substituted
into equation 1.11 to determine the overall valve Cv. Determining K from empirical testing is
required as part of this study, for each of the proposed modified designs.

1.7 Cavitation and Erosion

In the following sectionscavitation and erosion phenomena in severe service control valves
arediscussed.
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1.7.1 Cauvitation

Cavitation is a process whereby a fluid undergoes changes in its state. As liquid passes
through the control valve trim there is an increasisinelocity due to aereduction, which

as shown in Figurd..6, results in the decrease of its static presdtithis pressure falls

below the vapour pressure of the liquid, vapour bubbles are formed. After the Vena
Contracta; the point of minimum s@apressure, the pressure recovers back above the vapour
pressure of the liquid (J° and the vapour bubbles collapse, resulting in the phenomena
known as cavitation.

The onset of cavitation can affect the valve in a number of ways:

1. The flow within thevalve trim element becomes choked. Choked flow is a condition
whereby there will be no further increase in mass flow rate with a reduction in
downstream pressurejP

2. Valve generated noise will increase, which is a major concern for plant operators.
Cavitation noise is very distinctive, similar to ball bearings rattling around a metal
container. Fully developed cavitation can cause a high pitched scream, resulting i
mechanical vibrations of the trim and the othenetnts of the valve or pipework

3. Potental for premature trim erosion. The impact damage of the bubbles collapsing is
incredibly erog/e and can erode contact areas

A"”

Multi Stage Trim AP

Low Recovery Trim

X
e

Inl:et ifena é)ontracta Out:let

Figurel.6 Typical pressure drop curve within a control vdleg

Ideally, cavitation needs to be eliminated, which is achieved with the use of low pressure
recovery trims, as shown iRigure 1.6. Typically low pressure recovery trims are of the
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multi-stage type.In order to avoid cavitation the static pressofethe fluid needs to be
prevented from fallingoelow the vapour pressure. In midtage trims, this is achieved by
distributing the pressure drop across a number of stages, each with their own pressure
recovery value, preventing the static pressure from falleigwb R, at any point within the

trim. The number of stages of pressure drop required to prevent cavitation is dependent on
three main factors:

1. The differential pressure across the system
2. The vapour pressure of the fluid
3. The pressure recovery value of then (F.)

The ISA specification RP75.2B995 +Considerations for Evaluating Cavitation, defines the
various states of cavitation, Incipient (cavitation or damage), Choking or Cordtent. is
also a recognised formula for determining the cavitatioexraf the fluid( V

T.?T,
T.?T

PL (1.14)

RP75.231995 [3] identifies that Vquantifies only the service conditions and that by itself
does not provide any information relating to the performancangfparticular valve with

these condition®RP75.231995 [3]further identifies that factors such as valve style, opening,
duty cycle, location, desired life and past experience should be considered, and that the valve
manufacturer should always be conedlRP75.231995([3] advises that a manufacturer may
recommend a limit for cavitation based on these factors whiehdefined as yr.
ODQXIDFWXUHUYV JH Q H U D\ fortheikvai@usviinsyandvilie\desigyns, and
often publish within theivarious technical manuals the criteria for the determination for this
value.Control valvesindustryuse the following formula within their technical literature for

Wr:

5
PQV Lm (1.15)

where;
Kic is a cavitation ceefficient, determined through testing

This study does not intend to determine values fer, Ks this type of testing must be carried

out with physical models, however, it is intended that this research can predict the areas of
minimum static pressure (and their values), which when compared against the vapour
pressure of the fluid, would identify potential areas for cavitatidavitation is a major
consideration when defining trim designs within control valves. The use of the manesfact
recommendedimits does not necessarily determine whether cavitation will be prevented.
RP75.231995 [3] FRQF O X G g/ may KD ivay Inot coincide with other cavitation
coefficients, such as incipient damage or constant cavitation, meaning thati@avwnay

still occur, however, the manufacturer has deemed that other properties, like material, size
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etc., mean that they do not anticipate the cavitation to cause significant damage. Samson et al
in their technical pape? SBUHGLFWLQJ & D Y.IQVORQ\N Q RGCODEDipthatthe > @
strength value of the bubble formed, which can be theoretically calculated based on the fluid,
has a significant impact on the erosive force of the cavitation. This paper discusses a value
Xgz as another cavitatioFRHIILFLHQW ZKLFK DSSHDUV VLPLODU WR
vapour pressure of the fluid. The value @f.Rs used, however, they also identify tha#.P

would be in the unstable vortex region and cannot berrdeted by direct measurement.

(shown in Equation 1.1%

a ?a

U

c',o L é')—é(NﬁU (1.16)

There is another parameter used by some control valve manufacturers to determine the
potential for the fluid to cavitate. This is called the cawtatindex. This works in much the

VDPH zZD\ DV WKH VWD Q G D UppLhéneBer ProtvVériirae sépatatirlg theles 1

two values apart, they are QHG WRJIJHWKHU LQWR RQH IRUPXOD ,QW
6HOHFWLRQ PDQXDO > @ DIQ®WJI :05Q X DHOPFHUGn@IDOVNEILH

shows the formul#hey use Please note that some manufacturers denote different letters for
certain fields, however, for the sake of this thesis, these letters have been kept in line with

those above for the sarsabject.

%L 2F (g H-AH:Z F %; (2.17)
which alters slightly, while using multiple stages, to:

BLLF (5 H-aAH:2 ELF2; (1.18)

They then define allowable levels for each trim design and material of manufacture, as shown
in Figurel.7. If the value is negative, then this is an indication that the selected trim design is
sufficient for this duty, and if the value is positive, thelviae to either change material or
increase the number of stag€svitation is one of the major issuafecting valves in liquid
applications. The pressure recovery values for trim designs, and areasrotilaing flow

are important in the performamof the product, for preventing or reducing cavitation.

Material Cavitation Index (C)

Single stage Multi-stage

psi bar psi bar
316L 5 0.3 3 0.2
174 PH 8 05 5 0.3
Full stellite grade 6 20 14 10 0.7
Full stellite grade 12 26 1.8 12 0.8
onel 8 05 5 0.3
Ferralium 10 07 8 05

Figure 1.7Advised Cavitation values for various materi@b
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1.7.2 Erosion

Erosion in control valves occurs as a result of general wear between two objects, whether this
is a fluid and a solidpr a solid and another solid. This is no different in control valves.
However, a control valve is designed to either control the flow rate or pressure drop, and as a
result, there is a change in velocity and pressure through the trim; as pressuhesd,
velocity increasesThe instrument engineers handbook discusses that erosion can occur as a
result of high velocity impingement, erosive particles or a combination of erosion
corrosion. They also state that erosion damage will increase with thee sfuaelocity,

which fits with the definition of kinetic energy, i.e.:

-t L2 | HR (1.19)

Controls can be used on a variety of applications, sometimes defined as simply modulating or
on/off, or with more detailed application information, like the service boiler feater
regulator. Each of these services can require full open or close motion, or simple minor
adjustments with varied frequencies of operation. Hence, design around wear ayathest

mating componenis generally not considered. Instead, they design around the principle of
velocity control within the valve body, and within the trim. Control valve manufacturers will
assign maximum recommended velocity limits through the valve bddy dither
incompressible or compressible services) depending on the shape/style of the valve, and the
material it is made frontigure1.8 depicts such limits advised by Weir Valves and Controls

[6]. There is further consideration of velocity, by contr@lve manufacturers when
selecting/proposing the trim design for the valve.

Miller [7] suggests restricting the exit velocity from the trim to approximately 30m/s
(100ft/sec) for liquids and is more specifically defined by Miller and Straf&nfor
compUHVVLEOH IOXLGY OLOOHU H[SODLQV WKH WKHRU\ EHKL
Valve Trim Fluid Exit KNHWLF (QHUJ\ D Q GwBarie(hR Ftat¥g thatth@trim exit

kinetic energy criteria was chosen to expand the methodology, thatifondiguids to other

fluids, specifically gasedt is frequently referred to as Velocity Head, but that is also the
dynamic pressure of the fluid at velocity V and the volumetric kinetic energy of the fluid. The

paper advises that as such this formukthud is a strong representative expression of the

force driven by the pressure difference causing the expansion of the fluid through the valve.
7KHUH DUH OLNHZLVH pUHFRPPHQGDWL Rtraufh RNt KH P D [
valve of 4.8lar for standad duty. This value can change when dealing with other more severe
services, however the article by Mill§®] does explain how this value has come about.

Miller advises;

37KH E pxsl) criterion isbased on water traveling at 30m/s (&), which was
the criterion for trim exit used in many valves and for many yearsCdytrol
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Components IncGCl) 7 K X \?/2d,9s nearly equal to 4.8b (70 pSI) when the
velocity is 30n/s and the deity (water) is 1000kg/m(62.40 E | W

| Material | Rating
| Aluminium Bronze [ Low

| Carbon Steels WCB, LCB, LCC

| Monel 400 Medium

| Hastelloy B2 & C276
| Chrome Moly WCs, WC9, C5, C12A

[ Stainless Steel CF8M, CFaM High
| Duplex Stainless Steel A830 Gr 4A & Gr 6A
| Inconel 625
Valve Size Guiding Type [ Maximum Velocity m/s
(mm) [ Low [ Medium | High
[ 15-25 | 12 | 18.3 [ 20
[40-200 Cage | 9 [ 135 | 15
[ 250-500 | [ 115 [ 135
[ 600 -900 [ 55 | 8 | 9.5
| 1550 | 8 | 12 [ 13
[ 80150 y | 7 [ 11 | 12
[ 200-350 Top aa 7 [ 105 | 12
[ 400-450 | 5 | 7.5 | 8
500 [ 4 | 6 | 7
600 [ 3 | 4 | 4
[ 15-50 | Seat | 8 | 12 | 13

Figure 1.8Recommended Velocity Limif$]

Hé:
6U

L (1.20)

The American Petroleum Institute Recommended Practice 14E, Offshore Production

Platform Piping System$10], uses the Kinetic Energy ninetdology as a design criterion for
piping systems.

The equation they use is:
Va
vaa

8 L

(1.21)

where;

V= Fluid Erosion Velocity (ft/sec)

C = Empirical Constanttwhich differs depending on the duty
pm=Gasl/liquid mixture density at flowing pressure temperafbré®)

,Q WKLV IRUPXOD p&YT LV HTXDO WR 9HORFLW\ VTXDUHG PX
are quite conservative values when compared to the values allowed by another valve
marufactuer. Miller [9] argues that this again reflects the more rugged construction
associated with the valve versus the piping systrot of valve companies used to have
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their own recommendations for velocity limits, most of which were deemed proprietary
LQIRUPDWLRQ DQG ZHUH QRW GLVFORVHG +RZHYHU ZLW
OHORFLW\" DQG 39HORFLW\[# &hD RilleVMEKatidr[B] )\ tHeSe Val @ OHake

EHHQ DGRSWHG E\ WKH ,6% ,QVWUXPHQW 6RHDH®YM RIDIPHHM
ZLWKLQ WKHLU S XE O ksforWidaRu@erdéht/aDd-oohifrét.O0 JXL G

Weir Valves and Controls [6]s part of their sizing and design recommendations apply these
HIXLGHOLQHVY KRZHYHU WKH\ DOVR iR Q¥ i@ ratheMthiairdi YHOR
MXVW DW WKH H[LW 7KH\ KDYH GHILQHG WKLV DSSURDFK
further recommendations on the velocity of the fluid through the trim. They argue in one of

their technical product catalogues-Sfream) thaat the trim inlet there is a higher potential

for erosion, as most conventional disk stack designs use a constant expansion theory within
their trims, reducing the velocity from a peak at the inlet to the lowest point at the exit; which

is in line with he ISA recommendatiorj$1].

However Weirargueghat this approach has led to the premature failure of a number of trims,
as too much emphasis is placed on exit velocity, rather than inlet. They advise that historical
failure analysis and CFD studiesrfsemed on the typical 96bend stackendicate that they

suffer from erosion as inlet velocities to the trim can reach values exceeding 100th/s.
liquids, as can be expected when approaching velocities of these values, the erosion potential
is very hidy;, further on gas applications, the fluid expands and reduces in density as the
pressure reduces through the valve. With that in mind it can also be argued that as density is
at its highest at the inlet of the trim, the potential for erosion on gasisliats high on the

inlet.

The analysis of local velocity within this study is thus of great importance to the performance
of the trim and thus the design. Areas within the trim that can result in high velocities are to
be avoided as these areas haveptitentid to lead to premature failure.

1.8 Manufacturing Issues in the Valve Industry
1.8.1 Electric Discharge Machining

The most common method of manufacturing discs macess called Electric Discharge
Machining (EDM). This process is often called Spark Eroding, Wire Erosion or Spark
Machining. The process is a thermal erosion process where metal is removed by a series of
electric discharges between 2 electrodes, usw@altutting tool electrode and a conductive
piece of material that needs to be machined (e.g. Steel), all in the presence of a dielectric
liquid. The discharge results due to a voltage gap between the 2 electrodes. Heat from the
spark erodes small partisl®f the piece of material, which are then removed by flushing the
liquid.
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The two main types of EDM are Probe/Ram (also calledSiné&) and Wire Cut. In Ram

EDM, the tool is connected to a positive pole of a power supply, and the work piece is
connectedo the negative pole. A gap is left between the two electrodes, and is filled with the
fluid. When turned on, the power supply passes thousands of DC impulses across the gap,
starting the erosion process. As the erosion occurs, the ram moves down tainmeint
constant gap between the two pieces. The cutting electrode is fabricated with the negative
side of the piece that needs to be machined using the RAM process, and will be larger than
the cutting piece. The ffierence in size is called theercut.

Wire EDM works slightly differently in the respect that electrode is actually a fine wire,
which is constantly replaced on a feed system when it has worn away. This system operates
much in the same way as RAM, requiring the fluid, the constant gap betweetma pieces

and the DC power supply. However, the wire, rather than a negative electrode, means that
this system makes much smaller cuts that can be more accurately controlled for overcut. This
method uses less power as the wire is thin, and thus thevaémates for material are
reduced.

In general, the EDM process is considered as a relatively expensive process, however, the
rates for manufacturing smaller components (outer diameters less than 150mm) are
comparable with some miling machines (when lilga with more complex
shapes/structures). However, when going to larger sizes, EDM processes are reBiracted.
cost to manufacture the electrode increases with witle additional issueshat arerelated

to the amount of heat being transferred torttaerial, often resulting in deformation of the

end shapeEDM was originally developed as a method of removing taps that had broken in
their holes, however, through other technological advances, the process has expanded to its
current use today.

1.8.2 Selective Laser Melting / Additive Manufacturing

Selective Laser Melting is a member of a group of manufacturing methods often called Solid
Free Form Fabrication (SFF) technologies, using layer based direct fabrication of metal.
Historically SFF technolags have been used with rapid prototyping for visual models,
whereby free form means that no specific tooling is required for the manufacture process.
Parts are built up in an additive layered manner by bonding two dimensional profiles to form
a 3D profile When used for something other than visual models, these processes are
generally called Rapid Manufacturing (RM).

Burns [12] refers to Solid Freeform Fabrication as an automated fabrication process that
meets five criteria, which were considered to béndey an RM/SFF process. The five
criteria are:
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x The process should take in raw material in some shapeless form, such as blocks,
sheets or a fluid, and produce solid objects with a definite shape

X The process must do this without any significant humamention

X The process must produce shapes with some degree cfithreesional geometrical
complexity. This criterion eliminates the forming of simple tubes or rods by extrusion,
or the drilling of holes in sheet material

X The process must not involve the manufacture of new tools for each different shape
that is generated (paspecific tooling). This criterion eliminates all type of moulding
and casting, EDM sinking and copy milling

x Each item produced must be a single ohjaot an assembly of component parts, thus
eliminating joining operations such as gluing, welding and riveting

Additive or Rapid Manufacturing offers greater potential than most other methods for
producing objects with not just uniqgue geometrical comiftoms, but also material
combinations, and has led to the use of RM more and more in many industries as a method of
manufacture for certain componentor all RM technologies, the starting point is the
geometry of the part to be created, held within enmater model. From this, a set of
instructions are generated that describe the geometry, and then further define these
instructions to control the machine.

With SLM machines, there are a number of parametersaffet the build quality and that

are reponsible for the build itself. Laser spot size is the size of the laser beam at the
application point, laser power is simply the power of the laser itself (this can be altered
during the process), exposure time is the amount of the time that the megabssdto the

laser, point distance is the distance between each laser spot and hatch distance is the distance
between the lines of spots.

All of these features are important to determine the build quality of the part, their effects on
the features of iportance to manufacturing disc stackguires further investigation. Some
valve manufacturereave been investigating this method of manufacture for use with their
disc stack productswith little overall succesg &31]. Parts manufactured to date appiear

suffer from deformities during the manufacturing process and do not deliver the dimensional
and other requirements of the current designs, however the potential of the process, mainly
with the significant reduction in lead times (hours rather than sye&keps this process as

one showing potential for these complex geometry style products.
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1.9 Motivation for Work

Severe Service valvdgve undergone significant development over the past few years from
thar original concept design This development program has been fully supportethby
industries requiring the specific control these products provide, however as more and more
services are requiring these products and the changes to the economic climate, there is a
significant drive to reduce costs for these products.

Currently, 90% of the >Streamsthat have been manufactured-date, have been
manufactured using the Electron Discharge Machining (EDM) method, often known as spark
eroding the other 10% are made using traditionalchining operations (i.e. milling)rhis
manufacturing method can be quite costly, especially when increasing the number of stages
or the capacity of the disc. Furthermore, EDM has relatively long lead (oheg to 10
weeks per disc)limiting the delivery times for original equipment, and also spares
replacementsPreliminary investigation of the SLM method of manufacture has shown that
costs could be reduced by up to 5@% a like for like disc design, combined with a
significant reduction in manufaaing lead times.The primary focus of this study is to
customise the »Stream design for the ALM/SLM manufacturing method, whilst critically
evaluating the performance of the product following these new design proposals.

1.10 Research Aims

The overarching aim of this research study is to develop a novel manufacturing method and
establish its effects on the performance characteristics on-Bteedm trims explicitly. The
manufacturing techniqushould show cost and lead time reductions.is important to

determine at the outset, whether existing research has been undertaken for specific
modifications to existing designs specifically due to the limitations of the ALM/SLM
PDQXIDFWXULQJ WHFKQRORJ\Y Vcexhatacterificef M Btrdam aRd SHUIR |
other similardisc stacks with a view to highlighting the effect thie geometry

The research will investigate current manufacturing limitations when using SLM specifically

for the X-Stream product identifying limiting parameters withire tX-Stream geometry and
assembly process that restrict the performance without design modifications.

1.11 Overview of Thesis

An overview of the thesis is described as below:

Cost Effective Manufacturing and OptitDesign of XStream Trims for Severe Service Control Valves
By Matthew CharltonSchool of Computing and Engineerindniversity of Huddersfield, U.K. (2014)
21



Chapter 1 This chapter introduces valves and their performarttaracteristics, further
introducing the reader to the-Stream product and to some methods of manufacture of this
product

Chapter 2xThis is a critical appraisal of the literature relating to the SLM/ALM method of
manufacture, performance of3tream tims and valves and the effect of surface roughness
on fluid flow within valves.

Chapter 3 £This chapter will provide an explanation of the experimental and numerical
formulation, including working of the CFD codes, geometry creation, methods to fifar Cv
the trims and the scope of the experimental and numerical works.

Chapter 4xThis chapter performs a critical comparison of process optimisation of the SLM
process against design optimisation. Designs of an XQ@BX-Stream are reviewed; these
desigrs are reviewed for manufacture and samples created. Samples are flow tested and
compared against the original design, manufactured using an optimised process.

Chapter 5+This chapter looks at the second research aim of completing numerical testing of
new designs. The testing focuses on the changes to the performance characteristics for trims
with hydrodynamically smooth surfaces against trims with applied uniform surface
roughness and also non uniform roughness. Contours of static pressure and vedocity a
reviewed to ascertain the effects of geometric features on the performance of the trims.

Chapter 6+Concludes the findings of the research performed and details recommendations
for future work.
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CHAPTER #2
L ITERATURE REVIEW

This is a critical appraisal of the térature relating to Selectiveaker
Melting, the importance of geometry on performance of the product and the
effect of surface finish on fluid flow. This chapter also defines the
objectives for this thesis following the rew of research in the above
areas.
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2.1 Literature Review Introduction

This chapter has been subdivided into four main sections to appropriately review the
literature existing for the aeas of research of this studyhe chapter begins with an-depth
review of ALM/SLM manufacturing methods and research completed on this field that may
provide valuable insight into current issues with manufactutisg stacks using this process.

It will also review the performance afacteristics of the >Stream trim and other severe
service disc stacks to understahd principles of their desigi review of surface roughness
effects on fluid flow within these severe service disclsfaroducts will be completedhe
chapter will caclude with the setting of specific reseaunttjectivesfollowing the literature
review.

2.2 Selective Laser Melting / Additive Layer Manufacturing
In simplified terms, SLM uses a laser beam to fuse very small particles of powdered material,

together with are held in a powder be#figure 2.1shows a basic understanding of the
principle components to formtgpical powder bed SLM machine [13].

100W Fibre Laser

1920202990029
D0 0.90.9.9.9

Figure 2.1Example ofan SLM Machine

The laser selectively fuses the particles together from a crogsnsgubvided directly from

a 3D model of the part on the surface of the powder bed. After each pass, a wiper arm comes
back across the powder bed ateposits the next layer of powdanto the powder bed. This
process is repeated until the part has He#y defined. Tsopanos [13] details a number of
featureshat further define the minimumeatures in the RM process. He describes the slicing
process and issues that can occur during the manufacturing phase. He also provides details of
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a number of RM tediologies, focusing on Selective Laser Melting. He gives an in depth
analysis on various features important during the manufacturing phase, for example hatch
distance, and how this affects thermal conductivity and the energy density, which formulates
the length of exposure of the laser and the laser power. Tsopanos concludes that the process
lends itself to be used for general manufacturing of complex parts, but that surface finish is a
major concern and that dedicated control systems need to be consatettesl dptimisation

of the this process.

The SLM process can be further optimised to work with more complex Nickel grades by
using argon chambers for the lasers, andhgaging for crack susceptible alloys. General
systems use lasers around 200W in powad can be focused to small spot sizes of around
40microns, with very fine layers of poeddeposited (e.g. 20microngarly work on SLM

links the layer thickness, power and spot size to the overall surface finish, and build rate of
the products, whergbthe lower these values, the slower the process, but not necessarily
more accurateThe Welding Institute (TWI) [14] is heavily involved in manufacturing and
research, in the field of SLM, armhswritten and submitted a number of papers related to the
process. Principally, SLM was used for Rapid prototyping, however, in recent years,
development of newer higher powered lasers have meant that the process can, and is, being
used for more generalised production purposes.

In an article submitted to the Association of Industrial Laser Users [15], the author
summarises that SLM was typically used for product development, where parts made using
this process are used for fitness and functional testing. Parts in these plaeedagment

often require multiple changes, and SLM can perform a number of iterations of a design for
performance evaluatiolsLM is also used more frequently in low volume fabrication, often
with bespoke, highly customisg@rts, where tooling costs for other methods of manufacture
would not be cost effectiveAn uncreditedarticle in high performance composites [16]
discusses how the selective laser sintering (SLM) process has been changed from simple
rapid prototyping taapid manufacturing. They have developed composite sinterable powders
that are able to meet the strength requirements for the harsh operation of the reed valve in a
motorbike engine. The SLM process opens new possibilities for the manufacture of many
prodicts, by allowing the manufacture of components from materials that may not have been
available from other forms.

Additive Spy [17], an organisation that monitors the applications for additive manufacture, is
witnessing an increased use of SLM for the nfiacture of complex geometric components,
including another valve company, and a company using SLM for the manufacture of a
complex geometry impeller for quieter cooling. The design of the impeller follows a very
similar geometric profile to that of the-&ream disc stack, turning the fluid araba number

of cylinders (see figur@.2)
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Figure 2.2Impeller Design ExamplfL7]

Development work on the laser sintering process also includes the effect of certain operating
parameters on the overall surfaceish, and other factors like the porosity of the samples.

An article by Jobin et al [18] discusses the variance in the peak to valley corrugation, which
ranged from 10um to 20um. They analysed a variety of samples manufactured, primarily
from Inconel 718and then performed a variety of finishing techniques on these samples, to
properly characterise the topography of the samples. Their analysis measured the height of
the peaks over an 8000 point analysis spectrum. This analysis shows how the SLM process
can result in high peaks (200um), but also how the various finishing techniques have
improved the results. Figure3depicts these results in graphical form, showing that the
finishing process, called MMP (Micro Machining Process) provides the optimalsesul
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Figure 2.3 Finishing Procesdds8]

The research by Jobin et al [18] was unfortunately restricted to a number of open ended
samples or rather none complex shapes that had not had another layer built up on top of them.
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This does not suggest thiis finishing method would be able to produce reduced surface
finish on the SLM partsThe effect of surface finish is of particular importance, as previous
work on SLM by Weir Valve$31] has already identified that this can have significant impact

on the performance characteristics of the parts. Details on surface finish related to fluid flow
are provided in section 2.Begardless of the research by Jobin [18], there is still a significant
requirement for the development of SLM, for use with a varié@gpplications. A paper by
Yadroitsev et al [19] discusses the use of Direct Laser Manufacturing (or SLM) to apply
various grades of materials, to fabricate a single part particularly to be used in the nuclear
industry. The research discusses the accushepplying different material combinations in
layers to achieve an overall improvement for radiation resistance. Although not directly
appropriate for the current study, it does show some very complex parts being assembled
using SLM, with coating systennscluded.

An article by Osakada and Shiomi [20] discusses the SLM process in detail, and explains the
potential for the process. The article, however, does discuss some of the issues that have been
observed previously by Weir Valvascluding the distortion of components during the
manufacturing phase. Osakada and Shiomi [20] explain that the deformation is due to non
linear solidification of the part, and this leads to an overhang between various layers, in

often causing the layers to fracture andcérdue to thermadtresses, when forming rapidly.

The paper discusses the distributions of stresses across components and how these may cause
cracking. They advise that the residual stress is determined by measuring the change of the
strain of the base ale, during milling of the model, in a layky-layer mannerand that for
successful manufacturing of components, it is imperative that residual stresses are removed.

Osakada and Shiomi [20] noticed that large tensile stresses occur in the tgpolaties

model, and that the residual stresses decreases rapidly with the distance from the top surface
of the modekhowing the variations in graphical forfsee figure2.4). They advise that this

large tensile stress can be reduced by heattesdtbutthis is a postnanufacturing process,

and will not prevent a failed build if the stresses are too high during manufatheg.

advise that the stresses can be reduced-bgarening during each layer, which will provide

more optimised control of the helag¢ing applied to the component, thus reducing the speed

of manufacture and prevent rapid heating. They conclude that the material is a very important
parameter in the process, and that materials like Titanium (with their high Ultimate Tensile
Strength) a& preferred, or rather lend themselves to the process.

The research by Osakada and Shiomi [20] however did not produce any quantitative data
regarding the varteon of residual stress, with relation to build speed, or even with relation to
laser power. Fuher research needs to be carried out in order to determine the optimal build
speed and laser power, to produce samples of suitable shape (i.e. parts without deformities
caused by high residual stresses).
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Figure 2.4Residual Stress against distancerfrihe top surface

Figure 2.5 shows an >Stream sample produced by SLM that has suffered from such a
deformity as a result of high residual stress, whereby the product is not flat on its top surface,
nor is it round. As can be seen from figure thereis further material slippage on the side

of the stack.

Figure 2.5 XStreamC/w Material Slippage:

A paper by Rossi et al [21] discusses improvements to surface finish of parts manufactured
by Direct Laser Metal sintering. They have quantified the improvements to average surface
ILQLVK YDOXHV LQ 5D "HV Ftod_ & ithidetie \avésage of>the@bdolvte 3
values of the profile height deviations from the mean line, recorded withievideation

O H Q JalV & untreated sample, using a number of finishing practices. The research is
restricted to reasonably simple componengd #re of accessible geomet@ne of the main
considerations with the use of SLM technology is the porogihgitly of the components.

Weir Valves had noticed issues previously with porous compgsn@ee figure2.5). An

article by Thivillon et al [23] discusses the control of certain parameters to control density or
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porosity of the samples. The paper specificediviews the effect of hatch distance, whis
defined by Thivillon [23]as the offset between two neighbouring melted tracks.

Thivillon [23] varied the hatch distance by 20um, over a range from1@0um, and
evaluated its effect on density. Thivill§p3] goeson to call a line of ramelted powder as a
Vector, and advise that for a laser spot size of 70um, Power of 50W, speed of 0.13m/s and
layer thickness of 50um, the actual vector distance is 120um, and thus is larger than the spot
size of the lage As such, when the laser passes over again, there is a panteltireg of the

same vector, and this-reelting cause breaks in the layers, which eventuadigd¢o porosity

of the sample. Figure 2.6 shows a graphical summary of the results of hdistance to
porosity, over the range being observed by Thiwil[23]. It is recommended to use a
technique called Tw@ones technique, for improving porosity for an optimal hatch distance
(around 120pm). This is a process in which every part of the hatotelted twice, rather

than just certain sections, reducing porosity to approximately 1%.

12 =

Porosity (%)

50 60 70 80 S0 100 110 120 130 140
Hatch distance (um)

Figure2.6 Hatch Distance against Porosity

Most of the research completed is on rather simple parts, with some referred to complex
geometry. However, thes®-called complex geometry parts are all open form {closed

parts) where each surface is visible. These parts can then be fully reviewed for surface
features, and can also undergo a finishing process that most of which would not be suitable
for use withX-Stream ad its closed nature geometry.is also noted that there is little
comparison of these SLM parts against parts manufactured from another method, particularly
with a view to measure their performance characteristics.

As discussed, a great deaf research has been completed on the SLM method of
manufacture, however, there is little physical evidence to prove that parts manufactured from
this method can provide significant, or any cost and performance, advantage over other
methods of manufactearthat are currently being employed to make these Jarisvestigate

this is an aim of the present study.

Cost Effective Manufacturing and OptitDesign of XStream Trims for Severe Service Control Valves

By Matthew CharltonSchool of Computing and Engineerindniversity of Huddersfield, U.K. (2014)
29



2.3 Performance Characteristics of XStream and other similar disc
stacks

X-Streams and other similar disc style trims use specific geometridardeao control
pressure and velocity within the valve. This section reviews the research completed on these
designs and looks at areas that have not been considered that may dffetttereither
positively or negatively, the performance of the trim.

2.3.1 Flow around Cylinders

There has been a great deal of published research regarding the effect of geometry on the
performance characteristics of control valves. The doctoral thesis of Karen Morton [24]
provides specific analysis of -&tream againsbther disc stack designs available in the
market.

As discussed in chapter 1, most conventional disc stack technologies use a series of sharp
right angle turns, with constantly expanding areas as means of controlling the pressure drop.
The X-Stream desighowever turns the fluid around a series of spaced columns, allowing for
expansia and contraction of the fluilMorton presented the use of cylinders as means of
changing the direction of the fluid. The research was restricted to the use of incompressible
fluids through a densely packed, low aspect ratio cylindrical array. Morton [24] reviewed
research of fluid flow around a single cylinder assuming an ideil fllow whereby p=0.
Zukauskas [25] and Munson et[@b] both provided a mathematical descoptiof the flow

around a single cylinder. Zukauskas [25] showed that the velocity distribution, tangential to
the surface of a cylinder, can be expressed as:

QL 74+ casEL"? 2.1)

where;
Up = Free stream vetity (m/s)
$QJOH IURP WKH WWDJQDWLRQ SRLQW
r = QOuter radius of the cylinder (m)
r, = Radial distance from axis of cylinder to where the velocity is calculated (m)

This equation can then beweitten to define the fluid velocity at the suréof the cylinder,
when §=r, as:
QL t7,°¢a (2.2)

From this, Zukauskass @ VKRZHG WKDW WKH PD[LPXP =YtHORFLW\ Z
where the surface velocity will reach a value of twoestheupstream fluid velocity.

Clearly, the geometry of the column has a significant impact on the velocity of the fluid, and

as such has a considerable dffexa the erosion of the columB8VLQJ % HUQRXOOLYV H

Cost Effective Manufacturing and OptitDesign of XStream Trims for Severe Service Control Valves
By Matthew CharltonSchool of Computing and Engineerindniversity of Huddersfield, U.K. (2014)
30



(Equation 1.2) [2] a relationship can be falated to find the static pressure at the surface of
the cylinder using the fluid velocity. This can be formulated as follows, describing the static
pressure over the cylinder as the dimensionless coefficient of pressure (Cp).

E 7E

%L 49 1y

(2.3)

Where, P *DXJH VWDWLF SUHYV\KX thelfde dtreBrgadé stati©ppeGsuBe.
An ideal flow analysis would then suggest that

QL sFvOEa (2.4)

This theoretical method, devised by Zukauskas [25], when considering the viscous boundary
layer that forms on the surface of the cylinder (for-ideal cases), is a good representation

of how the perfanance, relating to both the static pressure and the velocity, can vary with
regards to changes in the geziny of the cylindrical columnMany heat exchanger designs

use an array of cylinders. Most of these designs use an array, where the cylindeestye dir
in-line; however, some use an array of staggered cylinders, whereby the spacing of these
cylinders, from one another, also has a significant effect on tHerpance of the heat
exchangerlt is these types of staggered array heat exchangers tretwalysed during the

initial developnent of the XStream by Mortorwho referenced the works of Zukauskas [25]

and Zukauskas and Ulinskas 7]2Due to the wide use of heat exchangers, there is a
significant amount of researelvailablein these areaselating column or dinder spacing to
performance.There has been significant research work carried out regarding the flow around
cylinders, both idine and staggered, however, there does not seem to be specific research
related to the flow around thesglinders for a specific K factor, or how capacity can be
increased. Further work also needs to be carried out in order to analyse the flow around the
columns when the column is placed on a-flahsurface, or when the top wall is not flat.

2.3.2 Improv ement of design using Numerical analysis

Young Jooret al [D] used numerical analysis to improve the design of a control valve on a
LNG application by analysing the static pressure and velocity. They compared the design of a
single cage trim with multigl wedges, allowing the fluid to pass through, against a design
using single holes of similar size$heir analysis showed that a simple change of the
geometry, associated with the hole, had a significant effect on the performance characteristics
of the trim, showing how the change in trim increased the minimum static pressure on the
outlet section of the valve body, and reducing the size of the low pressure Fegioe2.7

depicts the pressure recovery measured across the valve [Emgturves showhe pressure

drop variation from the final ntbfied design, and clearly shothe increase in minimum

static pressure/vena contract.
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2.3.3 Comparison of Disc Styles

Morton [24] analysed the performance characteristics of competing right angled turn trim
designs. This analysis specifically reviewed the comparisons of fluid flow through three
geometrically different designs of disc stacks. i.e.:

1. Labyrinth Style +trim Stack 1 Figures 28, 91, 2.10, 2.11
2. Another Style of Right angle turn disc sta&kgures 2.12, 2.13, 2.4
3. A cylindrical array single plane disc

Design 1- Labyrinth Style #trim Stack

Morton [24] analysed that this design of trim produces a curved or dikekéow pattern
around the corners, and the velocity increases at the points where the fluid flow gets
separated from the sharp corneks.this point (shown in figure.11) there is a lage re
circulating flow region, showing a high velocity gradient across this area.

Figure 2.8Fluid velocity Figure 2.9Static pressure
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Figure 2.D Areaof re-circulating flow Figure 2.1 Re-circulation at Inlet
and hgh inlet velocity

Morton [24] also noted that the velocities recorded using a three dimensional CFD analysis
differed significantly from the eshated velocity predicted by [7]. Morton concluded that the
high velocity gradients, caused by sharply turning of the fluid, limit the accuracy of the
standard one dimensionalpach proposed by Miller [7]The contours of static pressure,
shown inFigure 2.9, providea good example of the effect of geometry on the static pressure,
showing areas of low static pressure in the corners, away from the main flow stream. Morton
argued that this area resulted in a high pressure recovery across this stagsuvé mhep,

and could be a potential area for the onset of cavitation.

Design 2- Another Style of Right angle turn disc stack

Morton [24] analysed that with this design the presence of the walls split the fluid into 2 jet
like formations whose growth was then prevented by the presence of the wall normal to the
jet. The wall forced the fluid to turn sharply as had been shown in the first trim analysis.
Again Morton analysed that this had led to area afireulating flow wthin the disc (sbwn

in closer detail in figur@.14) and that these formations and the similar area of peak velocity
within the flow stream meant that this design was similar to the one above. It should be noted
that Morton used the same inlet boundawpditions for each simulation and as can be seen
from the analysis, the velocity magnitude plot on this second disc shows higher values for
velocity than with the first design.

The areas of reirculating flow, much like with the first design analysed evalso identified

as areas of high potential for cavitation. It was analysed that this design could suffer the
effects of cavitation more as thesecreculating flow areas were more prevalent than with the
first design and covered a larger area behindloeseparating walls.

Cost Effective Manufacturing and OptitDesign of XStream Trims for Severe Service Control Valves
By Matthew CharltonSchool of Computing and Engineerindniversity of Huddersfield, U.K. (2014)
33



Figure2.12 Fluid velocity magnitude Figure 2.8 Static pressure

Figure 2.4 Re-circulating flow

Design 3- A cylindrical array single plane disc

The final design is a columnarrangement, similar to the currertStream design. & with

the other designs Mortof24] used the same pressure conditions on this design analysis.

Obviously this design does not rely on forcing the fluid through sharp right angles bends, the
cylinder arangement works to allow the fluid to take a more meandering path, which is as
Morton identified, similar to the paths taken in the previous designs.

Morton [24] analyses that the areas ofreeirculating flow are reduced by the proximity of

nearby (NneDKERXULQJ F\OLQGHUV DQG WKDW 3WKLV LQWHUIF
appeared to cause the flow to reattach to the surface of each cylinder soon after the initial
VHSDUDWLRQ" 6KH DOVR VWDWHV WKDW 3 W ZDUityDOVR H]
levelV DW WKH SRLQWhIR largeH&IDctidD W Lsi€) 6f the-cieculating flow

regions, minimised behind the columns, are discussed as being a significant reduction in the
potential for cavitation to occur in these regions and that itdvbe restricted to a smaller
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area. Morton completes her analysis of this design by noting that the reduction in
recirculating flow area will support her requirement for the trim to prevent solid debris
blockage, which she had not been able to achieveaititbr of the other designs shown.

| Figure2.15 Re-circulating flow Figure2.16 Re-circulating flow

Figure2.17 Static Pressure Figure2.18 Re—circulating flow

ORUWRQYV > @ DQDO\VLV ZDV FRPSOHWHG XVLQJ WKH VD
trim designs, using specified inlet and outlet conditions only for the input parameters.
However she rightly admits that the flow rates throagbh model vargignificantly (Design
1=0.436n%hr, design 2=0.79%hr and design 3 was = 2.97imr). As such a true comparison

of the velocity control of each design cannot be completed. Further as with the work
completed by Green et al, this analysi®my a study of a single flow path on a single disc

and shows no interaction between multiple flow paths on the same disc.

It is also noted that Morton [24] made no considerations during her designs for manufacturing
constraints, some of the gaps between columns on design 3, are very small and as can be seen
from the analysis there is an increase in the velocity magnitudedetine columns. As no
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consideration had been made for manufacturing method, neither had there been any
consideration for the effect of surface finish on the overall analysis.

2.3.4 Analysis of flow around cylindrical arrays in a control valve

Green et B[28] performed numerical analysis, using a commercial CFD code, on the
SHUIRUPDQFH RI D JHRPHWULFDOO\ FRPSOH[ FRQWURO YI
reduce erosion and cavitation. The work focused on the performance across one path of a
linear (in the vertical direction) and symmetrical stack. The analysis took data from 7 points
across the flow path and produced a graphical representation of normalised velocities across

the flow path (shown in figur@.19); the right hand viewshows the locatio of the data

points.

Green et al [2Bobserved that the radial velocities varied across the flow path, and the
convergingdiverging flow, in the neighbouring rows of columns, resulted in competing
effects. Their analysis also depicted that the velae#y only uniform across the first row of
cylinders. In subsequent rows, peak velocities were offset so that they were much closer to
the column itself.

The peak velocities did reduce as the row numbers increased, as a result of an increase in
spacing betwen the rows of columns, following the expansion design of the trim; allowing

for an expansion of area teduce the velocity magnitudéhe research also showed that the

fluid does not flow evenly around the cylinders as the second row is the only r@ whi
shows any significant asymmetry, with the flow velocities at one side of the channel being
higher than the other. However, the results do show that this becomes much more evenly
distributed in later rows (row 3 onwards). Thiot of static pressure (fige 2.20) clearly

shows that the static pressure in the first row is significantly different as compared to other
rows, which appear more symmetric. The drop in the static pressure corresponds to the
velocity peak, as shown Figure2.19.

The study concides that the areas of separation, owcireulating flow, are on the
downstream surface of the cylinders, and are not at areas of peak velocity, improving the
control of velocity and reducing the potential for cavitation, when compared with right angle
turn trim designs.Control \alves industry amended the design of the-Stream disc,
following this analysis, as the analysis showed that the peak velocities at the inlet of the trim
(row 1) are high, and are caused by the-balimn on the outer diameter thfe disc. The

revised design (similar to the latest design eSikeam) now uses a full column on the
entrance to the disc, recessed in from the outer edge. Analyses have shown that the reduction
in the peak velocity at the entrarmoav reduceshe erosie effects of the fluid.
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In the analysis by Green et al [2here has been no consideration for the effects of the entire
stack, and how the pressure, velocity and capacity vary when considering the full trim. The
study assumes that the pressdrep, and the velocity, iBnearly distributed between each

disc aad each flow path, which may not be the case. Furthermore, the analysis did not
consider the effect of the valve body on the fluid flow.

2.4 Effect of surface roughness on fluid flow

The effect of surface finish to the flow passing through tkgtdéam is important considering

the previous attempts to use SLM withStream have resulted in trims with poor surface
finish. Therehavebeen some articles written that discuss the effestidace finish on fluid

flow. Onesuch article by Taylor et al [B@eviewed previous work on the subject by Moody,
Colebrook and Nikuradse, who had provided a method to include a first order estimate of
roughness effects. However, this work was limitecsneall effects on fluid flow whereby
reductions in fluid flow were reduced by minimal amounts (less than 5%).

Darcy had identified the importance of surface roughness on fluid flow, and had conducted a
number of experiments where he varied the roughoieggipes in order to relate head loss, or
pressure drop, to friction along any givendéh of pipe. Taylor et al[30] reviewed the work

of each of the above, comparing the various expressions, but alsoddégnaeature of a
surface Surface texture ithe composite profile of certain deviations that are typical of a real
surface. These include:

X Roughness: the finer irregularities of surface texthas isinherent in the materials
or production process, i.e. cutting tool, spark, grit size, etc.

x Waviness: the more widely spaced component of surface texture and upon which
roughness is superimposed. It may result from vibrations, chatter, etc.

x Error of form: the general shape of the surface neglecting roughness and waviness. It
generally consists of theeparture from the intended shape. It may be caused by lack
of machine rigidity, etc.
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Figure 2.2 Surface Metrology Height Maj30]

Taylor discusses how these formulations may not be fully useable in current systems, where
scales of components are reduced (parts are being made smaller and smaller). These micro
surfaces are now of greatsignificanceand the Moody diagrams, for exampleannot
accommodate relative roughness in excess of 5%. The conclusions of this paper are that the
work by Moody can be adapted for use up to 14% relative roughness, however, that future
work, looking at the three dimensional surface, is more importsrdapaposed to simple
surface finish. Furthermore, mini and micro fluid systems, requiring a higher accuracy for the
prediction of flow performance (or the optimisation of performance), will require significant
further research. Fige 2.21 shows the heighhap included in the paper, and how height had
varied over their sample.

It had been shown in many recent studies that the effects of surface finish on flow properties
is affected more by large scale geometric features as compared to small scale fesitures.

[31] completed a series of tests on a number of parts manufactured with a variety of columnar
arrangements, but also on parts with identical geometry manufactured using differing
techniques, more specifically EDM and SLM. The effects of these laaes gas shown in
Figure 2.22) are dominant on the flow characteristics within the control valve used within
their study. These results were used within the CFD environment for the prediction of the
flow variables with improved accuracy.

The study by Asin{31] reviewed the roughness of identical designed parts, however, one
was manufactured using the standard EDM method, and the other via an SLM method of
manufacture. The results show that the roughness amplitude in SLM trims can be as high as
1000micronsFurthermore, it can be seenhigure 2.23 that the surface of an SLM trim is

not only characterised by large peaks, but the core region of the surface is considerably rough
as compared to EDM trims. This argument is further strengthened by the fatitettfadr
parameter of SLM surfaces is significantly higher than EDM trims. The Sdr parameter is the
interfacial area ratio, which shows the percentage increase of the area of the actual surface
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Figure 2.3 Surface Peak Analysis for SLM Part

Within the CFD environment, Asim I3 specified a roughness height of 8000microns. This
value was much greater than 1000microns suggested by surface measurements. They did this
deliberately to validate the results from a CFD analysis against experimental flow testing
results, for the same bodary and flow conditions, which was one of the main aims of their
study. However, it can be seenhigure 2.20 that further geometrical imperfections are an
inherent feature of the SLM trims, like asymmetry, chips formation, area reduction for flow
etc. They conclude that these large scale features significantly affect the flow characteristics,
and hence need to be incorgtad into the CFD environmentBecause no quantitative
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analysis has been carried out in the present study to evaluate these ingmerfecti
geometrically, an estimated value has been specified based on the experimental results.

Table 2.1 shows the experimental result from the study by f&iin As can be seen there is

a significant difference between the results for total Cv betweertwbegeometrcally
identical designs. Asirmeem conclude that the manufacturing methods signifatertges in
surface parameters amated to this reductioRigure 2.24 shows the test piece of XLE@B10

SLM. It is quite clear that the difference in tearface finish between the model and the
completed part. Figre 2.25 shows the corresponding part manufactured using EDM, note the
difference in overall surface finish froa purely visual perspectivéhe work completed by
Asim used an average method offace roughness applied to the entire valve, rather than the
trim only, and the performance calculations include the performance of other parts in the
control valve, which in reality were castirfaces of poor surface qualitydeally the
comparison for prformance needs to consider the trims as individual components only for a
better understanding of the variations in performance characteristics

Table 21 Experimental Results for Gy, for EDM and SLM Trimg31]

Trim Style Flove Valve Opening (%) | T, (°C)| P, (Bar) P, (psi]| Q (Xr'mn) 2P (V)] Q {US Gavmin) 2P (pSi}] Cvses
T00 36 667 | 8626 511 7279 w97z | 323
30 37 es2 | 7644 591 2019 51.41 | 282
60 39 711 | 6102 619 1612 5385 | 220
Max; Flow 40 39 70| 488 63 127 5883 | 152
20 s 125 | 1852 622 489 ss16 | 66
10 e 125 | 1130 628 312 se30 | a2
100 WA A 4452 1.52 179 13.19 | 325
) WA WA | 3992 157 1055 1368 | 285
XLOB-£0 (EDM Manufaciure) 50% of Max, Flow fg 16 | -a——toa 3:22 }'22 25‘2 " fg fgg
20 WA WA | 1220 188 322 1560 | 84
10 wa  wa | 452 189 11.9 1871 | 34
700 WA WA | 2502 045 .1 362 | 234
g0 WA wa | 2250 047 504 ao7 | 2038
60 Wwa WA | 1742 040 450 423 | 224
25% of Max. Flow 40 Wa  wa | 1226 040 324 425 | 157
2 Wwa WA | 532 050 161 435 | 87
10 wa A | 212 o051 72 a4 | 34
700 38 695 | 6146 607 1752 587 [ 245
&0 385 703 | 6032 6419 1593 5383 | 217
. 80 19 711 | 4126 628 1248 sa67 | 160
: 40 385 718 | 2022 623 708 ss.10 | 108
20 & 725 | 1800 623 23 si23 | 57
10 ¢ 725 | soo 624 2138 saa4 | 32
700 WA WA | 365 182 316 7408 | 244
) Wwa WA | 2036 164 202 1425 | 212
XLOB-4D (SLN Manufacure) 50% of Max. Fiow fg 18 :g: :g: f‘:'g‘g : g‘; i’g'g ::;; :ﬁ;
20 wa wa | 72 1e7 230 1457 | 80
10 WA WA | 480 168 127 1484 | 33
100 WA WA | 2012 049 337 325 | 2528
g0 WA WA | 1730 050 457 232 | 20
60 WA WA | 1370 oS0 352 43s | 174
25% of Nae Flaw 40 wa WA | S0 oSt 238 440 | 113
20 wA WA | so4 051 133 244 | 63
10 wa  wa | 260 051 6.9 247 | 32
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Figure2.24 SLM Manufactured XLO&40 (Top) and original CAD model (Bottom)

Figure 2.5 EDM Manufactured XLO840
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2.5 Specific ResearclObjectives

From the literature review completed it is now known which areas require further research
before a definitive decisionan be made on the use of ALM/SLM for manufacturing X
Stream trims.

Five main research goals have been defined for this project for further study, they are;

1. To perform a critical analysis on improving the manufacturability of étn€am trim
by altering he manufacturing process or the design of the trim. The research reviews
which of these methods is preferred.

2. To review the performance characteristics between a trim manufactured using process
improvements against a trim with design modificatjotts aid the manufacturing
process. This involves experimental testing forvakies ofCvrota, CVrrim and K+rim
for eachdesign

3. To perform a numerical analysis on the effects of surface roughness iruudeel
different manufacturing methods on new variations of ti&tdéam design, reviewing
individual features of geometry for these designs and cangpdénem against the
standard trim design of XLO840.

4. This study will also review th@mpact of surface unifomity on Cv via means of
numerical analysis. The study will also look at specific geometrical features that may
be affected by a nelinear application of surface roughness.

5. Review of other performance characteristics of the trims by analysis of coofours
static pressure and velocity to identify potential areas for cavitation and areas with
increased potential for premature erosion
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CHAPTER # 3
DETAILS OF NUMERICAL ANALYSIS

This chapter sheds light on the experimental and the numerical formulations
that have been followed/specified in the present study. The experimental
studies have been carried out in accordance to the industrial standard/s, the
details of which have beenealrly discussed. Basic concept of CFD has
been provided, with its implementatido the control valves and their
associated trims. Furthermore, scope of the work has been defined.
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3.1 Experimental Formulation

A 100mm control valve has been used inphesent study for capacity testingtwo of the
manufactured XStream trimsusing the flow loop seip and water as the working fluid, in
general accordance with BS EN 60538, and as per test procedure -@QC-SP503.0nly

two X-Stream trims have beeroW tested in this study, out of a total of 5, due to the various
limitations such as the availability of the test setup €tee main objective of the test
programme is to determine the Cv of the trims installgthin it. The tests have been
conducted avarious valve opening positions i.e. fully open, 75%, 50% and 25%. The tests
have been performed at three differential pressure conditions corresponding to 75% of the
maximum available flow, 50% of the maximum available flow and 10% of the maximum
availabke flow. These operating conditions are in accordance with BS EN 6B53fV
recommendations. Furthermote,factor valuesat the aforementioned valve openings and
flow conditionshave also been computed

3.1.1 Test Setup

In accordance with BS EN 605243, the test setup consists of two straight lengths of pipe,
connected at either ends of the valve, as showigare3.1. The upstream pipe is 20 times
longer than the nominal diameter of the pipe while the downstream pipe is 7 times longer

than tle nomiral diameter of the pipe.

Flow —»

5
>

— ?

Pressure Tap T Pressure Tap

N
*
o
N
D
*
Q.

Test Specimen
Figure 3.1 Dimensions of Upstream and Downstream sections

Clean mains water is supplied to the 37kW centrifugal pfrom the water storage tank,

once the upstream butterfly valve is opened. The pump is controlled via an electrical invertor
that can adjust the motor speed within 0.1% of the total 50Hz output frequency. A turbine
flow meter is positioned downstream of thenp, and upstream of the test valve, to monitor
flow rate. The flow meter readings are continuously logged via an OmegadUEBdata
acquisition module onto the computer network. Ten manual readings are also taken at 30
second intervals for each pressdrerential. Further details includingigures of the flow

loop setup are included in AppendixaBda simple schematic of the loop is shownFigure

3.2.
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Pressure tapings in the flow loop pipework are used to record an average pressure in the pipe,
and are installed as follows:

X Inlet tapings at a minimum of two pipe diameters (2d) upstream of the test valve
X Outlet tapings at a minimum of six pipe diameters (6d) downstream of the test valve

There are no bends within eighteen diameters (18d) dovamstof the test valve. All entry

points into the pipework are a minimum of 3mmdiameter and free from bur.pressure
transducer is connected to the upstream tapings to monitor gauge inlet pressure, and a
differential pressure transducer, installedwsen the upstream and downstream tapping,
monitors the differential pressure. Both these pressure transducers are connected to the flow
loop software via an Omega USH'18 data acquisition module. Pressures are also recorded
manually in order for third pty inspection verification against logged data. A thermocouple

is located within the IBC to measure the temperature of the test fluid. It is positioned to have
a negligible effect on flow and pressure.

Flow rates and differential pressures through andsacthe valve are measured at three
widely spaced pressure differentials. No differential pressure of less than 0.1barg was used.
Flow conditions were all within the turbulent, reaporising regionThe invertor was taken

up in 5% increments to increaflew rates and calculations made to enstme onset of
cavitation was not reached, once the maximum flow rate was established belpwirthibe

initial test was performed. The other two flow rates were then set at approximatens0%

25% respectivelpf this value.

Temperature Test Specimen Test Section
Measuring Device

A

|

Flow ——> :

[

]

|

|

Upstream Throttling / _ _ _1 Downstream
Valve Flow Measuring Throttling Valve
Device Pressure Taps

Figure3.2 Schematic of the Test Setup

Figure 3.3 depicts a typical flow loop setup installed for the capacity testing-8fream
valves. The actuator, sitting on the top of the valve, is connected to an air suppbyr &i)4
which controls the valve opening position. It can be seen inFigare that four equally
spaced pressure tapings have been installed circumferentially at both upstream and

Cost Effective Manufacturing and Optimal Design eB¥eam Trims for Severe Service Control Valves
By Matthew CharltonSchool of Computing and Engineerindniversity of Huddersfield, U.K. (2014)
46



downstream locations. These pressure tapings measure the average pressure at the specifie
location, and hence the three dimensional effects can be recorded more accurately.

Test Section

[}"7
j
Downstream

Throttling Valve

Downstream Test Specimen Upstream

Pressure Tap Pressure Tap

Figure3.3 Flow Loop Setup

The data sheet of the valve used is showfigare 3.4.The data sheet contains important
information about the value that has been usadh ss its type, range, size etc. It also
indicates the type of trim/s that can be used with this type of valve, and information on the
material of the seat, plug, disc etc.

3.1.2 Test Procedure

Flow tests have been conducted at three different dlomditionswhich represent operating
conditions for these valve$hese flow conditions correspond to:

1. 75% Pump speed
2. 38% Pump speed
3. 10% Pump speed

Tests have been performed in turbulent,-aaporisingconditions. At each flow condition,
tests have been performed at the following valve opening postborsver a wide range of
operation

1. 100%
2. 75%

Cost Effective Manufacturing and Optimal Design eB¥eam Trims for Severe Service Control Valves
By Matthew CharltonSchool of Computing and Engineerindniversity of Huddersfield, U.K. (2014)
47



3. 50%
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Figure3.4 Data sheet of the valve
The following data has been recorded during the tests:

1. Valve Opening Position (VOP in %)
2. Inlet Absolute Pressure{m barg)
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4. Inlet Water Temperature {Tn °C)

Volumetric Flow Rate (Q in fihr)

6. Barometric Pressur@ar)

o

3.1.3 Method to find C values

The basic flow equation for neshoked, incompressible fluids is:

n
L 5vrT §—iﬂw (3.1)
™
where;

N; = Numerical constant that depends on the units used.\B65 to find Cv

Fr = Reynolds number factor. For turbulent flows its value = 1

Fp = Piping geometry factor. With no fittings attached to the piping (such as expander,
reducer etc.), its value = 1. Hence,/F1 has been used in the sizing equations

C =Flow coefficient. It can be r K,

I | = Relative density. For water its value = 1

Hence, quation(3.1) becomes:

L— (3.2)

én

assuming that the flow is always within a turbulent regime. It leas Inentioned in BS EN
605342-3 that with the exception of valves with very small values of C, turbulent flow will
always exist. It has been observed, that while conducting the experiments, that flow rates are
not small enough to warrant modifications fam-turbulent flow, thus tis assumption looks
reasonableEq. (3.2) therefore becomes the primary sizing equation for t8&eém valves.

It is noteworthy at this point that Eq. (3.2) is valid only for:

X Newtonian fluids
x Nonvaporizing conditions

3.1.4 Method to find Cvyim values

Cv can be calculated from the experimental data directly. The valu€sigf are calculated
using the formulae detailed in Chapter 1, which is:

Cost Effective Manufacturing and Optimal Design eB¥eam Trims for Severe Service Control Valves
By Matthew CharltonSchool of Computing and Engineerindniversity of Huddersfield, U.K. (2014)
49



" Xm r_lj- (3.3)

. _GF - GG
?lph_¢ ?IRwbHezo ?lo[Wij

where,
~ Hsezg
z jtembw  FmbwH NH (; > (3.4)
and,
~ Horwi
Wc_rL Wc_lH N H_OS[ﬂJ (3.5)

Note that the diameters in Egs. (3.4) and (3.5) are measured in inches. In the current study,
Dvane = 101.6mm and Ear= 38mm.

3.1.5 Method to find K 1im

Ktim can be calculated using the following expression:

Gbn o
*xpgkl —o (3.6)

where A is the area available to flow within each trim. TableShows the values of A for
the two trims used in the present study.

7TDEOH H$Y YDOXHV RI YDULRXV WULPV
Trim A (m)
XLO8-040 (Original Design) 8.46818 x 10
XLO8-040 (Version 5.2) 8.46818 x 10

3.1.6 Scope of Experimental work

As mentioned in section 3.1, flow loop tests ofSKeam valve have been conducted at
various flow and geometric conditions (VOP). Table 3.2 summarises the scope of the
experimental workThe valve will be tested at various opening positions with a vareap

speed to amend the flow parameters (pressures drop and mass flow rate) passing through the
valve.
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Table 3.2 Scope of experimental work
Valve Opening Position
(%)
100
75
50
25
100
XLO8-040 75
(Original Trim) 38% Pump Spee 50
25
100
75
50
25
100
75
50
25
100
XLO8-040 75
(Version 5.2) 38% Pump Spee 50
25
100
75
50
25

Stack Flow Condition

75% Pump Spee

10% Pump Spee

75% Pump Spee

10% Pump Spee

3.2 Numerical Formulation

Computational Fluid Dynamics, or CFD, has been used for the numerical analysis of the fluid
flow within the X-Stream valve. CFD is the analysis of systems involving fluid flow, heat
transfer and associated phenomena, such as chemical reactions, by nteamsutérbased
simulation. The technique is very powerful and spans a wide range of industrial ariel non
industrial application areas. From 1960s onwards, the aerospace industry has integrated CFD
techniques into the design,&D and manufacture of airdtaand jet engines. More recently,

the method has been applied to the design of internal combustion engines, combustion
chambers of gas turbines and furnaces. Furthermore, motor vehicle manufacturers now
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routinely predict drag forces, undbonnet air flovg and the inear environment with CFD.
CFD is becoming a vital component in the design of industrial products and processes.

3.2.1 Working of CFD Codes

There are three distinct streams of numerical solution techniques. They are finite difference,
finite element and spectral methods. Finite volume method, a special finite difference
formulation, is central to the most well established CFD codes. The mamalyorithms
include integration of the governing equations of fluid flow over all the control volumes of
the domain, discretisation or conversion of the resulting integral equations into a system of
algebraic equations, and the solution of these equsalip an iterative method.

CFD codes are structured around the numerical algorithms that can tackle fluid flow
problems. In order to provide easy access to their solving power, all commercial CFD
packages include sophisticated user interfaces to inpblgmn parameters and to examine
the results. Hence, all codes contain three main elements. These are:

X Pre xProcessor
X Solver Execution
X Post +Processor

Preprocessing consists of the input of the flow problem to a CFD programme by means of an
operatoffriendly interface, and the subsequent transformation of this input into a form
suitable for use by the solver. The user activities at thpqueessing stage include definition

of the geometry of the region of interest (called the computatidoiadain) and the grid
generation, which is the sulvision of the domain into a number of smaller, ©ion
overlapping sullomains.This is also called the MesBelection of the physical or chemical
phenomena that needs to be modelled, definition of fluigeatees and the specification of
appropriate boundary conditions at cells, which coincide with or touch the domain boundary,
are abo included in prezx processing The solver primarily consists of setting up the
numerical model and the computation/monitgriof the solution. The setting up of the
numerical model includes the following:

X Selection of appropriate physical models. These included turbulence, combustion,
multiphase etc.

Defining material properties like the fluid, solid, mixture etc.

Prescribing operating conditions

Prescribing boundary conditions

Prescribing solver settings

Prescribing initial solution

Setting up convergence monitors

X X X X X X
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The computation of the solution includes:

X

X

X

The discretised conservation equations are solved iteratéatyimber of iterations

are required to reach a converged solution.

Convergence is reached when change in solution variables from one iteration to the
next is negligible. Residuals provide a mechanism to help monitor this trend.

The accuracy of the conmged solution is dependent upon problem setup, grid
resolution, grid independence, appropriateness and accuracy of the physical model.

Figure3.5 descibes the working of the solvelPost processing comprises the examination of
the results obtained andwvision of the model based on these results. These can be further
elaborated into:

X X X X X

X

Examine the results to view solution and
extract useful data.

Visualization tools can be used to extract t
overall flow pattern, separation, shocks, she
Iayers etc. Solve the governing

Start

Numerical reporting tools are used to calcule equations
guantitative results like forces, moments, a No

average heat transfer -efficient, flux Absolute of error <
balances, gface and volume integrate Tr s res
guantities.

Are physical models appropriate? Print and solve the

. next line
Are boundary conditions correct?

Is the grid adequate?

Can grid be adapted to improve results? End
Does boundary resolution need to L.
improved?

Is the computational domain largeoeigh?

Due to the increased popularity of engineering workstations, many of which have outstanding
graphic capabilities, the leading CFD packages are now equipped with versatile data
visualisation tools. These include domain geometry, grid display, vetdts, line and
shaded contour plots, 2D and 3D surface plots, particle tracking, view manipulations, colour
post tscript output etc. more recently these facilities may also include animation for dynamic
result display, and in addition to graphics, @tles produce trusty alphanumeric output and
have data export facilities for further manipulation external to the codes. As in many other
branches of CAE, the graphics output capabilities of CFD codes have revolutionised the
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communication of ideas to the mospecialists. An overview of CFD modelling is presented
in Figure3.6.

Solver
£ ™ ' ™
Pre-Processing Equations solved on mesh
p
+ Solid « Mesh (4 Transport Equations ) + Physical Models
Modeler Generalr * Mass * Turbulence
§ ) + Species mass fraction « Combustion
* Phasic volume fraction « Radiation
+ Momentum * Multiphase
+ Energy * Phase Change
N . EquaUDn DfStatE * Muwnq Zones
+ Solver Settings ) , .
+ Supporting Physical Models | + Moving Mesh )
\ A
+ Material Properties
* Post-Processing * Boundary Conditions
* Initial Conditions
N "y

Figure 3.60verview of CFD Modelling

3.2.2 Geometry of X-Stream Models

All the five X-Stream models were created using Solid Edge 8€Bause the numerical
testingof the trims has no such constraints as the availability of the test setup etc., all five X
Stream trims have been numerically analysed. However, due to the aforementioned reasons,
only two tim models had been flow testéithe standard Solid Edge modelere saved as an

IGES file type for direct import into ANSYS. The ANSYS design modeller can import many
different types of file, however, there are some advantages of using IGES files, i.e.:

X The file size is smaller in comparison to some other file types
X They do not need any part files that associate with model

ANSYS is acommercial software that is used extensively for CFD related numerical
simulations, and hence has been used in the present stucyStoeafn performance testing.
The package consists of a CAD program (desigrdeley, a meshing program and a CFD
solver program. Thdesignmodeleroffers a unique method of computer aided design. Like
any other CAD program design, the desigodelerhas certain advantages for some methods
of design.For example, depending on the complexity of the model that is being imported, the
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time to import the file can vary significantly, from a few minutes to a few hours. In this
scenario, the models that require importing into ANSYS were of high complexity, and
therefore, to reduce the importing time, all five of the XE@® models were rereded in

the ANSYS design modeller using the exact geometry of the solid edge mbaelsve
Solid Edge CAD models used for the Numerical Analysis are shown in Figur&s13.7
Details of their designs, methods and reasoning are discussed in chapter 4.
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Figure 3.9 V5.0 ANSYS numerical models + flow domain information
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Figure 3.11 V5.2 ANSYS numerical models + flow domain information
3.2.3 Meshing Condition of models

This section provides details of the meshing parameters used for each of the five trim designs.

Version4.1 CFD Meshing condition
Table 3.3 summarises the mesh condition of V4.1.

Table 3.3Meshing Details V4.1

Mesh size
Model Version | Mesh element Face size of chamfers
Max Min
V4.1 8305152 Imm N/A 0.2mm

The above table depicts the mesh condition of V4.1. The maximum mesh &inenighe
minimum mesh size is not applicable as the advanced meshing option is switched off. The
reason for not including the advanced meshing option is that the function of advanced
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With the design of V4.1, when advanced meshing was switched on the program recognised
areas of the trim designs that included chamfers and defined these areas as important, thus
geneating very fine mesh areas at these points. As a result the mesh elements for the trim
increased to over 20million elements greatly increasing the computer power required to
process the mesh. The advanced meshing feature was switched off so that &leasesta

size could be implemented, meshing for this particular trim relied on experience from
previous research on-Xtream, with at least two elements specified around chamfers each
with a 0.2mm element size.

Version4.2 CFD Meshing condition
Table 3.4 summarises the mesh condition of V4.2.

Table 3.4Meshing Details V4.2

Mesh size
Model Version | Mesh element Face size of chamfers
Max Min
V4.2 11350217 0.25mm N/A 2mm

The mesh condition of V4.2 maximum size was reduced to 0.25mm and the face size of the
elements around any chamfers was increased to 2mm due to design similarity with V4.1. The
size of the maximum mesh element was reduced to increase the total numbeenasftglto
around 10million, when larger sizes were used the total number of elements was much
deemed too low to achieve the required accuracy for analysis.
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Flgure 3. 13\/Iesh generatlon of V4 2 (Left) top view, (nght) crmtlon'wew

Version 5.0 CAD Meshing Condition
Table 3.5 summarises the mesh condition of V5.0.

Table 3.9Meshing Details V5.0

Mesh size
Model Version | Mesh element Face size of chamferg
Max Min
V5 11663136 0.5mm | 0.25mm N/A

There were no chamfers included in the desigv®0 and as a result advanced meshing
option was included. As a result the minimum size of element was defined by ANSYS and
the corresponding number of elements and element spacing suggested by achesited

was deemed acceptabléhe overall four elemds are placed in the fluid zone of trim.

4?4,4

74? Q
i

Version5.1 CFD Meshing Condition

Table 3.6 summarises the mesh condition of V5.1.
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Table 3.6Meshing Details V5.1

Mesh size
Model Version | Mesh element Face size of chamfer
Max Min
V5.1 12851376 0.5mm 0.1mm N/A
6LPLODUO\ WR GHVLJQ 9 9 9V GHVLJQ GRHV QRW LQFO

meshing is applied, the minimum element size was set to 0.1mm and theutota¢r of
elements and their spacing was deemed acceptable.

£ —

Figure 3.18Vlesh generation of V5.1 (Leftop view, (Right) crossection view

Figure3.15 shows two elements placed in the smallest area and six elements are placed in the
largest area of thtrim.

Version 5.2 CFD Meshing Condition
Table 3.7 summarises the mesh condition of V5.2.

Table 3.7Meshing Details V5.2

Mesh size
Model Version | Mesh element Face size of chamfers
Max Min
V5.2 9959979 2mm 0.2mm N/A

Similarly to V5.0 and V5.1there are no chamfers on this design and as a result advanced
meshing was enabled. The minimum mesh size is 0.2mm and the total number of elements is
almost 10million and deemed acceptable for analysis.
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Figure 3.18Vlesh generation of V5.2 (Left) top wie (Right) crosssection view

Figure3.16 shows the mesh generation of V5.2. In the fluid zone of the trim, four elements
are placed between the discs.

3.2.4 Selection of Physical Models

In case of incompressible flow analysis, the pressure based balvé&een used to carry out
analysis. This is because the flow velocity in case of incompressible flow analysis is much
lower than the speed of sound, and hence the compressibility effects are negligible. It is
recommended to use pressure based solvercim gases. In this approach, the density of the
fluid remains constant and the primary fluid flow parameter, that is being solved iteratively,
is the pessure within the flow domainfhe control valve used in the present study is
designed such that it cateliver a constant flow rate at a specific valve opening position.
Hence, the flow within the pipeline is considered to be steady. This argument is further
strengthened by the fact that all the boundary condition, including the geometrical variables,
during a CFD test remains constant. Therefore, a steady state solver has been used in the
present study.

Further to the aforementioned solver settings, it has been observed, and also according to the
industrial standards, that these types of valves almosiirdgrtontain turbulent flows within

them. Hence, turbulence modelling is essential for accurate prediction of the capacity of the
valve and the trims. There are many turbulence models available in the commercial CFD
package that has been used in thisystlihch one of these turbulence models has its own
advantages and disadvantages, which can be found out in any CFD text book. As far as the
flow within control valves is concerned; & PRGHO KDV EHHQ FKRVHQ IRU W
turbulence within such valge The primary reason behind choosinggk PRGHO LV LW
superiority in accurately modelling the severe velocity gradients, which are expected to occur
within the trims due to reduction and expansion of area available for the flow to take place.

The k & laWwo equation model that is further divided into two types. The first type is called
Standard k& PRGHO ZKHUHDV WKH VHF-Ri@& TahSpdrt (SSTF® OOHG 6
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model. In the present study, SST& PRGHO KDV EHHQ FKRVHQ EHFDXV
following refinements:

x The standark- & model and the transformed @ PRGHO DUH ERWK PXOWL
blending function, and both models are added together. The blending function is
designed to be one in the new@all region, which activates the stand&-d& model,
and zero away from the surface, which activates the transforntedR G H O

x The definition of the turbulent viscosity is modified to account for the transport of the
turbulent shear stress.

These features make the SKT&model more accurate ameliable for a wider class of flows

(e.g., adverse pressure gradient flows, aerofoils, transonic shock waves) than the ktahdard
model. Other modifications include the addition of a cidiffsision term in the &equation

and a blending function to ensuthat the model equations behave appropriately in both the
nearwall and farfield zones. Further details of SS& PRGHO FDQ EH IRXQG
turbulence modelling text book and hence have not been included in this report.

3.2.5 Material Properties
Table 3.8 summarises the material properties used in the current study.

Table 3.8Material Properties

Specific Thermal
Heat Conductivity

(kg/m®) (kg/m-sec) | (I/kg-K) (W/m-K)

Density Viscosity
Material | State

Water | Liquid 998.2 0.001003 N/A N/A

3.2.6 Operating Conditions
Table 3.9 summarises the operating conditions used in the current study.

Table 3.90perating Conditions
Parameter Condition Comments

Gravity On For accurate prediction of mass flow rg
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Operating pressure | 14.7 psi absolute Atmospheric condition

Specified operating

: 0 kg/n? For accurate vertical flow modelling
density

3.2.7 Boundary Conditions
The boundary types that have been specified are listed in table 3.10

Table 3.1Boundary Types

Boundary Name Boundary Type Value
Inlet to the suction trim Pressure Inlet Variable
Outlet of the discharge .
u . I g Pressure Outlet 0 psi gauge
trim
: . Rough heigh ifi
Walls of the trims Stationary Wall oughness height specifiedd

roughness uniformity specified

3.2.8 Solver Settings

Application based solver settings are required to accurately predict the fluid flow behaviour
in the flow domain. These settings comprise:

X PressuretVelocity Coupling
x Gradient
X Spatial Discretisation

Time averagedNavierStokes equations are solved discretised formPressurevelocity
coupling is required to predict the pressure distribution in the flow domain with reasonable
accuracy. In the present study, SIMPLE algorithm for pressatecity coupling has been
incorporated because it converges sbkution faster and is often quite accurate for flows in

and around simple geometries such as spheres, cylinders etc. In SIMPLE algorithm,
approximation of the velocity field is obtained by solving the momentum equation. The
pressure gradient term is cdimied using the pressure distribution from the previous iteration

or an initial guess. The pressure equation is formulated and solved in order to obtain the new
pressure distribution. Velocities are corrected and a new set of conservative fluxes is
calculaed.
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Gradients are needed for constructing values of a scalar at the cell faces, for computing
secondary diffusion terms and velocity derivatives. G€auss Nodebased gradient
evaluation has been used in the present study. This scheme reconstructsleezcof a

linear function at a node from surrounding aeedintred values on arbitrary unstructured
meshes by solving a constrained minimization problem, preserving a sec®rdspatial
accuracy.

The CFD solver stores discrete values of the scaldheaell centres. However, face values

are required for the convection terms and must be interpolated from the cell centre values.
This is accomplished using an upwind spatial discretisation scheme. Upwinding means that
the face value is derived from qudies in the cell upstream, or upwind relative to the
direction of the normal velocity. In the present study,dder upwind schemes have been
chosen for pressure, momentum, turbulent kinetic energy and turbulent dissipation rate. The
use of 2% orderupwind scheme results in increased accuracy of the results obtained.

3.2.9 Convergence Criteria

Getting to a converged solution is often necessary. A converged solution indicates that the
solution has reached a stable state and the variations in thep#mmeters, w.r.t. the
iterative process of the solver, have died out. Hence, only a converged solution can be treated
as one which predicts the solution of the flow problem with reasonable accuracy.

The default convergence criterion for the continwtglocities in three dimensions and the
turbulence parameters in the CFD solver is 0.001. This means that when the change in the
continuity, velocities and turbulence parameters drops down to the fourth place after decimal,
the solution is treated as a cenged solution. However, in many practical applications, the
default criterion does not necessarily indicate that the changes in the solution parameters have
died out. Hence, it is often better to monitor the convergence rather than relying on the
defaultconvergence criteria.

In the present study, mass flow rate at the inlet and the outlet faces of the flow domain has
been monitored throughout the iterative process. The solution has been considered converged
once the mass flow rate at both these facedbagme stable. Here, a stable solution can be
either one; in which the mass flow rate fluctuations have died out completely or have become
cyclic having same amplitude in each cycle.

3.2.10 Scope of Numerical Work

As mentioned in secti@B.2.3 to 32.8, solver settings and conditions have been specified to
predict mass flow rate at a number of pressures, roughness heigthtsoughness
uniformities. Table 311 summarises the scope of themerical work. The five designs
shown above and detailed in Ckaxpd, will each be tested in the full open positanthree
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defined differential pressures across the trim. Surface roughness and uniformity of the surface
will also be varied to see the effect of these parameters following the specific research goals.
Values of 100 and 1000 microns have been chbssed on results by Asithat showed

SLM with roughness peaks up to 1000microns.

Table 3.11 Scope of Numerical Work
AP 0
(bar) (.m)

Roughness Constant-} Model

4
4.2
25 N/A N/A 5
51
5.2
4
4.2
25 100 0.5 5
51
5.2
4
4.2
25 100 1 5
51
5.2
4
4.2
25 1000 0.5 5
51
5.2
4
4.2
25 1000 1 5
51
5.2
4
4.2
50 N/A N/A 5
51
5.2
4
4.2

50 100 0.5
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5.1
5.2

4.2
50 100 1 5
5.1
5.2

4.2
50 1000 0.5 5
5.1
5.2

4.2
50 1000 1 5
5.1
5.2

4.2
100 N/A N/A 5
5.1
5.2

4.2
100 100 0.5 5
5.1
5.2

4.2
100 100 1 5
5.1
5.2

4.2
100 1000 0.5 5
5.1
5.2
100 1000 1 4
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4.2

5.1
5.2
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CHAPTER #4
M ANUFACTURING METHODS FOR X-STREAM

TRIMS

This chapter presents a critical comparison of either a geometric
modification or a modification to the process of manufacture of sever
service valves on capacity of the valve trims. The chapter details a number
of concept designs prepared for testing and an analysis on the process of
manufacture to produce samples of each, ready for flow capacity testing.
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4.1 Current Manufactur ing Methods and Current Design

The X-Stream trim has been in production by for a number of years. As previously discussed,

the trims have been manufactured predominantly using the EDM method, which had been
identified as a very suitable method for thePWY RULJLQDO GHVLJQ +RZHYHL
overall size of valve that could house theéSKeam. Furthermore, the-3tream flow paths

were restricted to a small portion of the disc (as can be seen in Figure 4.1).

Figure 4.1 Earliest example of3treamflow path

Developmental activitie have been taking placa the trim over the past three years, and as

a result, the general design has been altered to include many more features which can
increase the available flow area. The cost for manufacturénbesased significantly with

these revised designs. EDM continues to be the main method of ntareifie the revised

design (figurel.5), all testing performed for the production trims has been completed on
trims manufactured using EDM.

Qualitatively, he X-Stream in its current design has a defined average surface roughness
value (Ra) of approximately 32 microasd the K factor, based on area, is averaged for
design changes, like increase in number of stages and is specific to the EDM method of
manufature. A full analysis of the surface of a disc, manufactured using EDM, was
completed and the results are shown in Appendix 1. Appendix 1 also shows other surface
parameters for the EDM trim, including important parameters like Sp and Sv, which are the
height of the highest peaks in three dimensions and the depth of the lowest Madlesalue

of K is, in reality, a combination of various restriction factors to fluid flow through the trim,
including losses as a result of frictionith the surface of the trimAnalysing the results by

Asim [31] values of K for the trims can be calculated when the area and K values for the
other elements of the valve are known, in order to satisfy equation 1.6. Values for Cv of the
body and Cv of ta seat can be calculated as follows:
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Thus, using equation 3.3, a value for Cv of the trim can now be calculated for the Cage/Stack,
when made using EDM.
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Knowing that the Cv of the trim is 3.the Kfactor can be determined. The K Factor has
been calculated as being 65 for this particular disc design, using EDM as the method of
manufacture.

4.2 Proposed Manufacturing Method, Current Design

The authothad begun trials using SLM as the method of manufacture for-tBgeam trim,
however, the tests that have been completathte have shown significant differences in the
results between the trims m#actured from the two methodslow tests completeby Asim
[31]summarised in table 2.1, show that for a 4i&elike design, the Cv of the SLM -X
Stream is significantly lower than EDM; a value of 24.5 for the-ikeike flow rates and
valve opening percentage. This represents a decrease in Cv of 31.8%.

As can be seen, the results have been obtained at various openings and flow rates, to ensure
that the results are not anomalies. Furthermore, further saimgdeleen manufactureohd

flow tested with very similar reductions in CWalues for surface tghness were measured

(as shown in Appendix 1), and average area roughness values for this design in three
dimensions (Sa) were determined over a two position average to be 37.7um; an increase of
410% from EDM.As with the design from EDM, a K factor cae worked out for the SLM
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trim, knowing that the Cv for the body and the seat has remained constant. The Cv of the
6/0 FDJH LV FDOFXODWHG IURP $VLPYV UHVXOWY DV IROOR.

. S
c ed
S S S
~ 6F ~ 6F ~ 6
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Resulting in a K factor of just 4&; decrease of 41% from EDM (one tenth of the increase in
area roughness)

4.3 SLM Method zIimprovements to method of manufacture and design

There are other performance characteristics that must be considered for the control valve in
order to determine stsuitability to control a service. However values of Cv are possibly the
most important factor to valve companies, as this can result in a competitive priceagdvant
over their competitorsThe SLM method shows promise, based on the reduction of costs fo
manufacture and lead times, when comparingfitkdike sizes against EDM, however, the
significant reduction in overall Cv means that this cost advantage could be offset by the
reduction in flow capacity through the valve. Thus the first researcHaothlis project is to
perform a critical analysis on improving the manufacturability of th8tdéam by altering

the process of manufacture, or by altering the design.

Literature suggests that structural deformities can occur when the distance flmasdlm@ate
increases. This is evident in samples produced previously, that present deformities in shape
towards the top of the stack and that the methods of reducing these deformities, (proposed by
Osakada and Shiomi [20] are to increase scan speedpdify the geometry of the part in

order to reduce the effects of the thermal gradients across theRpavi®us work had aimed

to reduce the deformities by adding additional strength to the component, via means of an
inner and outer sleeve, added to plaet during the printing phase, which would then need to

be removed during the finishing phase (example shown in Figure 4.2), and also through
printing the stack at angles.

It was this method that was used when producing earlier samples, allowing parthe be
manufactured as close to the requirements as possible, to the extent that flow results could be
gathered on a fully completed trim. Without this method, previous build attempts had failed
to construct the part as the deformities were so ldrgiethe laser was unable to continue the
printing phase, The surfaces had deformed to an extent that lasenatds to work in these

areas Further review has also identified that there are possibilities that the removal of these
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features may have an ettt on fluid flow, as removal using a standard turning machining
operation leaves flashing/burring of the metal, which requires significariiumlieg
operations.

The deformities were still evident in the trim after the removal of these features. Cheing t
machining phase, flow paths were opened in some areas before others i.e. the shroud itself
did not appear to be of a constant thickness, around the circumference of th€rstesiare,

as a result of previous attempts in these areas, the perfornfaareeteristics were reduced,

but allowed for completed builds. It is the aim of this study to review further geometrical
designs, and assess these components.

4.3.1 Design Improvements

Discussions were held with TWI (The Welding Institute), the compessg to produce the
original sample trim designs, to understand manufacturing constraints with the SLM
equipment, specifically, discussions related to the minimum thickness of solid sections,
limitations of powder thickness etc.

TWI also advised that the were issues, when attempting to deposit powder on to areas
where there was no metal structure beneath and that this was one of the reasons why the parts
were manufactured an angle (as can be seen in figdre). Figure 4.3 shows an example of
unsuppoted powder layers, which they had previously attempted to overcome by printing the
parts at an angle (approximately pishowever, other angles had been attempted. Angular
printing did not solve the issues that Osakada and Shiomi [20] had identifidgkbiiecrease

in stress of the material. In fact, printing at an angle actually worsened this effect, due to the
gravitational force tending to move the powder.

Figure 4.2Example of xStream with shroud added on OD for support
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TWI thus advised that thpart would benefit from having any unsupported flat surfaces
removed, and as a result, a number of designs were developed to be presented to TWI for
manufacture and testing.

UNSUPPORTED
POWDER LAYER

SUPPORTED
POWDER LAYER

Figure 4.3Examples of supported and unsupported areas

Five different models oK-Stream trims have been generated in the present study using SLM
method of manufacture. These trim models depict the range of operations an SLM process
can carry out, in order to create-S{ream trims. Furthermore, these models have been
generated basedn the range of operations required to manufactw®tr&am trims. The
created models show the capabilities of the SLM process. In order to characterise the created
models, both experimental and numerical investigations have been carried out. The
experimetal investigations have been limited to only two of the models because of limited
testing facilities available at the time when the experimental investigations were carried out.
However, detailed numerical investigations have been carried out on alinthentdels.
Numerical investigations are not only capable of predicting the global performance
characteristics of these trim models (like Cv), but can also predict the various flow related
parameters within the flow domain (like pressure, velocity etc)s Tiformation is very

useful for the trim designer as this information can be used to decide design
alterations/modifications to create better performing trims.

A comparison between the performance characteristics of the various trim models considered
in the present study has been included in Chapter 5, where the performance characteristics
have been predicted through the use of illustrative numerical investigations. Furthermore, an
in-depth analysis, and comparison, between the flow characteristivasef trim models has

also been discussed in detail. The objective is to determine which one of the trim models
performs the best amongst the models considered in the present $tadyach of the
designs presented, there was a standard method to teenglat of the columns on the X
Stream disc. The CAD modelling strategy employed has also been similar for each design
and follows a standard procedure for the placement of the columns on the disc. Each design
uses a number of steps for the modelling phaesich the first five steps are identical for
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each concept design and all used the same gaps between the columns defined by the standard
XLO8-040 trim design. The modelling procedure, as follows, was implemented:

1. Initially, the geometry for a singlediv path was modelled using a lofted protrusion
constructed from two sketches, one on the outer diameter and one omehe
diameter

2. The flow path was patterned through a 90° arc, to produce the#twfor a quarter
of the disc

3. Columns were modelle@xtruded ad patterned through a 90° arc

4. The blank paths were constructed by extrusions, before the quarter disc was
patterned symmetrically four timesoaind the full 360° of the disc

5. The disc was completed by cutting theer and outer diameter tasi

The above method produces a disc stack with minimum features in order to reduce modelling
time. The majority of the design process that follows this section focuses on the reasons for
the choice of geometry in step 1. Once this geometry was correctbtracted, steps-2

were repead identically for each modelhe disc stack was initially constructed as an
assembly part, using the following method:

6. The disc part wasnported into an assembly file

7. A rectangular pattern sketch was constructed, with a node number equal to the
number ofdiscs in the vertical direction

8. Discs were patterned to the sketclstiep 2
9. Existing end discs were matedthe discs completing the stack

Using an assembly metho@teps €9), to construct a model using SLM produces, an
undesired effect of having micro spaces between the parts in the assembly. This was
identified using the Magics software used by the SLM manufacturer. To overcome this issue,
it was decided that raér than using the standard assembly method (as used for all trims
manufactured from the EDM method), the micro gaps could be removed by using a single
part file, whereby the following steps were used (instead of stfjps 6

10. The disc was art copied inta new patrt file

11. A body pattern was used to produce a disc sththke required number of discs
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12. Extrusions were made on the top and bottom of the stack to produce the end discs.
The inner and outer diameters were given a tangential andntdoaelatiorship to
the discs

13. A revolved cut was used to construct the desired disc stack, idemtidadttof a
machined disk stack

Using a separate part model for the stack allows quick replacement of the discs, with the
relationships within the stack model adjog to the new disc internal and outer diameters.
This means that multiple discs can be produced while using the same disc stack model, and in
actual fact, made the process no more complicated or time consuming than the standard
method. Using this methoavhen applied for each new design, would save modelling time
over the standard, as the standard method requires the addition and mating of multiple parts
to manufacture the stack, In standard method, when dealing with stacks of greater height, the
total number of discs to import into the assembly can become rather large, thus requiring a
large number of mates.

There were a number of preliminary designs developed that are not shown in this report,
which led to the creation of the concepts put forward. Thieseggns were simpler designs

that were not intended to improve performance (or ease of manufacture), but rather to test
various modelling constraints, and to develop the steps abbedirst complete stack design
produced is called Version 4.1

DesignConcept 1 £Version 4.1

The first design concept developed came through discussions with manufacturer, who
advised that this structure would provide optimum build iquand strength for the part.

This design uses an oval design feature with a flabserét the top of each oval to allow for
completion and assembly of the part. This was the first design put forward for manufacture.
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Figure 4.4v4.1 Side View
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Figure 4.5v4.1 single disc view from Solid Edge

Figures 4.5 and 4.6 show what is ndefined as a singldisc and the assembled statke

design uses a thin wall feature and a mirror body feature to produce the flow path rather than
a standard lofted cut. This reduced the amount of complex sketches required for the lofted
cuts. The totahumber of features for the disc was thus limited to 13, and the file size
21.5Mb, rising to 93Mb for the complete stack.

The flat surface feature on the top and underside of each disc (circled in red in figure 4.5),
had a thickness of 0.25mm, advisedthg manufacturer as the minimum thickness for a
ligament. As a result, it reduced the minimum gaps between the columns by the same
amount, and forced the splitting of the flow paths. As the flow paths were distinctly split, this
would prevent jet impingenmé to some extent, which had been an inherent design feature of
the original %Stream trim.

Design Concept 2+Version 4.2

This design, shown from a side view in figure 4.6, is very similar to 4.1 and follows the steps
1-12 laid out above. The significanhange in this design is the removal of the ridge section

at the top of the oval. This feature has been removed because it is thought that this may cause
an issue with velocity peaks and areas etireulating flow, contributing to erosion and
cavitatian, this ridge section is shown, circled, in figure 4.5.

The ridge surface was restricting the minimum gap between the columns, below the company
design standard of 1.2mm. Although this design limit had been specified due to the
machining limits of sparkroding, it was thought that a comparison between the two designs
without this surface may show interesting results, with only minimum effect on the
manufacturability of the trim. The design would then allow impingement on the top and
lower surfaces of thdisc, but would still prevent this feature in the middle section (through
the disc).
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Figure 4.7V4.2 single disc view

The removal of the flat surface, shown in figure 4.7, is not related to the requirement to
remove flatsurfaces from the design for manufacturing purposes, as this was in fact a
supported flat surfacelhe design also lowered the height of the oval to allow a minimal
width between columns and a minimum height of the flow path. This design uses fifteen
featues and results in an overall increase in size from 21.5 to 32.35Mb for the individual disc
and the stack rising to 109Mbwarranted by the overall increase in number of features. The
stack is made up of the same number of discs resulting in the sarak loght.

Design Concept 3+Version 5.0

This design is considerably different to that of the previous two design concepts and is more
like some of the basic shapes that had been considered theimethod development phase.
Rather than using oval apes for the main flow path shape; flowing the process fluid through
the discs as well as on the top and bottom surfaces of the disc, this design was much similar
in basic shape to the standareSKeam design, simply exchanging flat surfaces for surfaces

at a 15 Degree angle, figures 4.8 and 4.9 show the side and single disc design views for
version 5.0. .
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Figure 4.9v5.0 Single disc view

This design is complex assembly of features grouping multiple sketches and plartesr toget

to form the angles at the top of the columns and on the undersides of the discs. The faces of
the blank channels are done using replace face and are patterned and protruded around the
surface of the disdn total the individual disc is made up of ovH) features and rather than
following steps 1613 for creation into a stack, it uses the standard assembly method-from 6

9. This design, was actually compldtenuch earlier than concepts 1 éhdnd as sth was

not modelled in the sanveay as those design, it was initially rejected as a suitable design due

to its more complicated design process but was later included following discussions with the
SLM manufacturer who advises that this shape would be manufacturable.

Version 5.0 of thdrim is the first of the new trim designs to be successfully manufactured,
but as shown in Figure 4.10 the part is still showing deformities in its physical shape. As can
be seen the right edge of the part is appearing non circular. The part slippeyl tdarin
manufacture phase. It is confirmed, by TWI, that this deformity could be eliminated with a
further refinement in the manufacturing process, rather than through the design process.
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Figure 4.10v5.0 view of manufactured trim showing deformity

Design Concept 4 £Version 5.1

Design 5.1 simplifies the design process of 4.2 by producing a simple arced disc of ten
features as opposed to a straight, angled or extruded disc. This wave design requires simple
geometry which is then patterned into a dis;iedv method of design for the stack is used by
copying the disc into a part file and producing the stack. This method allows for the easy
replacement of a disc, by using the replace part feature. This method increases the overall file
size to 89Mb, thus imeasing the construction time and consequently the computer power
required.
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Figure 4.11v5.1 Solid model view

This method of design reduced the strength of the component; the arc angle decreased as the
diameter increased, which is similar to to theigle®f the angle feature in version 4.1. The
design as with versions 4.1 and 4.2 allows for fluid flow within the disc and on top of it.
However some of the gaps between these areas were minimal, restricted to the manufacturing
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constraints, which restriadethe minimum feature thickness of 0.25mm. It is also thought that
the opposing discs would restrict the flow path.
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Figure 4.12/5.1Side View

As such some of the gaps between columns and edges of the flow path which have been
designed for a standard gap of 1.2mm at the minimum points, were now reduced to less than
1mm.As can be seen from Figures 4.11 and 4.12, the design variesdrsions4.1 and 4.2,

by not closing the arc between the columns, meaning that the fluid is free to flow around the
columns and is not restricted to an individual route. This means that one of the original key
features (jet impingement) is not restricted like in pin@vious designs. Fluid is now free to

flow around all columns on the top, underside and throughcéimterof the disc. This
maximisesthe effect of jet impingement as a method of both velocity control and pressure
reduction, but also on the premise that previous testing had shown that this feature reduced
areas of recirculating flow. It is considered that this design may have unsupdaateas at

the tips at the edge of the arcs, where the bottom surface was flat and as such a final design
was proposed.

Design Concept 5tVersion 5.2

The final design concept aims to use features inherent with all four of the previous designs.
The cuned arcs of 4.1, 4.2 and 5.1, the standard design of flow only through the trim like in
design 5.0 and the original concept rather than the flow paths for designs 4.1 and 4.2. Finally
the design aims to remove the restrictions that have been identifiedesitin 5.1, whereby

the arc angle decreased as the diameter increased.

It is identified that this occurred as a result of the changing hydraulic diameter and as such
this design (V5.2) is constructed in translation symmetry. A further design altaratiodes

the addition of a tear drop / aerofoil shape adding to the largest outer diameter column on the
side linking to the outer edge of the trim. This feature is added to increase with support, but
also to assist the performance of the trim by potdptiamoving the sharp angle for entry of

the process fluid to the trim.
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Figure 4.13v5.2 single disc view

Earlier analysis identified that this area; the minimum area within the trim, is subject to the
highest pressure drops and as such the high&®®tRr¢ LW\V $ VWUHDPOLQHG HQW

would reduce the velocity peaks at the entrance and as such improve the trims overall
performance.
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Figure 4.14/5.2 solid model full view

The aerofoil shape at the entrance could potentially improve thalbsearface finish at the

trim, by adding a further feature at this area to improve the strength, thus reducing the
residual stress and restricting deformation of the surfelee.idea of using aerofoils within

the trim specifically at the entrance had meensidered previously, however had never been
successfully implanted when using the EDM manufacturing method, due to the accuracy/size
of the feature. It may have been possible to do this shape on muchdisagehoweverthe

author wasnterested in this feature being applied across the standard range which restricted
minimum features to 1.2mm. However as these restrictions were not the same with SLM, it

was trialled with this concept, where successful application may allow for thieadjupl of
full aerofoil shapes to replace all the standard column design.
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Figure 4.13, shows the individual profile of the disc and Figure 4.14 the assembled stack,
which uses the second method of staged3 @ assembl&ilthough not noticed, during the
extrusion of the final disc to form the end pieces of the standard stack, e diémlvas lost

from the stack, maning that the stack finished with only ten disc paths, compared to the
eleven with version 5.0 and twelve with versions 4.1, 4.2 and tgmalridesign XLO8040.

This design has also been successfully manufactured using the SLM process, the part is the
most successful shape that has been manufactured using SLM. Figure 4.15 shows the
completed part, where the line slightly above centre is evtiex part has been sectioned for
inspection.

4.3.2 Process Optimisation

The next stage of the programme requires the review of various features within the
manufacturing process and the observation of theirtéfleon the successful creation of the
part; whereby the definition of successful creation was dependent on a number of parameters;

Density

Surface finish

Feature Size

Laser Spot Size

Hatch Distance

Point Distance

Laser Power

Exposure time

Finally, overall production time ( also known as build rate)

X X X X X X X X X

Various trials were completed on test block samples, whereby larger variations could be
made wih regards to certain parameténst would have not been possible for commercial
cost reasons, if this aryals had been done on full production samples of #H&rEam trim.
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Each of these featuregasimportant to monitor, analyse individually and also collectively

with the build trials. The density of the part is obviously important to ensure that the columns
and features on the disc are not porous and to ensure that the material meets the required
material properties, like Tensile and Yield strength but also that the hardness of the material
corforms to the material standards

Hardness is one of the main swterations for the resistance to erosion of the material.
Materials are selected for the Stream trim considering required hardness for the specific
application. Parts that are manufactured under the required values, as a result of poor density,
could beprone to premature wear/failure.

4.3.3 Equipment Used
The manufacturing trials and optimisation tests were performed using 3 different machines;

X Realizer SLM 100
o Thisis a 200W Ytterbium fibre laser
It can deposit powder layers between-200 Microns
The optical train allows a spot size (for the laser) of 20 microns
The processing area is 100fim
It uses an Argon inert atmosphere

O O O O

X Renishaw AM250

o This is (up to) a 1000W Ytterbium fibre laser
It can deposit powder layers from-200 Microns
The opticaltrain allows spot size of 100 microns
The processing area is 250fhm
It uses a vacuum processing chamber

O O O O

x M1 Concept Laser 200W

This is a 200W Ytterbium fibre laser

It can deposit powder layers from-200 Microns
The optical train allows spot size of 90amans
The processing area is 300fhm

It uses an Argon inert atmosphere

O O 0O 0o o

4.3.4 Features Explained

Information, detailed in chapter 1, on SLM parameters covered the basic fundamentals of
what these main process parameters were. In order to optimise thespifuese parameters
have been investigated for their effects on the build and are explained as folevsgy is

simply the density of the part/feature post laser melting. The density of the part is important
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to understand the strength of the componert #&s porosity. Density is controlled by a
number of features predominantly point distance and hatch distance, but also by layer
thickness and exposure time.

The feature of surface finish is measured purely as an average surface roughness value.
During the SLM process surface finish is mainly controlled by laser Spot size, but also by the
layer thickness and éhthickness of the powder usdteature sizesi the accuracy of the
process, mre specifically the smallest feature that can be produced usinguthnent
equipment. Typically, the feature size will be at least double the laser spot size, as a single
feature will need a minimum of two spots to melt the powder to form the fehhser spot

size is the size of the laser beam at the application pidirg.is totally defined by the lenses

and other parts of the optical train used in the machine. Laser spot size is a very important
parameter in the manufacturing process. It is a key parameter for the accuracy of
features/parts, the surface finish of freets and also the speed/build rate. Typically a smaller
laser spot size will mean that the part build rate is lower, however when worked in
conjunction with other features, this may not be to a linear rate.

Hatch distance is the distance between linespots/points that the laser will make. As
discussed during the literature review most modern SLM machines will use the spot laser
method of manufacture and the spacing of lines (hatch) is important to build rate and density
of the partPoint distance ishe distance between each laser spot/point in a single line. Point
distance is very important feature to determine build rate and deressigr power, is simply

the power of the laser determining the amount of heat that can be applied to the powder in a
given exposure time. Most systems will work up to a minimum of 200W, but may actually
run with a much reduced laser power. Laser power is one of the most over appreciated
parameters in the system. It is a common misconception that the higher the lagethpowe
faster the build rate. To some extent this is true, although it is more reliant on most of the
other features, specifically layer thickness, exposure time, hatch and point distance.

Exposure time is simply the time a specific area (spot size){desexl to the laser. The
exposure time is a very important parameter for density, as insufficient exposure time could
mean that the part is not fully melted/formed. Exposure time will also impact the build rate.
Overall production time / build rate is coolted by most of the features mentioned above.
Faster build rates will usually have a detrimental effect on surface finish, while slower build
rates may allow for better surface finishes at increased costs. Production time is important to
determine the ovall cost of the component; however it should not be considered the highest
priority of the features. Some previous trials have produced parts in less than 8 hours,
however they suffered from porosity (poor density) and high surface roughness.

In summary, there have been many trials completed by TWI to determine a set of features
that will be ued for manufacturing the partbligher laser power enables the machine to
produce parts much quicker, up to 3mm/s. However density reduces with an intsgzesed
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as there is not enough time for the laser beam netpgte the powder and melt Rowder

size and composition is also important to the build process. Bulk batch powder was bought
for the trials and was between-45 Microns, where over 98% ofdlbatch by weight had a
micron layer thickness less than 45 and 0.5% less than 15. Smaller grain size powder could
be used to produced better parts; whereby better parts could be parts with reduced surface
roughness or higher density parts, however thera substantial cost increase as a result,
which was not thought worthwhile for these tests.

There have been a number of trials (sample pieces) produced prior to the manufacture of the
X-Stream components, to review the effects of various parametersdurcpdensity, which

was considered the most importaetature for a successful buil@he features monitored,

were, the point distance and exposure time, laser power was originally kept cdfigtanet.

4.16 shows a series of test blocks that were tdaNarying the exposure time and point
distance, Figure 4.17 shows the results of whether the build itself was successful.

Figure 4.16Vlanufactured test blocks

As can be seen a number of the blocks failed to form at all, which was as a direct result of
insufficient energy transferred to the powder; as a direct result of poor exposure time, to fully
melt the powder and form the pa#t.green tick indicates that the part successfully built, with

the number indicating how many blocks were built (the tasted for two samples at each

point distance and exposure time), yellow shows a partly successful build and red X meant
that no blocks were successfully completed. Further, the wall thickness of the parts were
measured and compared for certain sampleswisigothat the most successful features
occurred when the point distance was at its lowest value and exposure time was at either 100
or 150 micro seconds.
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Exposure (micro seconds)
A B C D E F
50 100 150 200 250 300
1 30 (%) 0/& 2|& 2| 1| 1|@ 1
2 64 %) 0|@ 2|@ 2(D 1|@ 1|@ 1
: 3 98 D 0 2 2|@ 2|@ 1| 1
Pd (micro meters) 2 5 o N @ @) e e 1
5 166 0 0 2l ] (%) 0| 1
6 200 (%) 0D 0|& 0] (6% 0| o] 1
Wall thickness Exposure (micro seconds)
(mm) A B C D E F
50 100 150 200 250 300
1 30 0.34 0.38
2 64 0.28 0.31
. 3 S8 0.29 0.3 0.26
Pd (micro meters)
4 132 0.26 0.29 0.24 0.27
5 166 0.23 0.24 0.28
6 200 0.29 0.26

Figure 4.17Results of manufactured test blocks

4.4 Parts Produced

In total fourparts have beesuccessfully manufactured for testing from varied designs and
process parameters. One oedbk parts was produced previously, whieas an original
design SLM trim (called original SLM trim test in Table 4.1)

This part also included an inner and outeesteto assist the build process, which was
removed by turning. These features used a slightly reduced laser power of 100W and a
reduced exposure time of 200 Micro seconds. This trim had undergone flow testing using the
process as detailed in Chapter 3; rithgults can be seenTrable 2.1 [31jand again in section

4.2, whereby the part produced an overalf\of 26.6.This part has already been flow and
numerically tested in a previous study by Asim [31], and hence is not considered for either
testing inthe present study. However, the method of manufacture/process parametgrs, whi
was not reported by Asinis being reviewed in the present study because of its importance to
the main aims of this studyhe other 3 parts produced were;

x Version 5.0
x Version 5.2
x Original Design XLO8040 +New process

Table 4.1 shows the complete final process parameters used during the manufacture of the 4
successful samples (complete with an image ol éar reference). Designs 5.0 ab@ used
a different machine with an improved optical train for their manufacture; however most of the
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process parameters were very similar to those used on the Renishaw machine, which was
unavailable for use with these builds.

The original design trinwith new process conditions was manufactured on a completely
different machine with very different process parameters. These parameters were defined by
the manufacturer to reduce the potential for deformation of the part and to ensure, not just a
fully dense part, but a part matchingseést to the required geometfhis manufactured part

shown in Figure 4.18, also used the principle of Osakada and Shiomi, whereby the scan speed
was increased, which resulted in a reduction in laser power during the progaevent
deformation as a result of temperature gradients causing overly high stress levels in the
material.

Figure 4.18XL0O8-040 New process Conditions

As can be seen from the results of build time, the new process parameters used resulted in a
significant increase inproduction time over the other thrgearts produced, 35 hours
compaed to 16 and 14 for the other thrbailds. All three parts showed high values for
density, with the part produced using the M1 laserdiesestpossibly as a resutif the

much smaller layer thickness value. This low value for layer thickness is a principle reason
why the build rate was much slower compared to the other builds as nearly double the
number of layers were requiredhe hatch distance was also much semafbr the new
process parameters, meaning that many more lines of spots/features were being applied, this
would have also meant that the part produced would be denser.

Unfortunately surface roughness parameters have not been measured for a pibeas

the trim shown in figure 4.18 He original design with new conditions) was a one off
production sample which could not be destroyed as required for further testingrhe

quality of parts could not be immediately determined, as the part candaassembled or
undergo internal geometry inspection without destroying the part. However as discussed
previously(see figure 4.1Q)various deformities were evident with version 5.0, whereby the
part was not concentric and had slipped during manufagtufime other two parts i.e. v5.2
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and original design XLO®40-new processproduced a much better ovirstructure as can

be seen in figure 4.1&nd for V5.2 in igure 4.15.Due to the structure of these parts been
sufficient, they could then undergo dinmachining and be flow tested in accordance with
Chapter 3, whereas the part produced to degig® wasnot selected for flow testing-he

valve used was theasie valve design used by Asir81] in previous comparative tests
between SLM and EDM and as such all other internal parts (Seat, Cage and Plug) were the
same. This ensures that the effect of the seat and the body on the overall Cv can be assumed
constant and will provide a liet comparien for the results.

45 Recorded Test Data

The 100mm valve (As per the datasheet shown in Chapter 3) was installed in the flow loop at
the university to undergo capacity testing to determine the valve fleefficeent (Cv),

testing would be performed iaccordance with IEC 605343 and results would be recorded

in aacordance with this standar@he results from the capacity testing using the flow loop
have been collated and included as Appendix 3 of this study. The results at each percentage
opening wee taken at a variety of pump speeds, which was controlled by a variable speed
drive invertor.

Units for the recorded data are as follows;

Q #Volumetric Flow Ratetm®hr

P #inlet PressuretBar(Q)

0 31Differential PressureBar

T1 #Fluid Temperatwe (Measured downstream of the valveEDegrees C

Each flow rate value was recorded over a 20 second time interval as the flow meter value
fluctuated regularly. This enabled an average for flow rate to be calculated. All three results
were recordecutomatically by a data logging devicehe value of T is recorded so that

more accurate values of density can be interpolated for water from steam tables. Typical flow
tests in accordance with the international standard IEC 68530 use this for the
calculation of [ (pressure recovery for the valve), however this has not been calculated for
this test, as flow was not choked within the test setup.
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Table 4.1 Complete details of process parameters used, including image of each model below

Original SLM Trim Test | Original Design - New Proce Version 5.0 Version 5.2
Density 99.80% 99.90% 99.60% 99.80%
Layer Thickness 50 Microns 30 Microns 50 Microns 50 Microns
Feature Size 200 Microns 180 Microns 40 Microns 40 Microns
Laser Spot Size 100 Microns 90 Microns 20 Microns 20 Microns
Hatch Distance 0.013mm 80 Microns 0.01mm 0.01mm
Point Distance 50 Microns 30 Microns 50 Microns 50 Microns
Laser Power 120W 200W & 90W* 80W 120W
Exposure Time 220 Micro Seconds 150 Micro Seconds 200 Micro Seconds 200 Micro Seconds
Overall Production Timg 16 Hours 35 Hours 16 Hours 14 Hours
Machine Used Renishaw ALM 250 M1 Concept Laser 200W Realizer SLM 100 Realizer SLM 100
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4.5.1 Flow Loop SetUp

The flow loop was set up in accordance with details laid out in Chapter 3.1. The valve was
operated by a 100iAsliaphragm actuator which was fed with a 4bar(g) air supply. The actuator
was fitted with an air filter regulator to regulasér pressure to the valve positioner. The
positioner, a Siemens PS2, controls the actuator via2@n¥A signal, usually from a plant
controlling system. For the purposes of this test program-28@&m signal was providedia a

small handheld device, (figei4.19). This device connects directly to the positioner and can send
mA signals with 0.01mA accuracis the actuator was setup in the air failed closed position (Its
inherent safety function) an increasing signal tends to open the valve. In thissoagpéeasignal

of 8mA moves the valve to 25% open, 12mA to 50% open and the full signal of 20mA fully
opens the valve.

Figure 4.1%4-20mA controlling device

4.6 Analysis of Recorded Test Data

The results obtained can now be collated, converted to standard units (defined by the
international standards) and tabulated to calculate the values of Cv (For the vag)a@V

Kmim, using the egations 3.1- 3.6 in Chapter 3Factors § and kR are both set at one for the
purpose of Cv calculation. This is because the valve has not been installed with attached fittings.
The pipe is a 100mm PN16 pipe and the valve bore matchesgliie Eorrection for Reynolds
number is as stated during chape not applicable as flow rates and fluid viscosity are not low
enough for the flow to be laminar through the valve.

The units of measure have been changed, for the purpose of this table, into standard Sl units. The
column N is the conversion unit praded in IEC 60534-1 for the use of metric units when
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determining Cv.$V GLVF XV VH@s &t laf dénsity of the fluid against tharslard

for water at 60°F (15°®). Table 4.2 contains the results for the original desigB8td¢am,
manufactued using the optimised process parameters and table 4.3 shows the results for the new
design XLO8040 Version5.2% RG\ DQG VHDW &YfV IRU ERWK YDOYHV DU
the areas as shown in table 3.1. The K factor used for the body was 2dr(iDetl previously

via empirical testing) and the seat K factor is B8th body and Seat K factors are unaffected by
changes in valve opening position so will remain constant throughout the test.

Table 4.2 Full Cv and Kor XLO8-040 Original design witmew process parameters

Valve | Variable

2E:irt]ilgr? gprgl; (mghr) (sz;) CVroa  CVeosy  CVsear  CVrim | Krrim
(%) (%)

75 38.4 287 26.2 301.6 65 28.7 45.5
100 38 19.3 73 26.0 301.6 65 28.5 45.3
10 6.0 7 26.0 301.6 65 28.5 45.3
75 30.2 288 20.6 301.6 65 21.8 46.0
75 38 14.9 73 20.2 301.6 65 21.3 45.0
10 4.7 7 20.6 301.6 65 21.8 46.2
75 20.7 291 14.0 301.6 65 14.4 45.6
50 38 10.5 75 14.0 301.6 65 14.4 45.6
10 3.2 7 14.1 301.6 65 14.5 46.0
75 12.0 296 8.1 301.6 65 8.1 51.6
25 38 6.0 73 8.1 301.6 65 8.1 51.7
10 1.8 7 7.9 301.6 65 8.0 50.8

Table 4.3 Full Cv and K Calculations for V5.2 new design

Valve | Variable
Opening| Drive Q "3
Position | Speed | (m¥hr) (kPa) | CVTo CVeody CVsear  CVmim | Krvim
(%) (%)
75 34.5 287 | 235 301.6 65 25.3 48.3
100 38 17.4 73 23.5 3016 65 25.3 48.2
10 5.2 6.7 23.4 3016 65 25.1 47.9
25 75 25.8 278 | 17.8 301.6 65 18.6 47.2
38 13.2 72 18 301.6 65 18.7 47.6
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10 4 6.7 179 3016 65 18.7 47.5
75 17.9 286 | 12.2 301.6 65 12.5 47.5
50 38 8.8 70 121 3016 65 12.4 47.1
10 2.7 6.4 121 3016 65 12.4 47.1
75 10.2 293 6.9 3016 65 6.9 52.6
25 38 4.7 67 6.7 301.6 65 6.7 51.1
10 1.2 4.5 6.6 301.6 65 6.6 50.5

Analysing the results presented in Table 4.2, Figure 4.20 depicts the variationginatv
various valve opening positions for the three flow conditions on which the tests were performed.
It can be seen that as the valve opening position incre@segg, increases. The increase in
Cvrim With regards to the valve opening position is almost fully linear. Furthermore, it can also
be seen in the Figure that for various flow conditions;i&\s nearly constant at a specific valve
opening position. Hece, Cwim IS a function of valve opening position, but is independent of
flow conditions.

35 -
=0—75% Pump Speed
30 - == 38% Pump Speed
10% Pump Speed /"

- /
£ 201
S
|_
O 15 .

10 - /

5 |

0 T T T T

0 20 40 60 80 100
Valve Opening Position %

Figure 4.20Cvrim against valve opening position for Original Design X8 with new
process parameters

The interesting part of the results is the K factor values that have been calculated from the
effective area of the disc stack. As shown in Table 4.2, the values for K have remained very
similar to the original design that included the shroud on the olideneter (as discussed in
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section 4.2). The original design, manufactured using the original method, resulted #fna Cv
value of 26.6, and when considering that this part was made up of 44 flow paths (11 discs, 4
paths per disc), it is clear that this is less than the 48 paths used for this part 912 discs, 4 paths
per disc). As such the almost linear increase in valu€wy,, would suggest that the value of

Cvrim Would increase by a factor of 48/44 (approximately 1.09). This would result in a predicted
Cvrim value of 29.02, for a matching sized triiherefore, the improvement for a set of
optimised process parametdras had a negligible effect on the performance characteristics of
the trim, where purely Gy, and Trim K Factor have been concerned.

Values for K are not constant and actually show a minimum value at 100% of valve travel. This
however can be attributdd the annular clearance between the plug and the trim. As the valve
moves more open the K factor is reducing, this is because the effect of annular flow (Flow up the
annular clearance between the plug and stack) is reduced when the plug is providing leas
resistance to fluid flow. No effect of annular area and thus annular Cv have been considered to
modify values for K as due to the nature of the trim quality, exact values may not be achievable
and as such only estimates for annular area could be prediageire 4.21, again shows the
variations in Cy;n, at various valve openings, this time for version 5.2 trim (results displayed in
table 4.3). Similar to the results for the optimised process on the original trim, the trend is
showing an almost fully liear increase of Gyn, with respect to VOP and that again this effect is
constant indpendent of process conditions.

Analysis of the K Factor values for this trim, have shown a slight increase compared to the
original design (with original process parasrs) an increase of 5% and 6.15% compared to
with optimised process parameters. However as mentioned in section 4.3, this design is actually
not of the full stack height due to an error with the way that end plates of the stack were
extruded. As such theis a reduction in flow paths to 40 for this trim design; which had been
taken into account fohe formulation of values for K.
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Figure 4.21Cvin, against valve opening position for V5.2

This reduction in overalflow area now explains the reduction\mlues of Cy;n which are

13.4% lower than that for the other trim tested (results of table 4.3) and 5.14% lower than the
original design using the original process parameters. The reduction in area means that Version
5.2 has 40 flow paths compared tofdBthe other trim tested and 44 for the original tested trim.

A reduction of 20% and 10% flow areasrespectivelyhas been observeds the trend is
showing an almost fully linear increase in Gy against VOP, for the basis of analysis,
comparable mults have been estimated assuming a full 48 flow path trim, by applying an
increase in value for flow rate at 75% pump speed, all other factors (pressure drop, temperature
etc) have been assumed to be the same as originally recorded; results are shblerdid

Table 4.4Amended Flow Rate values for Version 5.2

Valve | Variable
Opening | Drive Q "3
i K i
POSition Speed (mglhr) (kPa) CVTotaI cVBody CVSeat CVTrm Trim
(%) (%)
100 75 41.40 287.00f 28.30 301.60 65.00 31.50 ] 50.10

Assuming a linear increase in flow rate (to 413#4m), for a stack comprised of 48 paths, now
results in an overall valve Cv of 28.3, corresponding to giCvalue of 31.5 and a revised K
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value of 50.1. Thus for eomparable number of flow paths (or comparable effective area of the
trim) the new design trim, using existing process parameters, results in an increase in like for like
Cvrim Value of 18.42% against the original test values and an increase of 9.7% edrapthe

same design when optimising the process of manufacture alone.

4.7 Summary

Selective Layer Milting (SLM) has been used in this chapter to prodweedifferent X-Stream

trim models. Although the surface roughness of the models seems to have increased significantly
by using this manufacturing method, the cost of the manufacturing has resiurstentially

These trim models have been flow tested andréisalts presented in this chapter. Flow tests
clearly show the variations in the global performance parameters (such as Cv) between the trim
models considered for testing, however a local flow field analysis is not possible using
experimental methods. Hes, illustrative Computational Fluid Dynamics (CFD) based
investigations on the flow structures within these trim models has been carried out in the next
chapter. Furthermore, the effect of the manufacturing method on the performance characteristics
of thetrims, in terms of average roughness height and surface uniformity, has been discussed in
detail in the next chapter.
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CHAPTER #5
NUMERICAL ANALYSIS OF THE
M ANUFACTURED TRIMS

This chapter looks at the second research aim of completimgrical testing

of new designsising different manufacturing methodghe testing focuses on
the changes to the performance characteristics for trims with -hydro
dynamically smooth surfaces against trims with applied uniform surface
roughness and also mauniform roughness. Contours of static pressure and
velocity are reviewed to ascertain the effects of geometric featurethe
performance of the trims
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5.1 Introduction

As mentioned irchapter 4five designshave been created and the reasptiar various features

has been discussed. It was intended that all five designs were to undergo both experimental and
numerical testing, however as discussed in chapter 4, it has only been possible to manufacture
three trims in total and have successftéisted two of them.

Different manufacturing processes generate different surface patterns on the trim models. Hence,
the surface roughness height and surface uniformity needs to be considered in the present study
for accurate prediction of the performancharacteristics of the trims. Asifh3] reported that
EDM manufacturing process generally prints an average surface roughness height of around

P RQ WKH WULP VXUIDFHVY ZKHUHDV 6/0 PDQXIDFWXULQJ
URXJKQHVYVY KHLJKW RI DURXQG P + @ bsihg Whffiérent WU LP |
manufacturing methods leave different roughness characteristics on the trim surfaces. In order to
compare the performance characteristics of the trim models manufactured using both the
aforementioned manufacturing methods, average sHfatl RXJKQHVYV KHLJKWV RI

P KDYH EHHQ JHQHUDWHG RQ WKH WULP PRGHOV 7KHVH \

tested, and the results compared against each other in order to quantify the effectiveness of each
manufacturing method. Similar pmach has been used to quantify the effects of surface
uniformity, where a value of 0.5 ensures a uniformly textured surface, and a value of 1 ensures
an irregularly textured surfadeave been analysed for the effect on liquid flow within the,trim
when \arious surface roughness parameters are applied to the trims.

The five trims that have been analysed are;

XLO8-040 SLM V4.1
XLO8-040 SLM V4.2
XLO8-040 SLM V5.0
XLO8-040 SLM V5.1
XLO8-040 SLM V5.2

X X X X X

The chapter has been split into five main sections to suitably structure the analysis on each trim
design for each variable. Starting with an analysis on all five trim designs using hydraulically
smooth walls, analysing the effect on capacity for the gag@ometry, before moving onto vary
surface roughness (Epsilon) and then vary the uniformity of the roughfeds.section will

begin by reviewing the alocity and static pressure contours, showing variation on these
parameters for each varied featurer@fighness and uniformitythis qualitative analysis will
analyse the effect of geometry changes on the potential areas (within the trim) that could suffer
from high resistance, cavitation and erosion.
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Mass flow rate and thus @y, have been predicted ugirCFD for each of these scenarios at
threedifferent presste conditions of 25, 50 and 1B@rs of differential pressuré is vital to test

the X-Streams at higher pressuré®cause in real world applications, these trims are used in
severe service apphtions/conditions, and hence their rigorous high pressure testing is
extremely important to establish whether their capacity remains the same at higher pressure or
not and whether it remains the same when the surface roughness parameters a®ectoied.

5.2 will show these contours for all fiveim designs.The design showing the most optimal
results will then be analysed further for the variance of surface roughness and uniformity.

5.2 Validation of Numerical Results

One of the most important g while conducting numerical studies is the benchmarking of the
results. This means that some of the results obtained from the numerical simulations are
compared against experimental findings to confidently authorise that the numerical model
represents #hphysical model of the real world. Hence, all the geometric, flow and selated
parameters/variables become important in benchmarking studies.

For the present study, the numerical model has been validated against the experimental findings
for the peformance characteristics (Cv and k) of the trim version 5.2. This version of the trim
has been chosen for validation purposes because it is the only trim model that has been tested
both experimentally and numerically. Table 5.1 presents the operatingi@osnénd the results

for the validation purpose#t can be seen that the CFD results are in close agreement with the
experimental results, with an average variation of less 18 It can thuse concluded that

the numerical model considered in theegent study does represent the physical model of a
severe service control valve with arStream trim installed within it.

Table 5.1Validation of the numerical results

Units Value
Valve Opening Position (%) 100
03 DFURVV WKH YD (bar) 2.87
Q (Exp.) (mhr) 34,5
Q (CFD) (m°/hr) 37.3
Diff. in Q w.r.t. Exp. (%) 8.12
Cutrim (EXp.) (-) 25.3
Cy1rim (CFD) ) 27.2
Diff. in Cyprim W.r.t. EXp. (%) 7.51
Krrim (EXp.) () 48.3
K1rim (CFD) (-) 51.8
Diff. in Kyrim W.r.t. EXp. (%) 7.25
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5.3 Analysis ofVelocity and Pressure Contours for Smooth Walls

The five designs that have been created, have sufficiently different geometry from the original
design XLO8040, that thempactof these design changes must be reviewed for eachTthen.
performancecharacteristics of the trinspecifically the qualitative values of velocity and static
pressuremust be analysetb understand how these design changes will affect the basic, but
required, function of the XStream.Each design of trim will be anagd toidentify potential

areas for high mstancethat could affect the values of &w and Kgim but also be areas with

high potential for erosion and cavitation. The aim of analysis in this format is to identify key
geometrical features that could be caudimgse reductions, to better understand the effects of
geometry on Cv.

5.31 Version4.1

In order to analyse the flow structure at a micro level within trim 4.1, pressure and velocity
variations have been shown kigures 5.1 and 5.2. The variations ihet flow variables have

been represented in the form of static pressure and velocity magnitude contours, where the units
of static pressure are psi and that of velocity magnitude are m/sec.

Figure 5.1 depicts the variations in the static pressure of watea differential pressure of

100bar and at a valve opening position of 100%. Both, full and zoomed in views of the trim have
been shown irdigure 5.1 As all the trims used for incompressible flow analysis are flow over
trims, the flow inFigure5.1(a) ad 5.1(b) is inwards. It can be seenFigure5.1 that the inlet

section has high pressure compared to the outlet section. It can be furtheriKgeneb.1 that

pressure drops within the trim, and from one stage to another. As water passes between two
cylinders, due to an area reduction the pressure drops. As water exits a row and enters another
one, due to increase in area available for the flow, pressure increases again, this is called pressure
recovery and is categorised by the control valve indastiy.
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Figure 5.1 Variations in Static Press(irgydrodynamically Smooth Walls

Typically the recovery of pressure between stages of pressure reduction is of great importance to
the control valve manufacturer, however it is evident ffigure 5.1 that there are areas of very

low static pressure on the second row of columns, such that the pressure drops to a minimum of
just 74psi, which represents a local pressure reduction from the inlet of the trim of about 5000psi,
followed by a pressure recovery the entrance to the third row of columns of 4400psi. This
value of pressure recovery is extremely high. Although not visible on this angle view, the areas
of these low static pressures are located in the area between the discs, shown again by the red
circles inFigure5.2

Figure 5.2 Areas of RE€irculation

It is at these points that the area is at its lowest with a minimum gap feature of just 0QBbmm.
further interest to this analysis of static pressure contours is the appardirieaoity of the
pressure drop across the trim. Each of the flow paths around the columns are geometrically
identical, however the minimum static pressure is not unifamosa the second row of columns
shown on the right hand view bfure 5.1 Figure5.3 depicts the variations in the flow velocity
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within Version 4.1 trim stack at 100% valve opening position. It can be sdegure5.2 that

flow velocity is significanty higher in the discharge section of the trim as compared to the inlet
section. Furthermore, iRigure5.2, it can be seen that the flow velocity increases between the
cylinders of a row, where the area available for the flow to take place is reducesl foveniag

jet effects. As water exits a row and enters another one, due to area increase, velocity reduces to
satisfy continuity.

Figure 5.3Variations in Velocity(Hydrodynamically Smooth Waljs

Likewise withfigure 5.1, there are areas of peak vetpeit the area between the columns on row

2 and also on the fourth row of columns. To satisfy continuity the velocity has increased with the
reduction in pressure at this point, with peak values approaching 249m/s. This increase in
velocity at these pointwill significantly increase the potential for erosion within these areas, as
well as a significant potential for the onset of cavitation, whereby the static pressure of the fluid
could drop below the vapour pressure of the fluid in some instanéesesingly there are little

areas of recirculating flow shown behind the columns, which appeared more evident in the early
research by MortarHowever this could be as a result of further development on column spacing
to reduce this potentiaFigure 5.3 doesshow areas of lower velocity around the back of the
columns on the second and fourth rows which would indicate a lower static pressure, although
that feature is not easily visible figure 5.1.

The nonuniformity of static pressure shown Figure 5.1 des not seem as evident on the
velocity contours shown ifigure 5.3. There is the peak in velocity at the same point on the
second row of columns but appears to show a more uniform profile than that of static pressure.
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5.32 Version 4.2

In order toanalyse the flow structure at a micro level within trim 4.2, pressure and velocity
variations have been shown figures 5.4 and 5.5. The variations in the flow variables have
been represented in the form of static pressure and velocity magnitude combmresthe units

of static pressure are psi and that of velocity magnitude are m/sec.

Figure 5.4 depicts the variations in the static pressure of water for a differential pressure of
100bar and at a valve opening position of 100%. Both, full and zoomeelws of the trim have

been shown ifigure 5.4 As all the trims used for incompressible flow analysis are flow over
trims, the flow inFigure5.4(a) and 5.4(b) is inwards. It can be seekigure5.4 that the inlet
section has high pressure compareth&outlet section. It can be further seeifrigure5.4 that
pressure drops within the trim, and from one stage to another. As with V4.1, water passes
between two cylinders, due to anareduction the pressure drops.

Figure 5.4Variations in Static RssurgHydrodynamically Smooth Walls

Similarly with V4.1, there are areas of relatively low static pressure between the columns on the
second and fourth rows of columns. The second row minimum static pressure is just 592psi;
although this is a signifant improvement on the like for like section of V4.1 this still means that
the pressure recovery at this point is almost 2500psi following the reduction between the
columns and prior to the next stage of pressure reduction turning around the third nith As
V4.1 this low pressure region occurs as fluid flows through the disc. The subsequent pressure
recovery following the pressure recovery on the fourth row of columns is to a similar level,
which is indicative of the similar small area region at thisnpoAlthough as the area is
increasing to reduce the velocity of the fluid the pressure drop in this region is lower and as such
so is the pressure recovery. Tlas it would with V4.1 will increase the potential for cavitation
somewhat at this area, wehiis not shown on this model as the outlet pressure from the trim is
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considerably higher than vapour pressure from the fluid, which would be approximately 0.4psi
for the temperatures used.

Although these process conditions would not result in cavitation of the valve it is evident that the
pressure recovery could lead to potential for cavitation to occur in these regions when dealing
with applications where the outlet pressure is much cltsehe vapour pressure, which are
typically applications requiring the use of Severe service trim designs H&eeéam.As with

V4.1, there isrontuniformity to the static pressure across the second row of columns, resulting in
the large pressure recoveayeas slightly off the centre of the dideigure 5.5 depicts the
variations in the flow velocity within Version 4.2 trim stack at 100% valve opening position. It
can be seen iRigure5.5 that flow velocity is significantly higher in the discharge sectibthe

trim as compared to the inlet section. Furthermoreigure 5.5, it can be seen that the flow
velocity increases between the cylinders of a row, where the area available for the flow to take
place is redced, hence forming jet effects

Figure 5.5Velocity Variations(Hydrodynamically Smooth Walls

Likewise withfigure 5.3, there are areas of peak velocity at the area between the columns on row
2 and also on the fourth row of columns. To satisfy continuity the velocity has increasddewith
reduction in pressure at this point, with peak values approaching 170m/s. This increase in
velocity at these points will significantly increase the potential for erosion within these areas, as
well as a significant potential for the onset of cavitatihereby the static pressure of the fluid
could drop below the vapour pressure of the fluid in some instafisesith V4.1 there are few
areas of recirculating flow behind the columns for V4RAgure 5.5 does show areas of lower
velocity around the sa&l of the columns on the second and fourth rows which would indicate a
lower static pressure, although that teatis not easily visible in figure.5

It would appear that there is significantly lower maximum velocity for V4.2 when compared to
V4.1 indicding an improvement with the removal of the ridge section from V4.1. However there
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does appear to be an area on the fourth row where the velocity is at a minimum between the
columns in the middle section of the trim (Shown slightly bete the right hash view of figure

5.5). Velocity does not appear to be uniform across thisoseof the stack, which dosgem to

fit with the nonruniformity of the contours of static pressure and the apparent non uniformity of
V4.1. Generally the trim seems to perforetter for velocity and pressure control over V4.1, but

is not providing sufficient control compared to the original desfgrain the features possible

with SLM, applied to V4.2 design as discussed in chapter 4, have only reduced the performance
charactestics of the standard-®tream trim.

5.33 Version 5.0

In order to analyse the flow structure at a micro level within trim 5.1, pressure and velocity
variations have been shown kigures 56 and 57. The variations in the flow variables have
been repremted in the form of static pressure and velocity magnitude contours, where the units
of static pressure are psi and that of velocity magnitude are m/sec.

Figure 5.6 depicts the variations in the static pressure of water for a differential pressure of
10Mbar and at a valve opening position of 100%. Both, full and zoomed in views of the trim have
been shown irigure 5.6 As all the trims used for incompressible flow analysis are flow over
trims, the flow inFigure5.6(a) and 5.6b) is inwards. It can be seefRigure5.6 that the inlet

section has high pressure compared to the outlet section. It can be furtherfSgene.6 that

pressure drops within the trim, and from one stage to another. As with V4.1, peaters
between two cylinders, due to an area reduction the pressure drops. As water exits a row and
enters another one, due to increase in area available for the flow, pressure increases again, this is
called pressure recovery and is categorised by thieatwvalve industry asF

Figure 5.6 &/ariations in Static Pressufelydrodynamically Smooth Walls
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Similarly with V4.1 andV4.2, there are areas of relatively low static pressure between the
columns on the second and fourth rows of columns. Thendemw minimum static pressure is
approximately the same as the outlet pressure of the trim, although this is a significant
improvement on the like for like section of V4.1 and V4.2 this still means that the pressure
recovery at this point is almost 10@0following the reduction between the columns and prior to
the next stage of pressure reduction turning around the third row.

Unlike with V4.1 andv4.2, this trim design does not have the flow flowing through the disc, but
rather reverts to flowing acss the top of the disc, much in the same manner as the original
design. As such this minimum static pressure area has occurred in the same area as previous
CFD analysis has shown for the original design trim, however with much higher values for
pressure reovery than would be expected with this design. ;Tassit would with V4.1 will

increase the potential for cavitation somewhat at this area, which is not shown on this model as
the outlet pressure from the trim is considerably higher than vapour préssureéhe fluid,

which would be approximately 0.4psi for the temperatures usedvith V4.2, these process
conditions would not result in cavitation of the valve, it is evident that the pressure recovery
could lead to potential for cavitation to occurtirtese regions when dealing with applications
where the outlet pressure is much closer to the vapour pressure, which are typically applications
requiring the use of Severe service trim designs lK&tpéam.

The static pressure looks much more uniform thad been the case with the previous two
GHVLJIQV ZLWK QR .®lowdpeds BflstacHhizdsMé dccurring a s single point with
the trim. Distribution of pressure drop looks linear across each row of columns, which is
expected for sections afentical area and geometiiigure5.7 depicts the variations in the flow
velocity within Version 5.0 trim stack at 100% valve opening position. It can be séeguire

5.5 that flow velocity is significantly higher in the discharge section of the sicompared to

the inlet section. Furthermore, Figure 5.4, it can be seen that the flow velocity increases
between the cylinders of a row, where the area available for the flow to take place is reduced,
and hence forming jet effects. As water exits a aod enters another one, due to area increase,
velocity reduces to satisfy continuity.
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Figure 5.7Velocity Variations for Hydrodynamically Smooth Walls

Likewise withfigure 5.3, there are areas of peak velocity at the area between the columns on row
2 and also on the fourth row of columns. To satisfy continuity the velocity has increased with the
reduction in pressure at this point, with peak values approaching 140m/singit@ase in
velocity at these points will significantly increase the potential for erosion within these areas, as
well as a significant potential for the onset of cavitation, whereby the static pressure of the fluid
could drop below the vapour pressureta fluid in some instances.

It would appear that there is significantly lower maximum velocity for V5.0 when compared to

9 DQG 9 LQGLFDWLQJ DQ LPSURYHPHQW IRU WKH FKDQJH
WRS RI WKH VXUIDF HeRtheW Hdds @pp&aF to be Rr&as on the fourth row where

the velocity peaks significantly. This could be caused by an issue in the angle of the disc (the
bottom of the flow path) in this area, which increases from the outlet of the disc inwards due to

the naturally reduced area, to allow for the expansion of the fluid. This area is causing a sharper
point in the areas between the columns which has increased the flow rate locally. Velocity does
appear to be almost uniform across this section of the staciglh which does satisfy this

theory, as the static pressure is also uniform at these points also.

Version 5.0 performs significantly better at control of velocity and static pressure than with the
previous two designs; however the peak velocities offioilngh row could be an area of concern
because this will increase the local erosion potential at an area where the column diameters are
reduced and there is less metal for resistance to erdsierdesign is also not the optimal from a
manufacturing poinbf view. The trim was unsuccessfuliyanufacturedthe straight edges and
reasonably shallow angles do not provide the best attributes for manufacturing using SLM and
do not appear to have provided improvements to the performance of the star®taedrrim.
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5.34 Version 5.1

In order to analyse the flow structure at a micro level within trim 5.1, pressure and velocity
variations have been shown kiigures 5.8 and 5.10. The variations in the flow variables have
been represented in the form of st@iessure and velocity magnitude contours, where the units
of static pressure are psi and that of velocity magnitude are m/sec.

Figure 5.8 depicts the variations in the static gtee of water for a differential pressure of
100bar and at a valve opening position of 100%. Both, full and zoomed in views of the trim have
been shown irigure 5.8. As all the trims used for incompressible flow analysis are flow over
trims, the flow inFigure5.8(a) and 5.8b) is inwards.

It can be seen iRigure5.8 that the inlet section has high pressure compared to the outlet section.
It can be further seen iRigure 5.8 that pressure drops within the trim, and from one stage to
another. As with V4.1yater passes between two cylinders, due to an area reduction the pressure
drops. As water exits a row and enters another one, due to increase in area available for the flow,
pressure increases again, this is called pressure recovery and is categattieeddoyrol valve
industry as E

Similarly with the previous 3 designs, there are areas of relatively low static pressure between
the columns on the second, but with V5.1 this is not the case on the fourth row of columns. The
second row minimum statiagssure is approximately the same as the outlet pressure of the trim,
although this is a significant improvement on the like for like section of V4.1 and V4.2 this still
means that the pressure recovery at this point is almost 1000psi following thearethettveen

the columns and prior to the next stage of pressure reduction turning around the third row.
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Version 5.1 does have an area in line with the centre of each column where the area is at a
minimum, this appears to have an impact on the staticypeess this region, where the discs

join as circled irFigure5.9. This as it would with V4.1will increase the potential for cavitation
somewhat at this area, which is not shown on this model as the outlet pressure from the trim is
considerably highemtn vapour pressure from the fluid, which would be approximately 0.4psi

for the temperatures used.

l >

Figure 5.90Iose up of Section for V5.1

As with the other designs, these process conditions would not result in cavitation of the valve, it

is evident that the pressure recovery could lead to potential for cavitation to occur in these
regions when dealing with applications where the outlet press much closer to the vapour

pressure, which are typically dmations requiring the use oésgere service trim designs like X
Stream.The static pressure again shows uniformity to a much more obvious extent than with

V4.1 and V4.2 looks much more @mim than had been the case with the previous two designs,
ZLWK QR DUHDV RI 3SHDNV" L H ORZ DUHDV RI VWDWLF SUHYV
Distribution of pressure drop looks linear across each row of columns, which is expected for
secions of identical area and geometry.

Figure 5.10 depicts the variations in the flow velocity within Version 5.0 trim stack at 100%
valve opening position. It can be seerfigure5.10 that flow velocity is significantly higher in

the discharge section of the trim as compared to the inlet section. Furtherntogeir@b.10, it

can be seen that the flow velocity increases between the cylinders of a row, where the area
available for theflow to take place is reduced, and hence forming jet effects. As water exits a
row and enters another one, due to area increase, velocity reduces to satisfy cdnltewiye

with figure 5.3, there are areas of peak velocity at the area between timensobn row 2 and

also on the fourth row of columns. To satisfy continuity the velocity has increased with the
reduction in pressure at this point, with peak values approaching 130m/s. This increase in
velocity at these points will significantly increase tpotential for erosion within these areas, as
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well as a significant potential for the onset of cavitation, whereby the static pressure of the fluid
could drop below the vapour pressure of the fluid in some instances.

Figure 5.10Velocity Variations fo Hydrodynamically Smooth Walls

It would appear that there is significantly lower maximum velocity for V5.1 when compared to
V4.1, V4.2 and V5.0. However there does appear to be areas on the second and fourth rows
where the velocity peaks significantlygain as shown ifrigure5.9, this could be caused as a
result of the geometry effect of reducing the area at the circled se¢gosion 5.1 performs
significantly better at control of velocity and static pressure than with the previous 3 designs;
howeverthis design is still being out performed in terms of control of velocity by the original
design although it may be possible that reduction in resistance may display an inor€ase,

and Kgim, When compared to the original design X1-080. The desig features discussed in
chapter 4 for this trim, with a opposing disc shape construction do benefit the SLM process, but
have left minimum gaps between the opposing discs as shown in figure 5.9, removal of these
features, may have less effect on the abiiit manufacture using SLM but may improve the
performance characteristics further.

5.35 Version 5.2

The last design, V5.2, has undergone the same micro analysis of the flow structure, where
pressure and velocity contours are showfrigures 5.11 ancb.12. The variations in the flow
variables have been represented in the form of static pressure and velocity magnitude contours,
where the units of static pressure are psi and that of velocity magnitude are m/sec.

Figure5.11 depicts the variations indlstatic pressure of water when using the same boundary
conditions as used for V5.1 and at a valve opening position of 100%. Both, full and zoomed in
views of the trim have been shownfigure 5.11. As all the trims used for incompressible flow
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analysis g flow over trims, the flow ifFigure5.11(a) and 5.11b) is inwards. It can be seen in
Figure5.11 that the inlet section has high pressure compared to the outlet section. It can be
further seen iFigure5.11 that pressure drops within the trim, and fmme stage to another. As

with V4.1, water passes between two cylinders, due to an area reduction the pressure drops.

Figure 5.11Variations in Static Pressurélydrodynamically Smooth Walls

Similarly with the previous 4 designs, there are arealatfively low static pressure between

the columns on the second row, but with V5.2 all the rows are showing a reduction in static
pressure between each row of columns, in the same manner as the results for a flow profile
through the original disc designh@ second row minimum static pressure is approximately the
same as it is at the outlet of the trim, although with V5.2 the minimum static pressure at this
stage is around 2500psi, meaning that the pressure recovery to the next row is much lower
(Approximaely 150psi) following the reduction between the columns and prior to the next stage
of pressure reduction turning around the third row.

This distribution of pressure is not just uniform in each row, but also across each feature of each
row, such that edicrow of columns has displayed an area of relatively low static pressure at the
centre of each column, rather than having each row with differing effects on static pressure. This
means that the trim is performing now in much the same manner as the ofigitram was
designed forUnlike the other designs, the minimum static pressure is controlled to a much better
extent, meaning that the potential for cavitation to occur has reduced significantly when
compared to the previous 4 designs. There are np $batures with V5.2 or points on the trim
where the area is reducing between walls other than in the controlling regions between the
columns, meaning that the columns are causing the restriction to flow rate rather than the top or
bottom surfaces of eaclisc.
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Figure 5.12 depicts the variations in the flow velocity within Version 5.2 trim stack at 100%
valve opening position. It can be seerfFigure5.12 that flow velocity is significantly higher in

the discharge section of the trim as compared to tbesection. Furthermore, iRigure5.12, it

can be seen that the flow velocity increases between the cylinders of a row, where the area
available for the flow to take place is reduced, hence forming jet effects. As water exits a row
and enters another gn#ue to area increase, velocity reduces to satisfy contihukiiwvise with

figure 5.3, there are areas of peak velocity at the area between the columns on row 2 and also on
the fourth row of columns; however as with the contours of static pressurealgd.g8hows the
velocity peaking at the gap between columns on each row of columns rather thawdheses.

The peak velocity within the trim, has adtyaoccurred on the fifth row(outlet row) in the
corners bordering the edges of each flow path, with this velocity peak being approximately
94m/s. Peaks between other rows are slightly lower and occur at the areas of minimum static
pressure between the columns, arouneB@®/s. As with the other designs the increase in
velocity at these points can increase the potential for erosion, however the significant reduction
over the previousour designs, means that this potential has also significantly reduced, knowing
that the kinetic energgf the fluid reduced with a square relationship of velocity.

Version 5.2 performs significantly better at control of velocity and static pressure than with the
previousfour designs and has met the same performance criteria of the standtrdarn

design. The removal of small area sections (sharp sections or joining areas) has had a significant
effect on the performance characteristics of the,tpnoviding the most optimatontrol of

velocity and pressure, whilst also meeting the structural/design nexwunte for manufacture

using SLM as discussed during chapter 4.
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5.4 Performance Characteristics of xStream trims with Hydrodynamically
Smooth Walls

Now that a qualitative analysis of pressure and velocity has been completed for each of the five
designsCFD has been used to predict the mass flow rate through each individual trim design at
three defined differential pressures. Solver settings maihsairaulically smooth walls to show
principally the effect of the designed geometry for each trim oG CVrota aNd Kryim.

As can be seen there is a significant increase in the predicted mass flow rates when the
differential pressure increases, budttkhere is also an increasing trend from the earliest designs

to the latest design of V5.2. Mass flow rate remains relatively constant from the geometrically
changes between versions 4.1 and 4.2, this however is expected as the change in geometry
betweenthese two designs was minimal, especially when compared with geometrically changes
with V5.0,5.1and5.2.

Table 5.2Mass Flow RatetHydrodynamically Smooth Walls

"3 EDU Model m (Kg/sec)
4.1 18.56
4.2 18.45
25 5.0 30.91
51 44.45
5.2 45.99
4.1 26.63
4.2 26.39
50 5.0 44.00
5.1 63.53
5.2 65.58
4.1 37.84
4.2 37.65
100 5.0 62.43
5.1 90.13
5.2 92.87

Figure5.13 graphically presents the increase in mass flow rate for the five different designs with
an individual trend line for each differential pressure tested, whereby;

Xx 1=V4.1l
X 2=V4.2
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X 3=V5.0
X 4=V5.1
X 5=V5.2

Now that the values for the mass flow rate hlagen predicted, the other parameters can be used
to formulate a value for the @, Cvroas and Krim Which has been shown for each trim design
in Table 5.2+Using the equations 3:-13.6 in Chapter 3.

100 -
90
80 -
70 A
60 -
50
40 -
30 - ——25bar

20 - —50bar
10 - 100bar

0

Mass Flow Rate (kg/sec)

1 2 3 4 5
Trim Number

Figure 5.13Vlass Flow Rate through each trdasign when considering Hydrodynamically
Smooth Walls

Table 53 Cv CalculationstHydrodynamically Smooth Walls

"3 m "3 | CVwithout _ _
(bar) Model (Kg/sec)| (kPa) annular) Cvrotal | CVriim | Krrim

4.1 18.56 2499 15.45 | 15.02 | 15.46 | 24.54
4.2 18.45 2499 15.36 | 14.93 | 15.36 | 24.38
25 5 30.91 2499 25.73 25.3 27.58 | 47.75
5.1 44.45 2499 37 36.57 | 44.71 | 85.16
5.2 45.99 2499 38.29 | 37.86 | 47.12 | 89.74
4.1 26.63 4999 15.68 | 15.25 | 15.7 24.93
4.2 26.39 4999 15.53 15.1 15.55 | 24.68
50 5 44 4999 25.9 2547 | 27.8 | 48.13
5.1 63.53 4999 37.4 36.97 | 45.44 | 86.54
5.2 65.58 4999 38.6 38.17 | 47.74 | 90.92
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100

4.1 37.84 9997 15.75 | 15.32 | 15.79 | 25.06
4.2 37.65 9997 15.67 15.24 | 15.7 24.92

5 62.43 9997 2599 | 25.56 | 27.91 | 48.33
5.1 90.13 9997 3752 | 37.09 | 45.66 | 86.96
5.2 92.87 9997 38.66 | 38.23 | 47.84 | 91.11

The values of the constants, Fr, N1, specific gravity, Ciogy and Csearremain the same as in
experimental test results discusse@hapter 4and hence have not been included here, although
they have been used to calculaterfv Moreover, it can be seen in table 5.2 that there is an
additional factor of Cv (without annular) included. The reason to include this fadtorlistter
accuracyd WKH UHVXOWYV
inner walls and the plug that alters the valve opening position. In experimental tests, this factor is
automatically adjusted because of physical testing of tHsgr&amtrims. However, within CFD
environment, this factor needs to be calculated separately and subtracted from the calculated Cv
to give Cwoa Value. This is because the annular region has not been modelled within CFD,
because its size is too small which giveése to solver instabilities, and also results in highly
skewed mesh elements which adversely affects the accuracy of the results. For BV500 control

W DFFRXQWYV

valve, annular clearance Cv can be calculated as:

where Dmaxicx and Dmaxg are the maximum diameters of the stack and the plug. These
maximum diameters can be obtained from the drawings of the stack and the plug, in which the
tolerances are mentioned. For the valve used in the present stadgctar has been calculated

to be equal to 0.43. Hence, 0.43 has been subtracted from the calculated Cv, in order to obtain

~ 79 | < 6 < 6.
Ellsji_m@jc_p_ldeg - *fSwr_aiF *fStjse;

IRU WKH &Y YDOXH RI

(5.1)

Cvrota Values.The calculated results for @y, and K, are also shown ikigures5.14 and 515

respectively, for ease of commison with the same number designation as for trim design as used
in Figure 5.13. It can be seen from the table of results that the these values are reasonably
constant for each trim design across the three differential pressures measured, satisfying the

derivation of Bernoulli for Cv within control valves.

of 5.2

It is also clear that thera significant
increase in Cwim and Krim from the original concept designs of 4ad4.2 to the latest design
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Figure 5.14 Summary of values for ¥ for each design for Smooth Walls

Figure 5.15 Summary of values fé#i, for each design for Smooth Walls

There is a slight reduction in bothri and Cwi, for from Version 4.2 to V4.1, however this is

not as surprising as these two trims had only minor geometrical differences to each other. Results
for Krim and Cwyim are much lower than the standard original design fétdé¢am that has been
tested previously with smooth walls, by As[Bil]. Their initial testing gave values for Gw,

and Krin of approximately 35 and between 62 and 70 respectively. This indicates that the
resistance within trims 4.1 and 4.2 is significantly higtiian with the original design and that

this resistance is purely related to the geometrical changes that hawepbked to improve the

ability to manufacture the trim using SLMersion 50 however has a significant increase in
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these values compares to V4.1 and V4.2. The design of the trim is much closer to the original
design with the angled flow path representirgjnailar flow regime across the surface of the disc

to that of the original XLO&®40.However the Cv for V5.0 is still lower than the original design
was achieving during flow testing of the EDM sample when using smooth walls, so it can be
assumed that thgeometry changes for SLM have again reduced the performance

The difference between Version 5 and original is just 21% for a like for like differential pressure
for both Cwim and Krim, WhereV4.1 differed by almost 56%ersion 5.1 provides significant
improvement on values for @y, and Krin, increasing to 45 and 86 respectively, an increase
from the original design of 27%, with 5.2 showing a further improvement to almost 36% on the
original design XStream. These two design alterations for SLMviealed to improvements
compared to the manufactured EDM samples of Xi028.

55 Effect of Surface Roughness Height on the Performance Characteristics
of X-Stream trims

Following the analysis for Cv and other performance characteristics on the figedgsigns, it

is now vital to see how these trims perform when an average surface roughness is applied to each
trim using CFDdue to the manufacturing constraints discussed in sectionwd .values of

surface roughness were applied to each trim, thekeesvavere selected following earlier
analysis byAsim [31] on the surfaces of a number of SLM samples and EDM samples, these
values were 100 and 1000 Microi3=D has now been used to initially predict the mass flow

rate through each individual trim desigih the same three defined differential pressures used
when working with the smooth wall trims. Solver settings selected firstly 100 microns and then
1000microns to compare the effects ofray Cvroa @and Krim against the hydraulically smooth

walls.

5.51 Roughness of 100 Microns

Figures 5.1 and 5.7 show the micro analysis of the flow structure, for pressure and velocity
contours of V5.2 as with previous micro flow analysis the variations in the flow variables have
been represented in the form ¢ditsc pressure and velocity magnitude, where the units of static
pressure are psi and that of velocity magnitude are nitsecclear at this stage in the research,

that V5.2 is the only trim design that showing suitable results for the both theg &w also the
general performance analysis. The detailed micro analysis performed on the other trim designs
has shown that dse designs are not suitalatecontrolling the pressure and velocity through the
trim, to an extentwhere cavitation and erosionud be a cause for concern depending on the
process parameters for which they would be required to work.
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Therefore only V5.2 will undergo the micro analysis of the flow structure for the contours of
pressure and velocity, witmalysis on the variation dhese parameters against the smooth wall
contours.Figure5.16 depicts the variations in the static pressure of water when using the same
boundary conditions as used for the smooth wall analysis and at a valve opening position of
100%. Both, full and zoosd in viewsof the trim have been shown figure 5.16. As with the
analysis on the smooth walled trim, fluid flows from outside to in with this design, reducing
pressure as the fluid changes direction and is contracted by flowing around the columns.

Figure 5.16Variations in Static Pressure for Uniform Roughness of 100 Microns

As with the smooth walled analysis, there are areas of relatively low static pressure between the
columns on the second row, but with V5.2 all the rows are showing a redunctatic pressure
between each row of columns, in the same manner as the results for a flow profile through the
original disc design and the smooth walled analysis. Static pressure is showing a much better
uniform distribution than had been seen on thedaimed wall analysisThere are areas of
minimum static pressure on the side walls of each of the columns on the outlet row of the disc, at
a minimum value of 1800psi, which in this instance would not be a potential area for cavitation.
This is region is at seen to the same extent on the earlier rows due to the presence and spacing
of a following row, with row 5 the fluid is free to flow into an open area after this row of
columns and promotes the separation of the fluid from the wall of the column ragius.

However it is a relatively low drop at this point, further review of the effect of the valve outlet
section, which has not been included in this analysis, may provide a better understanding on the
potential issues in this regioA. further geometric change to V5.2 to include the addition of an
aerofoil shape on the outlet column may prevent separation of the fluid on this outlet row to
increase the minimum static pressure at this péigure5.17 depicts the variations in the lo

velocity within Version 5.2 trim stack at 100% valve opening position when applying the
uniform roughness of 100 microriEhe averageyin this case is 45.57, which is well within the
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wall logarithmic law i.e. 28200. Hence, the mesh considered in thesent study is good enough

to accurately resolve the roughness featutesan be seen ifigure5.17 that flow velocity is
significantly higher in the discharge section (behind the fifth row of columns) of the trim as
compared to the inlet section. Fugtmore, inFigure5.17, it can be seen that the flow velocity
increases between the cylinders of a row, where the area available for the flow to take place is
reduced, hence forming jet effects. As water exits a row and enters another one, due to area
increase, velocity reduces to satisfy continuity.

Figure 5.1ariations in Velocity for Uniform Roughness of 100 Microns

The inclusion of the surface roughness parameter to V5.2 has improved the velocity distribution
across the disc and has reduced therall maximum velocity to 87.5m/s, a reduction of 8%
from the smooth wall analysis. Velocity peaks at the area of minimum static pressure, but unlike
with the smooth wall analysis, this appears almost completely uniform across the surface of the
disc. A uniform surface roughness of 100 microns does not appear to have had any detrimental
effect on either static pressure or velocity within V3t2s still representing similar or possibly
improved characteristics to the original design XE@®). Table 5.3 bows the predicted values

for mass flow rate through the five different trim designs when a uniform roughness of 100
microns is applied to the trim designs. Mass flow rates have been predicted over three
differential pressures of 250 and 100 bar.

Table5.4 Mass Flow Rate at 100 Microns

Surface
"3 Roughness
(bar) Model | O P Uniformity m (Kg/sec)
)
25 4.1 100 0.5 13.96
4.2 100 0.5 14.73
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5.0 100 0.5 26.37
5.1 100 0.5 39.62
5.2 100 0.5 40.37
4.1 100 0.5 19.69
4.2 100 0.5 20.86
50 5.0 100 0.5 37.07
5.1 100 0.5 56.08
5.2 100 0.5 57.12
4.1 100 0.5 27.96
4.2 100 0.5 29.58
100 5.0 100 0.5 52.54
5.1 100 0.5 79.47
5.2 100 0.5 80.85

Now that the values for the mass flow rate have been predicted, the other parameters can be used
to formulate a value for the @, CVroa @and Krim Which has been shown for the each trim
design in Table 5.4tUsing the equations 3:13.6 in Chapter &nd in the same manner as done

for the smooth wall analysis.

Table 55 Cv Calculations for roughness of 100 Microns

3 m "3 | CVuithout
(bar) Model (Kg/SGC) (kPa) an(nular) CVrotal CVrim K rim
4.1 13.96 2499 11.62 11.19 | 11.37 | 18.04
4.2 14.73 2499 12.26 11.83 | 12.04 | 19.11
25 5.0 26.37 2499 21.95 21.52 | 22.87 | 39.60
5.1 39.62 2499 3298 | 3255 | 37.90 | 72.18
5.2 40.37 2499 33.61 33.18 | 38.89 | 74.08
4.1 19.69 4999 11.59 11.16 | 11.34 | 17.99
4.2 20.86 4999 12.28 11.85 | 12.06 | 19.14
50 5.0 37.07 4999 21.82 21.39 | 22.72 | 39.33
5.1 56.08 4999 33.01 32.58 | 37.94 | 72.27
5.2 57.12 4999 33.62 33.19 | 38.92 | 74.13
4.1 27.96 9997 11.64 11.21 | 11.39 | 18.07
100 4.2 29.58 9997 12.31 11.88 | 12.10 | 19.20
5.0 52.54 9997 21.87 21.44 | 22.77 | 39.43

Cost Effective Manufacturing and Optimal Design eS¥eam Trims for Severe Service Control Valves
By Matthew Charlton, School of Computing and Engineering, University of Huddersfield, U.K. (2014)

118



5.1 79.47 9997 33.08 32.65 | 38.05 | 72.47
5.2 80.85 9997 33.65 33.22 | 38.97 | 74.22

The values of the constants, Fr, N1, specific gravity, Ciogy and Cearremain the same as in
experimental test results discussed earlier in chapter 4, and hence have not been included here,
although they have been used to calculatgi&Woreover, it can be seen in table 5.4 that there

is an additional factor of Cv (withouannular) included as explained in section 5TBe
calculated results for Gy and Kgim are also shown ikigures5.18 and 519 respectively, for

ease of comparison with the same number designation as for trim design askigedeis. 13.

It can beseen from the table of results that the these values are reasonably constant for each trim
design across the three differential pressures measured, satisfying the derivation of Bernoulli for
Cv within control valves.

It is also clear that there is a sificant increase in Gym and Krim from the original concept
designs of 4.Jand 4.2 to the latest design of 5.2, but equally that the application of a surface
roughness has reduced the overall value aofi¢and Kgim for each designversions 4.1 and
version 4.2 have shown the highest reduction ir&and Kgim for the five designs. When
using smooth walls, there was a slight reduction if;Gand Kgim for V4.2 compared to V4.1,
however when the surface roughness has been applied V4.2 now sliblhgr values for
Cvrim and Krim compared to V4.1. Trim 4.1 has reduced in values fgr, Ky an average of
27% across the three differential pressures, with V4.2 reducing by I228cthought that the
variation from the smooth wall calculationsais a result of the applied surface roughness having
a greater impact on the removed ridge section of the trim, which has a larger surface area of wall
to apply the surface roughness too.

Figure 5.18Cv Trim Variations, Roughness of 100 Microns
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Trend lines for Cvim and Krim remain similar to those shown kigures5.14 and 5.15 for

smooth walls, with V5.2 showing the highest overall values. As with the smooth wall analysis,
changing differential pressure has had no effect on the valuesf@rakid Cw;m. Trim 5.1 has

shown the lowest percentage reduction infvand Krim, of 16%, V5.2 and 5.0 have both
reduced by 18%The reduction in Cwim and Krin, for all the designs is an expected result as this
has followed previous flow testing b&sim [31], it is also understandable that applying a
uniform roughness to a surface will increase the resistance to flow against a hydraulically smooth
wall equivalent The results of Cv for V5.2 are higher for a like for like roughness applied to the
XLO8-040 trim manufactured using EDM, which is a positive sign that this design is an overall
improvement on the original design XL@&O0.

Figure 5.19 K Tim Variations, Roughness of 10dicrons
5.52 Roughness of 100 Microns

As with the review alOOmicrons, only V5.2 will be analysed at the micro level for the impact

on velocity and pressure performance for the increaseriacsuroughness to 1000microns.
Figure5.20 depicts the variations in the static pressure of water when using the samarigound
conditions as used for the smooth wall analysis and a roughness of 100 microns and at a valve
opening position of 100%. Both, full and zoomed in views of the trim have been shéguré

5.20.
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Figure 5.20variations in Static Pressure for Unifommughness of 1000 microns

There is very little difference in the distribution of pressure that can be seen when comparing
Figure5.20 to 5.16. Both pressure contours are almost fully uniform; however there is a slight
increase in the minimum value for min static pressure figtire 5.20. This could be as a result

of the slight reduction in mass flow rate through the trim, as a result ofdteasged friction of a
rougher surfacelhere are no areas of specific concern caused by the increase in roughness, the
trim is still providing the same level of pressure and velocity control as shown and discussed
with the previous analysis.

Figure 5.21 depicts the variations in the flow velocity within Version 5.2 trim stack at 100%
valve opening position when applying the uniform roughness of 1000 microns. It can be seen in
Figure 5.21 that flow velocity is significantly higher in the discharge sectioeh{nd the fifth

row of columns) of the trim as compared to the inlet section. Furthermdfegure5.21, it can

be seen that the flow velocity increases between the cylinders of a row, where the area available
for the flow to take place is reduced, herfiorming jet effects. As water exits a row and enters
another one, due to area increase, velocity reduces to satisfy continuity.

Figure 5.21Variations in Velocity forUniform roughness of 1000 microns
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There is a slight reduction in the maximum valdevelocity shown inFigure 5.21 which is

directly related to the reduction in mass flow rate for the higher average surface roughness of
1000 micronsAs with the analysis on the contours of static pressure, there is no area of specific
note where there ia noticeable change in velocity profile between the W& X J K QlidbleV | V
5.5 shows the predicted values for mass flow rate through the five different trim designs when a
uniform roughness of 1000 microns is applied to the trim designs. Mass flowheatedeen
predicted over three differential pressures ofSthand 100 bar.

Table 56 Mass Flow Rate at roughness of 1000 Microns

"3 Surface
(ba) Model 0O P R.ough_ness m (Kg/sec)
Uniformity ( -)
4.1 1000 0.5 14.18
4.2 1000 0.5 14.95
25 5.0 1000 0.5 22.84
5.1 1000 0.5 36.12
5.2 1000 0.5 37.25
4.1 1000 0.5 19.62
4.2 1000 0.5 21.20
50 5.0 1000 0.5 32.37
5.1 1000 0.5 51.13
5.2 1000 0.5 52.71
4.1 1000 0.5 28.61
4.2 1000 0.5 30.00
100 5.0 1000 0.5 45.96
5.1 1000 0.5 72.24
5.2 1000 0.5 74.49

Now that the values for the mass flow rate have been predicted, the other parameters can be used
to formulate a value for the @, CVrow and Krim Which has been shown for the each trim
design in Table 5.6:tUsing the equations 3:13.6 in Chapter 3 and in the same manner as done

for the smooth wall analysis.
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Table 57 Cv Calculationsroughness af000 Microns

(ba?) Model (Kgr/r;ec) (kPi) C;(xIZEUt CVrotal | CVT1rim Krim
4.1 14.18 2499 11.80 11.37 11.56 18.35

4.2 14.95 2499 12.45 12.02 12.24 19.42

25 5.0 22.84 2499 19.01 18.58 19.43 33.65
5.1 36.12 2499 30.07 29.64 33.50 63.81

5.2 37.25 2499 31.01 30.58 34.88 66.43

4.1 19.62 4999 11.55 11.12 11.29 17.93

4.2 21.20 4999 12.48 12.05 12.27 19.48

50 5.0 32.37 4999 19.05 18.62 19.48 33.73
5.1 51.13 4999 30.10 29.67 33.54 63.89

5.2 52.71 4999 31.03 30.60 34.91 66.48

4.1 28.61 9997 11.91 11.48 11.67 18.52

4.2 30.00 9997 12.49 12.06 12.28 19.49

100 5.0 45.96 9997 19.13 18.70 19.57 33.88
5.1 72.24 9997 30.07 29.64 33.50 63.81

5.2 74.49 9997 31.01 30.58 34.87 66.42

The values of the constants, Fr, N1, specific gravity, Cioay and Csearremain the same as in
experimental test results discussed earlier in chapter 4, and hence have not been included here,
although they have been used to calculatg;&\Woreover, it can be seen in table 5.6 that there

is an additional factor of Cv (withouannular) included as explained in section S5TRe
calculated results for Gym and Ky are also shown ifigures5.22 and 523 respectively, for

ease of comparison with the same number designation as for trim design askigecdei. 13.

However itcan be seen from the table of results that the these values are reasonably constant for
each trim design across the three differential pressures measured, satisfying the derivation of
Bernoulli for Cv within control valves. As with the analysis on smeadhs and with a uniform
roughness of 100 microns there is a significant increase iw@nd Ky from the original
concept designs of 44nd4.2 to the latest design of 5.2, but equally that the application of a
surface roughness of 1000 microns fuather reduced the overall value of £z and Kryim.
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Figure 5.22Cv Trim, Roughness of 1000 Microns

Versions 4.1 and version 4.2 however have not shown a reductionqin &w Krin from the
increase in roughness to 1000 microns. When comparing a roughness of 100 microns against
smooth walls, both Gy, and Kgim, for V4.1 and V4.2 reduced by approximately 25%, with a
slightly higher reduction for V4.1 than V4.2. However when furtinereasing the roughness,

the Cwim and Kgim values have, on average across the three differential pressures, slightly
increased; by up to 2%. V5, V5.1 and V5.2 have however all reduced further from the roughness
of 100 microns. V5.0 has reduced by atlier 14%, V5.1 by a further 12% and V5.2 by 10%
from the 100 micron roughnesBhe effect of increasing the roughness by a further 900 microns
has not seen as a significant reduction in the Cv as increasing by 100 microns from the smooth
wall surfaces. Asvith all the previous analysis the three differential pressures are displaying no
variation in values for Gyim and Kryim.

It was anticipated that the results of increasing the surface roughness would have had a more
profound effect on a reduction invg, and Krin than is indicated as the minimum gaps
assigned during the design phase between certain features on each disc vary between 0.25mm
and 1.2mm. A roughness of 1000 microns could effectively reduce the gap between these
columns further which, ashown with V55.1 and 5.2, should reduce the mass flow rate through

the trim and consequently the value foravand Kerim.
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Figure 5.23 Kim, Roughness of 1000 Microns

It could be considered that the areas between the discs highlightigdire 5.2, which were
showing areas of high velocity and low static pressure, may have been causing a higher
restriction to flow rate than if they were not there; reducing the overall mass flow rate for a like
for like differential pressure. When applying a dnsarface roughness, i.e less than the gap
between the columns, this has caused a further restriction, however when increasing the
roughness to a size greater than this minimum feature then the restriction in this area has been
reduced, resulting in a Hgr mass flow rate through the trim for the same differential pressure
analysisValues for Cvyim and Kim are still higher for V5.2 when using a uniform roughness of
1000microns than had been achieved with the original desi§treém in flow testing. ¥.1 is

only marginally lower than the original designStream;however the smooth Waanalysis on

this trim design showed potential areas for erosion and cavitation, the effect of applying surface
roughness, it is thought, would not have the effectmbreng these issues.

Were SLM able to apply uniformity to the surface roughness, which can be aided by the design
improvements as detailed in chapter 4, the performance characteristics of V5.2 are still on par /
slightly better than the original XLG840.

5.6 Effect of Uniformity of Surface roughness on Cv

Analysis of surface roughness effects on Cv in section 5.3 maintained a full uniform distribution
of the surface roughness, however it is clear from samples and measurement of the roughness
profile acoss the SLM discs that this is not necessarily the case. As such this section will review
the effect of a fully non uniform roughness, whereby the average surface roughness is kept as
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either 100 or 1000 microns, but the peaks and troughs of the surfabe anest uruniform to
still provide this same value of average surface roughness.

CFD has now been used to initially predict the mass flow rate through each individual trim
design at the same three defined differential pressures used when workitigevgthooth wall

trims. Solver settings selected firstly 100 microns with a roughness constant of 1 and then
1000microns with a roughness constant of one, to compare the effects@f Cvrowa and

Krim @against the a trim with the same average sunfaaghness, but that had a fully uniform
surface.

5.6.1 Review at 100 Microns, Roughness Constant 1

As with the review at 100microns uniform roughness, only V5.2 will be analysed at the micro
level for the impact on velocity and pressure performanceh®rchange to a nesmiform

surface roughnesés with the review for uniform roughness, only V5.2 will be analysed at the
micro level for the impact on velocity and pressure performance application afniform
roughness of 100micronkigure5.24 depids the variations in the static pressure of water when
using the same boundary conditions as used for a uniform roughness of 100 microns and at a
valve opening position of 100%. Both, full and zoomed in views of the trim have been shown in
figure 5.24.

Figure 5.24Variations in Static Pressure for Nomiform roughness of 100 microns

There is very little visible difference in the distribution of pressure when comgaignge 5.24

to 5.16. Both pressure contours are almost fully uniform, the mininstetic pressure on the

fourth and fifth row of columns has kept a similar value, however is now distributed over a
slighter larger area than before becoming easier to see. In general the observations on how this
contour plot might affect performance of tinen are as described in section 5.2.5 for the smooth

wall analysis of V5.2.
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Figure 5.25variations in Velocity for Nonuniform roughness of 100 microns

Figure 5.25 depicts the variations in the flow velocity within Version 5.2 trim stack at 100%
valve opening position when applying the aamform roughness of 100 microns. It can be seen

in Figure5.25 that flow velocity is significantly higher in the discharge set{behind the fifth

row of columns) of the trim as compared to the inlet section. Furthermdfegure5.25, it can

be seen that the flow velocity increases between the cylinders of a row, where the area available
for the flow to take place is reducdtkence forming jet effects. As water exits a row and enters
another one, due to area increase, velocity reduces to satisfy confiigtpverall maximum
velocity has reduced by approximately 5m/s for the-moiform roughness of 100 microns
applied to V52 when compared to the uniform roughness. This decrease in velooitdresult

in areduction in mass flow rate and thus Cv between these two Té&tsapplication of non
uniformity appears to have had no significant visual effect on either the mremswelocity
contaurs for V5.2 Table 5.7 shows the predicted values for mass flow rate through the five
different trim designs when a uniform roughness of 100 microns is applied to the trim designs.
Mass flow rates have been predicted over three diffietgressures of 250 and 100 bar.

Table 58 Mass Flow Rate at 100 MicronsRoughness Constant of 1

Surface m
"3 ELO Model 0 P Roughness

Unifor?nity (o | (Ko'sed)

4.1 100 1 11.63

4.2 100 1 12.67

25 5.0 100 1 24.14
5.1 100 1 37.03

5.2 100 1 37.64

50 4.1 100 1 16.48
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4.2 100 1 17.92
5.0 100 1 34.18
5.1 100 1 52.41
5.2 100 1 53.25
4.1 100 1 23.35
4.2 100 1 25.36
100 5.0 100 1 48.39
5.1 100 1 74.15
5.2 100 1 75.19

Now that the values for the mass flow rate have been predicted, the other parameters can be used
to formulate a value for the @, CVroa @and Krim Which has been shown for the each trim
design in Table 5.8:Using the equations 3:13.6 in Chapter &nd in the same manner as done

for the smooth wall analysis.

Table 59 Cv Calculations 100 MicrongRoughness Constant of 1

3 m "3 | CVawithout
(bar) Model (Kg/SGC) (kPa) an(nular) CVrotal CVrim K rim

4.1 11.63 2499 9.68 9.25 9.35 14.84
4.2 12.67 2499 10.55 10.12 | 10.25 | 16.27

25 5.0 24.14 2499 20.10 19.67 | 20.68 | 35.81
5.1 37.03 2499 30.83 | 30.40 | 34.61 | 65.92
5.2 37.64 2499 31.33 | 30.90 | 35.36 | 67.35
4.1 16.48 4999 9.70 9.27 9.37 14.87
4.2 17.92 4999 10.55 10.12 | 10.25 | 16.27

50 5.0 34.18 4999 20.12 19.69 | 20.71 | 35.86
51 52.41 4999 30.85 | 30.42 | 34.64 | 65.99
5.2 53.25 4999 31.35 | 30.92 | 35.38 | 67.39
4.1 23.35 9997 9.72 9.29 9.39 14.90
4.2 25.36 9997 10.56 10.13 | 10.26 | 16.28

100 5.0 48.39 9997 20.14 19.71 | 20.73 | 35.90
5.1 74.15 9997 30.86 | 30.43 | 34.66 | 66.02
5.2 75.19 9997 31.30 | 30.87 | 35.31 | 67.25

The values of the constants, Fr, N1, specific gravity, Cioay and Cearemain the same as in
experimental test results discussed earlier in chapter 4, and hence have not been included here,
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although they have been used to calculatgi&Woreover, it can be seen in table 5.8 that there

is an additional factor of Cv (without annular) included as explained in sectionThe2.
calculated results for Gy and Krim are also shown ifrigure 5.26 and 527 respectively, for

ease of comparison with the same number designation as for trim design askigedeis. 13.

However it can be seen from the table of results that the these values are reasonably constant for
each trim design across the thrdifferential pressures measured, satisfying the derivation of
Bernoullifor Cv within control valvesAs with the analysis on smooth walls and with a uniform
roughness of 100 microns there is a significant increase {,@nd K from the original

concept designs of 44nd 4.2 to the latest design of 5.2, but equally that the application of a
surface roughness of 1000 microns has further reduced the overall valug b0 Kryim.

There is a further reduction in gw, and Kin, for all five designs with the application of a ron

uniform surface. The percentage reduction is lower than the initial reduction for the application

of a uniform roughness; however this further reduction is proof that the uniformity of the surface

is amajor factor on the performance characteristics of the trim. As with analysis for the uniform
roughness V4.1 and V4.2 have shown the highest reductionrji}, @s a result of the change to

a consent of 1; applying a namiform surface, dropping by 18 @rl5% respectively. The
geometrical issues with the flow through the disc and the minimum feature gap of 0.25 again are

the main distinguishing factors between these designs and the5Vbdhd 5.2 designs therefore

it is logical to assume that the insian of this feature is the main reason for the significant
difference in Cv;in, and Krim between the designéll of three of the V5 designs have shown a

further reduction in Cyim RI DQ HTXDO YDOXH RI LQGLFDWLQJ WKDW
top RI WKH GLVF DQG PD[LPLVLQJ IHDWXUH VL]JH LV PRUH ¢
characteristics.

Figure 5.26Cv Trim Roughness of 100 MicrongRoughness Constant of 1
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As can be seen frofigures5.26 and 527, the trends showing the values oftgvand Kyim for
the three differential pressures are so close together that the only 25 bar is Visle.
application of noruniform roughness, whicfrom previous testing by AsinB]] appears to be
more prevalent with SLM, has led to the results lmemlar to the EDM method of manufacture
when using the roughness parameters of EDM trims.

Figure 5.2 im Roughness of 100 MicronsRoughness Constant of 1

5.6.2 Review at 1000 Microns, Roughness Constant 1

As with the review at 100micror(section 5.5.1), only V5.2 will be analysed at the micro level

for the impact on velocity and pressure performance for the increase in surface roughness to
1000micronsFigure 5.28 depicts the variations in the static pressure of water when using the
sameboundary conditions as used for a uniform roughness of 1000 microns and at a valve
opening position of 100%. Both, full and zoomed in viewthe trim have been shown in figure

528 7TKHUH LVQIW PXFK WR GLIIHUHQWLDW H akviggrigueeb.28V U L E X W
to 5.16. Both pressure contours are almost fully uniform, the minimum static pressure on the
fourth and fifth row of columns has kept a similar value but is slightly lower than the uniform
roughness. It is anticipated that this furthetugtion of minimum static pressure would indicate

in an increase in resistance at these points and as such we might expect that the resultant effect of
Cvrim and Krrim Would be a reduction, ocapared to the uniform roughness.

Figure 5.29 depicts the variations in the flow velocity within Version 5.2 trim stack at 100%
valve opening position when applying the agmform roughness of 1000 microns. It can be
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seen inFigure5.29 that flow velocity is significantly higher in the dischargetset (behind the

fifth row of columns) of the trim as compared to the inlet section. Furthermdfegune5.29, it

can be seen that the flow velocity increases between the cylinders of a row, where the area
available for the flow to take place is reduckdnce forming jet effect®\s water exits a row

and enters another one, due to area increase, velocity reduces to satisfy continuity.

Figure 5.28Variations in Static Pressufer Non-uniform roughness of 1000 microns

Figure 5.28Variations in Velaity for Non uniform roughness of 1000 microns

The overall maximum velocity has reduced by approximately 7m/s for theumiform
roughness of 1000 microns applied to V5.2 when compared to the uniform roughness. This
decrease in velocityhould result irareduction in mass flow rate and thus Cv between these two
tests.The application of nomniformity appears to have had no significant visual effect on either
the pressure or velocity contours for V5Table 5.9 shows the predicted values for mass flow
rate through the five different trim designs when a uniform roughness of 1000 microns is applied
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to the trim designs. Mass flow rates have been predicted over three differential pressures of 25,

50 and 100 bar.

Table 510 Mass Flow Rate at 1000 MicronsRoughness Constant of 1

3 o=
(bar) Model | O  P| Const. (Kg/sec)
4.1 1000 1 11.09
4.2 1000 1 12.07
25 5.0 1000 1 18.80
5.1 1000 1 30.93
5.2 1000 1 31.87
4.1 1000 1 15.39
4.2 1000 1 17.09
50 5.0 1000 1 26.66
5.1 1000 1 43.76
5.2 1000 1 45.08
4.1 1000 1 22.90
4.2 1000 1 24.25
100 5.0 1000 1 37.83
5.1 1000 1 62.00
5.2 1000 1 63.91

Now that the values for the mass flow rate have been predicted, the other parameters can be used
to formulate a value for the @, CVrota and Krim Which has been shown for the each trim
design in Table 5.1&Using the equations 3:13.6 in Chapter 3 and in the same manner as done

for the smooth wall analysis.

Table 5.1 Cv Calculations 1000 MicrongRoughness Constant of 1

"3 m "3 Cv without
(bar) Model (Kg/SEC) (kPa) an(nular) CVrotal CVriim KTrim

4.1 11.09 2499 9.23 8.80 8.89 14.11
4.2 12.07 2499 10.05 9.62 9.73 15.44

25 5.0 18.8 2499 15.65 15.22 | 15.68 | 27.14
5.1 30.93 2499 25.75 25.32 | 27.60 | 52.57
5.2 31.87 2499 26.53 26.10 | 28.62 | 54.52

50 4.1 15.39 4999 9.06 8.63 8.71 13.82
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4.2 17.09 4999 10.06 9.63 9.74 15.46
5.0 26.66 4999 15.69 15.26 | 15.72 | 27.22
5.1 43.76 4999 25.76 25.33 | 27.62 | 52.60
5.2 45.08 4999 26.54 26.11 | 28.63 | 54.53
4.1 22.0 9997 9.32 8.89 8.98 14.26
4.2 24.25 9997 10.09 9.66 9.78 15.52
100 5.0 37.83 9997 15.75 15.32 | 15.78 | 27.33
5.1 62.00 9997 25.81 2538 | 27.68 | 52.72
5.2 63.91 9997 26.60 26.17 | 28.72 | 54.70

The values of the constants, Fr, N1, specific gravity, Cioay and Cearremain the same as in
experimental test results discussed earlier in chapter 4, and hence have not been included here,
although they have been used to calculatgi&wWoreover, it can be seen in table 5.8 that there

is an additional factor of Cv (withéuannular) included as explained in section 5TBe
calculated results for Gy, and Krim are also shown ifigures 5.30and 531 respectively, for

ease of comparison with the same number designation as for trim design askigedei®.13

However itcan be seen from the table of results that the these values are reasonably constant for
each trim design across the three differential pressures measured, satisfying the derivation of
Bernoulli for Cv within control valves.

As with the analysis on smtiowalls and with a uniform roughness of 1000 microns there is a
significant increase in G¥n and Krim from the original concept designs of afd4.2 to the

latest design of 5.2, but equally that the application of aumdiorm surface roughness odd0
microns has further reduced the overall value ofiiand Krim Wwhen compared specifically to

a uniform surface roughness of the same average h&ghtith the analysis on a roughness of
100 microns (uniformity and nemniformity) there is a furthrereduction in Cy;i, and Ky for

all five designs with the application of a nraniform surface. When comparing these values
against the uniform roughness of 1000 microns, there is the highest reduction for V4.1 of 23%.
V4.2 has further reduced; a 21%duction, whereas V5.(G.1 and 5.2 have all reduced by
approximately 1819%.

The application of nowniform roughness for 1000 microns has had a greater impact on the
reduction of Cy;im than it had with the 100 microns. The reduction is almost doubteofithe

100 micron analysis in section 5.4.1. It is evident that the potentially higher peaks and lower
troughs in the surface are now having a more profound effect on the differing geometries, with
potentially these minimum gaps now becoming more aéséstancdo flow rate through the

trim.
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Figure 5.30Cvim at Roughness of 1000 MicrorigRoughness Constant of 1

Figure 5.31Krim, at Roughness of 1000 MicrondfRoughness Constant of 1

Figure5.30 and 531 showing the variation of m and Cwin, for the five trim designsagain
follows the same increase from the earliest versions of 4.1 and 4.2 to the latest version of 5.2.
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Figures 5.32 and 5.33 have been added at the end of this section to show a complete comparison
of the five trim designs, developed in chapter 4, for all of the roughness conditions applied
during numerical testingrhese figures elarly show the trends as described during this chapter

and it can be seen graphically that the improvement in flow conditions from V5.1 to V5.2 are
less prevalent when applying the aamiform roughness of 1000 microns to both models.
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5.7 Summary

All five trim designs have now been analysed for their performance, specifically for the values of
Cvrim, K1iim @and the potential for cavitation and erosion. This analysis includes the effects of
surface roughness at 100 and 1000 microns, specifically corgpegainst a smooth surface and
also an analysis when the roughness of the trims was fufiyunidorm. It can be confirmed at

this stage that the effect of differential pressure has had no impact on the valueg;foar@v

Krim and as suclit can be cafirmed that pressure drop has not affected the changing results
from a change of surface roughness or surface uniforiniigtestingly there is little difference
between the results for a noniform roughness of 100 microns and a uniform roughness of
1000 microns, which is indicating that at this point increasing the surface roughness is less
effective at reducing the capacity of the trim than the uniformMpplication of surface
roughness to the trims has seen a general reduction in the valugngfddd K, and the
gualitative analysis of velocity and pressure has identified areas in the trim that are having a
larger impact on performance characteristics. Specifically sections with small gaps between
columns or the inclusion of ridged surfacesd@dl for manufacturing purposes) can be seen to be
affected to a larger extent.
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CHAPTER #6
CONCLUSIONS

From the results obtained in the previous chapters, detailed conclusions have
been drawn in this chapter. The major aims of shaly are reviewed and
concluded and finally, the works carried out in this study are evaluated and
requirements for future work are defined.
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6.1 Summary of Conclusions

The research completed has enabled a number of conclusions to be made about the suitability of
the five designs and their performances compared to the original design of0O4008he use

of SLM is considered by the valve industry as an economically maelev method of
manufacture for the >Streamproduct;however their earlier work had produced samples which

did not meet the application/performance needs of the produetto relative infancy of SLM
technologies for the manufacture of productcmponents there is limited research available,
however there is little to none available in specific areas of the manufacture of complex
geometry parts by SLM for use in control valves or even fluid flow applications.

It had been clear that the SLM meth@f manufacture was a cost effective method of
manufacturing the »Stream, however the geometric imperfections and large reduction in the
performance characteristics, meant that research needed to be conducted to review the effect of
surface roughness diuid flow and also to analyse the process against design, when using SLM.
From a comprehensive review of the published literature, a number of limitations have been
found out which are concerned with the aforementioned points. A summary of the primsry aim
and conclusions on the objectives (detailed in Chapter 2) of the thesis is provided in the
following sections of this chapter.

6.2 Research Aims and Achievements

The main aims of the thesis defined from an extensive literature review in this ares are a
follows:

Research Aim #1

This was the development of an appropriate method of manufacture forStreatn trim, with

the specific aim of improving the previously used SLM method, such that this method would
provide the required product performancerebteristics that had been previously achieved using

the EDM method of manufactur@he thesis reviewed both methods of manufacture with a
detailed literature review on SLM to review areas of further research to improve the
manufacturability of componenend improve the performance characteristics as a rdhet.

thesis has concluded that modifications to geometry of the part, specifically considering an SLM
manufacture method, results in improved performance characteristics over a part manufactured
usingoptimised process parameters.

The research has shown a potential improvement when optimising the design of almost 20% on
Cvrim for the valve, with an improved value ofilt as well. The results of the thesis also give a
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clear indication on the effects the surface roughness on the fluid flow, showing clearly that the
increase in surface roughness reduces the mass flow rate of fluid through the trim, reducing
Cvrim and Kmim. It has also been shown that this numerical analysis is conducive to the
expeimental analysis.

6.3 Thesis Conclusions

A comprehensive study has been carried out to support the existing literature regarding the
improvement to the manufacturability of parts using SLM by various methods and to provide
novel additions to the curreminderstanding by directly comparing these methods. The major
conclusions of the research objectives (discussed in more detail in Chapter 2) are summarised as
follows;

Research Objective #1: To perform a critical analysis on the manufacturabilitXeStream by
altering the process or the design

Conclusion # 1:From the investigations regarding the comparison of process improvement of an
existing part, against design modifications of the part to suit a standard process, it can be
concluded that a digm optimisationhas shown a greater improvemanthe final shape of the

trim as compared to previous attempts at manufacturing the 3408 Process improvement

also significantly improved the overall final shape of the product and resulted in reduced
finishing machining operations against previous attempts. Howt&ee process optimisation
resulted in a large increase in process time, which would lead to a large increase in cost (when
paying for parts via machine usage). Design optimisation represamitliction in processing

time of 18 hours against the prosesptimisation which for the purpose of this study, could
result in a like for like reduction in cost of almost 50%. Version 5.2 (the design improvement)
displayed the best overall shape andunexyl the least finishing operations to prepare the trim for
installation into the test valve.

Research Objective #: To review the performance characteristics of a part manufactured with
process improvements against a part with design optimisation.

Conclusion #2: This objective was reviewed by empirical testing of a modified design against a
part manufactured by a modified process. Results showed that the modifications to process
improved the performance (gw) of the partoy 8%, whereas potentlglthis increased to 20%

for the design modifications. The results are of great importance for future work with SLM, as
design optimisation for process changes are not usually considered and this may save time for
manufacturing engineers and design engmeeviewing this process for their parts. It has also
made the process attractive ttee controlvalvesindustry as the overall reduction in @,
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against a like for like EDM part is now below 20% and combined with the cost saving potential
mentioned irconclusion #1, this makes SLM a possibility for certain applications.

Research Objective #3: To perform numerical analysis on the effects of surface roughness on
multiple designs of XStream, reviewing specific geometrical differences.

Conclusion #3: Using CFD to predict mass flow rates within each design modification, the
values of Cvim, Cwrod and Kpim were determined. The variation in these values between the
five designs analysed was impressive. What were perceived as minor geometrical thhanges
assist In the manufacturability of the part, resulted (for V4.1 and 4.2) in significant reductions in
Cvrim and Krim against earlier testing on EDM parts. Far greater than had been seen with earlier
attempts at manufacture the standard Xi@8 usingSLM. The analysis of smooth wall trims
using CFD also showed a reduction for these trims, which could be directly related to the
features with minimal areas causing peak fluid velocities and very high pressure drops. Standard
approach to design improvememith SLM involves the addition of lattice support structures,
which to an extent were employed with V4.1 and V4.2. This method of design optimisation is
not ideal, as it created minimum gaps of around 0.25mm between flow channels, significantly
reducingthe Cv.

The designs with moreydlrodynamically smooth channels (V5.1 and V5.2) resulted in increases
in Cvrim and Kgrim, for both smooth wall and rough surfaces when compared to earlier tests on
the original design XLO®40. These designs removed angupported flat areas of the original
design and replaced them with cylindrical/curved supporting surfaces. V5.2, based on a
numerical analysis alone, produced higher predicted values fer@nd Ky, than had been
achieved for any smooth or none smooth wall analysis previously and was the, from a design
perspective, the simplest modificatiofhe understanding on the effects of geometrical changes
are of great importance for the designers of th§ti€am product and also for any designer /
manufacturing engineers reviewing the potential design changes to suit an SLM method of
manufacture.

Research Objective #4: To review the effect of surface uniformity on Cv via numerical
analysis.

Conclusion #4: It was possible, within the CFD environment, to apply both fully uniform and
nonuniform roughness to the walls of the parts. SLM parts had, through previous analysis
(discussed in chapter 2), produced parts with a verylinear uniformity. These partsall also
showed very high variations in peaks and valleys, which would potentially represent high
resistance to fluid flow. Tests were conducted to review this effect from a numerical perspective
on the five designed parts. Results showed that the appticaitia noruniform surface further
reduced the values of G, and K, for the parts, but they also showed that this application of
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a nonruniform surface roughness had a greater impact on the reduction@f & K than
the increase of surfaceughness by 10 times.

Versions 4.1 and 4.2 actually increasedrfmvand Kmim when the surface roughness was
increased from 100 microns to 1000 microns on a uniform finish, however when these
URXJKQH VYV funifdrin thel v@ueof Gy, and Krim reduced as expected. Version 5.2,
reduced in Cwyim by 23% with the application of a uniform roughness of 100 microns and an
additional 10% reduction for a namiform surface. However the 1000 micron roughness
resulted in a 37% reduction, which increased6#¥ for a noruniform roughnessThis
concludes that surface uniformity has a higher impact ofn,{han average surface roughness
alone.

Research Objective #5: To review other performance characteristics on each of the design
modifications proposed.

Conclusion #5: This objective was achieved by analysis of the velocity and pressure contours of
each design, when varying the pressure on a smooth wall only trim design. The results
pinpointed areas of each design that could increase the potentiaVit@ation to occur as a result

of points of minimum static pressure and high pressure recovery, whilst also identifying areas of
high velocity that could cause premature erosion of trim. Results showed that again the design
modification that uses a typicdd DWWLFH OLNH VWUXFWXUDO HQKDQFHPHC
values of Cy;m, but that these features would increase failure potential by means of cavitation
and erosion. Minimum gap size and increase in area is the inherent principle ofStheaiX

design. The designs that reduced these gaps and thus areas, V4.1, 4.2, 5.0 and V5.1 all displayed
areas of concern for cavitation and erosion, whereas V5.2 was the only trim that displayed
matching or potentially improved performance characteristics thveoriginal design XLO8

040. The understanding on the effects of geometrical changes are of great importance for the
designers of the >Stream product and also for any designer / manufacturing engineers
reviewing the potential design changes to suitlav $ethod of manufacture.

6.4 Thesis Contributions

The main contribution of this research study is the linkage between the manufacturing process
DQG WKH SHUIRUPDQFH FKDUDFWHULVWLFV RI VHYHUH VHUY
investigations. No such study has been carried out previously in the published literatures. Hence,

this study helps in understanding the effects of the manufacturing methods, and their constraints,

on the performance of-%tream trims. Similar type of stig$ can be conducted on other kinds

of trims as well.
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6.5 Recommendations for Future Work

Although the research conducted has provided great insight into the potential for SLM and
provided a new approach for theStream trim for use with this manufaahg process, there

are still areas that have not been looked at by this study and further areas that could be
researched following the analysis of this study.

Recommendation #1

This study has only concentrated on an analysis of improving the manufacturability of the X
Stream trim by comparing process improvement against design improvement. There has been no
review to see the effect of combining these features and reviewing feetsefon
manufacturability, surface features and likewise performance characteristics. This had not been
included in the study because cost to manufacture is a major contributing factor for the potential
application of SLM. However process optimisation may necessarily increase the build rate to

the same extent when using a specially designed part.

Recommendation #2

The study reviewed the effect of average surface roughness on the fluid flow through the trim
and also looked at the uniformity of therfeilce. However there is a much larger field of surface
metrology reviewing further aspects like the number of valleys against peaks on fluid flow.
Aspects like core roughness are deemed by surfaeloygists to be more important than

average surface rolgQHVVIV ZKHWKHU WKH\ EH LQ ' RU ' )XUWKHU
conducted to see the variation for these parts when using either further optimised processes or
finishing techniques (as described in Chapter 2) to improve the surface structure.

Recommendation #3

The study provided a relatively simple review on the performance characteristics eSteark

from a velocity and pressure point of view. However no actual cavitation prediction was
performed as this feature was not enabled within X8SPressure drops were deliberately
selected to prevent cavitation in the valve so that this feature would not impact on the results of
mass flow rate, Gvim or Krim. Further study would be more relevant to real applications as the
effect on these feates for a cavitating fluid is not known.
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APPENDIX 1 +Results of Talysurf CCl on surface parameters of EDM and previous SLM tests
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APPENDIX 2 +Flow Loop Operating Manual

Flow Loop Operating Manual

1. Fill 2/3 of the tank with water by opening the tap.

2. Close the vertical line (left) and open the line to the valve (right) by adjusting the
valves.
3. Connect the power cable to the

pressure transducer where red wire is
connected to terminal 1, green to terminal 2
and both black and white to terminal 3.
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APPENDIX 2 +Flow Loop Operating Manual

4, Connect the water pipes from the pressure transducer to the pressure tapping on either
ends of tle valve.

5. Connect the actuator of the valve to the air supply. Set the air supply pressure to 4
bars and double check it on the gauge mounted on the actuator. If the reading on the actuator
is not matching with that of the air supply, manually match it using tlesvson the top of

the gauging unit. Note that the maximum air pressure that can be set for the operation of the
valve is 6 bars. Furthermore, the pipe to the air supply can be disconnected by pulling back
on the screw attached to the connecting unit.
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APPENDIX 2 +Flow Loop Operating Manual

6. Attach the power cable of the actuator to the calibrator such that blue wire is
connected to black terminal and brown wire to the red terminal.

7. The other end of the cable, connected to the pressure transducer in step # 3, is
connected to the multimetand the power supply. The red and black wires are connected to

the +ive anddve output terminals of the power supply. The white and green wires are
FROQQHFWHG WR WKH 9 DQG &20 SRUWV RI WKH PXOWLPHW

as shown in thégure below.
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APPENDIX 2 +Flow Loop Operating Manual

8. 7XUQ RQ WKH VZLWFK RQ WKH SXPSYfV FRQWURO XQLW
display the welcome screen. Click Next and the operator screen will be displayed.

9. Set the Flow Meter Setpoint to 1500 ltrs/min as 1600ntirsis the upper limit. Step
numbers can be specified to run multiple tests continuously with various impeller speed
settings. Time for each step can also be specified and the Elapsed Time monitor displays the
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APPENDIX 2 +Flow Loop Operating Manual

status of that particular run. To run the satast again, it is still required to input all the
settings again, although they have previously been specified and are displayed on the screen.
In the example shown below, a test is run for 5 mins at 99% of the maximum impeller speed.
Note that the firsstep is to click on the Sétp button.

10.  After specifying the input settings, the test can be started by clicking the Start button
on the monitor. Note that before specifying the input settings (step # 8), the Start button was
disabled.

11. Theopening of the valve can be controlled by the calibratbe general settings of

the calibrator are to turn the upper most knob (horizontal) far right and the right knob
(vertical) to far down positions. There are four black buttons on the calibratoupplee left
button switches the mode of the calibrator from mA to % opening. Note that the range of
operation is 4 mA to 20 mA, where 4 mA refers to fully closed and 20 mA refers to fully
open valve. The right hand side buttons increases (upper buttod¢eméses (lower button)

the value of the mA on the calibrator. The lower left button is foisptengs the points into

the calibrator for ease of operation. In the figure below, the valve is set to fully closed, i.e.
4.00 mA.
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APPENDIX 2 +Flow Loop Operating Manual

12.  On the rear of the actta there is a window which shows the exact % age by which
the valve is actually open. This value should be used in calculations if required. Note that the
one currently installed has a zero error of +ive 1.2 % and hence its range is from 1.2 % to
101.2 %. There are a couple of pressure gauges on the right of this monitor which
automatically adjusts when the valve is opened or closed.

13.  For Cv calculationgthe flow rateand thepressure dropcross the valvare required
Theflow ratecan be measuretirough the digital standlone flow meter. The second source

of the flow rate measurement is the monitor on the control panel itself but it is not very
accurate(the difference is clear in figures belowhd hence the digital staradbone flow
meter is recmmmended. The third source of the flow rate measurement is the analog flow
meter installed within the fluid line but it is difficult to read its value accurately because it
rotates quite rapidly while operation.
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14.  The pressure dromcross the valves measured through the multimeter. First of all,
both the multimeter and the power supply needs to be turned on using the switches on the
individual devices. The scale on the multimeter, for the pressure drop measurement is such

that 10.00 V refers to Bars of pressure drop.

15. $IWHU SHUIRUPLQJ WKH WHVW V VKXWGRZQ VWRS GLV
supply, multimeter and the calibrator. Close the air supply to the actuator. Close the fluid line

to the valve. Drain the water tank complgtaking the valve. Note that by fully opening this

valve will flood the flow loop area. Hence, open the valve by 50%. In the figure below, the

valve is in fully closed position.
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APPENDIX 3 tFlow Loop Results

Original Design Trim +Optimised Process Parameters

Tablel +Recorded Test Data @ 100% Valve opening

Test 1: Test 2: Test 3:
Pump Speed 4 75% 38% 10%
P= 3.22 1.06 0.39
a 2.87 0.73 0.07
T,= 18.96 19.43 19.52
Q (MAX) 4 8§ 4 §
1 37.51 18.94 5.88
2 37.90 18.74 6.01
3 37.51 18.64 5.81
4 37.21 18.82 5.72
5 36.82 19.34 5.98
6 38.56 20.02 5.85
7 39.71 19.68 5.97
8 39.86 19.39 6.12
9 39.24 19.50 6.07
10 39.31 19.41 6.14
Average = | 38.36 1 19.25 | 5.96
Table2 +Recorded Test Data @ 75% Valve Opening
Test 1: Test 2: Test 3:
Pump Speed { 75% 38% 10%
P = 3.25 1.07 0.39
a3 2.88 0.73 0.07
T,= 20.14 20.38 20.55
Q (MAX) 4 § 4 8
1 30.20 15.00 4.70
2 31.29 15.03 4.66
3 30.49 14.91 4.77
4 30.18 15.06 4.73
5 29.86 14.66 4,71
6 29.88 14.86 4.65
7 30.30 14.97 4.79
8 30.09 14.90 481
9 30.08 14.94 4.76
10 30.04 15.01 4.73
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APPENDIX 3 tFlow Loop Results

Average = 30.24 14.93 4,73
Table3 - Recorded Test Data @ 50% Valve Opening
Test 1: Test 2: Test 3:
Pump Speed = 75% 38% 10%
P= 3.34 1.07 0.39
a3 2.91 0.75 0.07
T, = 20.57 20.85 22.93
Q (MAX) 4 8 4 8
1 20.97 10.48 3.24
2 20.72 10.51 3.28
3 20.82 10.71 3.27
4 20.47 10.49 3.22
5 20.51 10.51 3.18
6 20.87 10.44 3.24
7 20.77 10.60 3.32
8 20.74 10.42 3.29
9 20.75 10.38 3.22
10 20.39 10.51 3.15
Average = 20.70 10.51 3.24
Table4 - Recorded Test Data @ 25% Valve opening
Test 1. Test 2: Test 3:
Pump. - Speeq 750, 38% 10%
P= 3.33 1.06 0.77
03 2.96 0.73 0.07
T, = 20.90 21.35 21.40
Q (MAX) 4 § 4 §
1 11.70 6.36 1.97
2 12.14 5.66 1.88
3 11.92 5.91 1.72
4 11.96 5.84 1.83
5 12.00 6.09 1.92
6 12.66 5.66 1.76
7 12.62 6.14 1.84
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APPENDIX 3 tFlow Loop Results

8 11.78 6.12 1.83
9 11.74 5.97 1.70
10 11.56 6.08 1.72
Average = | 12.01 | 5.98 | 1.82

New Design Trim V5.2 +Standard ProcesParameters

Table5 tRecorded Test Data @ 100% Valve opening

Test 1: Test 2: Test 3:
E”mp Speeq 750, 38% 10%
P= 3.30 1.08 0.39
a3 2.87 0.73 0.07
T.= 23.46 23.70 23.74
Q (MAX) 4 8§ 4 8
1 34.31 17.41 5.23
2 34.75 17.19 5.27
3 34.31 17.07 5.15
4 33.97 17.28 5.28
5 35.12 17.53 5.23
6 34.36 17.50 5.23
7 34.53 17.12 5.33
8 34.70 17.92 5.16
9 35.13 16.92 5.22
10 34.08 17.94 5.30
Average = | 34.53 [17.39 | 5.24
Table6 +Recorded Test Data @ 75% Valve Opening
Test 1: Test 2: Test 3:
Pump. - Speeq 750, 38% 10%
P= 3.31 1.08 0.39
a3 2.78 0.72 0.07
T, = 23.46 23.48 23.53
Q (MAX) 4 8§ 4 8
1 25.69 13.29 3.98
2 26.98 13.32 3.93
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3 26.03 13.18 4.06
4 25.66 13.36 4.01
5 25.28 12.89 3.99
6 25.31 13.12 3.92
7 25.81 13.25 4.09
8 25.56 13.17 4.11
9 25.55 13.22 4.05
10 25.50 13.30 4.01
Average = | 25.74 \ | 13.21 \ | 4.02 \
Table7 +Recorded Test Data @ 50% Valve Opening
Test 1: Test 2: Test 3:
Pump Speed = 75% 38% 10%
P= 3.31 1.05 0.39
a3 2.86 0.70 0.06
Ti= 21.57 20.65 22.91
Q (MAX) 4 8§ 4 8
1 18.24 8.76 2.66
2 17.94 8.79 2.71
3 18.06 9.03 2.70
4 17.64 8.77 2.63
5 17.69 8.79 2.58
6 18.12 8.71 2.66
7 18.00 8.90 2.75
8 17.96 8.69 2.71
9 17.98 8.64 2.63
10 17.55 8.79 2.55
Average = 17.92 8.79 2.66
Table8 +Recorded Test Data @ 25% Valve Opening
Test 1: Test 2: Test 3: )
Pump Speed 5 75% 38% 10%
P= 3.35 1.08 0.77
a3 2.93 0.67 0.05
T, = 20.75 21.45 21.60
Q (MAX) 4 § 4 8
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1 9.83 5.17 1.39
2 10.33 4.34 1.28
3 10.08 4.64 1.09
4 10.12 4.56 1.22
5 10.17 4.85 1.33
6 10.92 4.34 1.14
7 10.86 4.91 1.23
8 9.92 4.89 1.22
9 9.88 4.71 1.07
10 9.67 4.84 1.09
Average = 10.18 | | 4.73 | | 1.21
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